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THE INSTITUTE OF METALS

MINUTES OF PROCEEDINGS. 

ANNUAL GENERAL MEETING.

T h e  T w e n t y -N in t h  A n n u a l  G e n e r a l  M e e t in g  ’ o f  the Institute was held 
in tlio House o f  the Institution o f  Mechanical Engineers, Storey’s Gate, 
Westminster, London, S .W .l, on Wednesday and Thursday, March 10 and 11, 
1937, the President, Mr. W . R . Barclay, O.B.E., occupying the Chair.

Wednesday, March 10.
The Minutes o f  the Annual Autumn Meeting held in Paris from Septem

ber 14 to 18, 1936, were taken as read, and signed by the Chairman.
The P r e s id e n t  read several letters and telegrams o f  apologies for absence 

from members o f  the Institute prevented from attending the meeting because 
o f  illness.

The P r e s id e n t  welcomed t o  tho meeting members attending from overseas.

A u t u s in  M e e t in g , 1938. I n v it a t io n  f r o m  U n it e d  S t a t e s  
o p  A m e r ic a .

The P r e s id e n t  : Five minutes before the Council met this morning, a 
letter was received from America-, signed by the Presidents o f  the American 
Institute o f  Mining and Metallurgical Engineers and the American Iron and 
Steel Institute. I t  reads :

“  The American Institute o f  Mining and Metallurgical Engineers had 
occasion to extend an invitation to the Institute o f  Metals to hold its Autumn 
Meeting in the United States during the year 1932. Circumstances arising 
subsequent to the issue o f  this invitation caused a series o f  postponements. 
The American Iron and Steel Institute and the American Institute o f  Mining 
and Metallurgical Engineers are now joining in extending an invitation, in 
the hope that your body may find it convenient to arrange for the visit to take 
place during the year 1938, at such time as may accord with your custom in 
such matters. The month o f  October is suggested as favourable^ from the 
point o f  view o f weather conditions making for com fort during the inspection 
o f  industrial establishments.

“  W e look forward with pleasant- anticipation to your acceptance o f  
this invitation and to the opportunities thus afforded for the establishment o f 
personal contacts which we feel sure will inure to the benefit o f our respective 
memberships and add to  the existing cordial relations both in our common 
technical activities as well as in the broader field o f  international co-operation.”

Your Council was advised by cablegram at its last meeting that this invita
tion was forthcoming, and unanimously agreed to accept it. I have much 
pleasure, therefore, in announcing that the Autumn Meeting in 1938 will take 
place in the United States. A  similar invitation has been addressed to, and 
accepted by, the Iron and Steel Institute.



14 Annual General Meeting

CO-OPERATION WITH THE IRON AXD STEEL INSTITUTE AND AMERICAN
I n s t it u t e  o f  M in in g  a n d  M e t a l l u r g ic a l  E n g in e e r s .

The P r e s id e n t  : A t the last Annual General Meeting m y predecessor 
announced that a discussion had just commenced with the Iron and Steel 
Institute, with the object o f  formulating a scheme o f  co-operation between 
the two bodies. I am very glad to announce that these negotiations are now 
completed, and that an official announcement on the subject will be issued 
to-day. I  will not read that announcement now, but there are one or two 
points in it which I  should like to emphasize.

The Councils o f  the two Institutes have agreed to  a scheme for join t 
membership o f  the Institutes, not as a completed, rounded-off scheme but as 
a first stage in what it is hoped will be very much closer co-operation in the 
future. This first stage consists o f  an arrangement for joint membership at 
a reduced subscription. Members o f  our Institute will from now be eligible 
to join  the Iron and Steel Institute, without any formality other than proof 
o f  membership o f  this Institute, at a combined subscription o f  £5 os., to be 
divided between the two bodies in equal proportions. New members may 
benefit from this scheme i f  they announce their desire to do so within 
12 months o f  election, and there will be a reduced entrance fee. An applicant 
may thus join  both Institutes at a first outlay o f  £7 7s., including entrance fees, 
instead o f  £10 10s. as formerly. These privileges are also extended to Student 
Members o f  the Institute o f  Metals and Associate Members o f  the Iron and 
Steel Institute, but a difficulty arose here because o f  the different a^e limits 
in the two Institutes. Our age limit for Student Members, who must be 
bona fide students, is 26 years. The Iron and Steel Institute accepts Associate 
Members up to 30 years o f  age. Y our Council does not see its w ay yet to 
alter the age lim it for Student Members, but it has been agreed that each 
Institute is at liberty to  make its own age lim it for Student or Associate 
Members. I  should like to  read the penultimate paragraph o f  the statement 
to which I  have referred; it  reads :

“  The present scheme o f  co-operation follows one recently completed by  
the two Institutes with the American Institute o f  Mining and Metallurgical 
Engineers whereby members, associates, and student members o f  the British 
Institutes may, i f  under the age o f  33, become Junior Foreign Affiliates o f  
the American Institute o f  Alining and Metallurgical Engineers on specially' 
favourable terms, the arrangement being reciprocal in the case o f  members o f  
the American Society.”

That leads me to point out that during the year we have been able to  
take what we consider to be very important steps to bring together in 
particular the younger metallurgists in the English-speaking countries and 
also in both branches o f  metallurgy. I t  is hoped that this will prove in 
future to have been an important stage in almost obliterating, i f  it is pos
sible to do so, the line o f  demarcation between ferrous and non-ferrous 
metallurgy, and it will, we hope, enable metallurgists to  come into much 
closer contact and to share not only each other’s problems but to some 
extent each other’s successes.

The S e c r e t a r y  read in abstract the Report o f  Council, which had previously- 
been circulated to members in the Monthly Journal.
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REPORT OF COUNCIL
for  the Year ended December 31, 1936.

T h e  Council has pleasure in submitting its Annual Report covering the twenty- 
ninth year o f  the existence o f  the Institute o f  Metals. Although it is, unfortu
nately, not yet possible to record such a decided upward trend o f  membership 
as was hoped for on emergence from the recent period o f  industrial depression, 
it is satisfactory that our membership roll shows an increase over last 
year, and the financial position o f  the Institute is undoubtedly healthier 
than for some considerable time past. It is a matter for congratulation that 
this improvement in the finances has been achieved in spite o f  a membership, 
which is still considerably less than in the peak year o f  1931.

Since industry now appears to have entered upon a period o f  prosperity 
it is to bo hoped that our membership will steadily increase and so enable 
the Institute to render still greater service to the industry it represents.

The year has been a notable one in many ways, particularly in that the 
constitution and method o f  election o f  the Council has been revised and 
rendered potentially more fully representative o f  the members, and that a 
scheme o f  active co-operation with the American Institution o f  Mining and 
Metallurgical Engineers has been successfully negotiated. Another event 
calling for special note is the holding o f  the first meeting o f  the Institute in 
France. These and other matters are dealt with in detail later in this report.

R o l l  o r  t h e  I n s t it u t e .
The number o f  members on the R oll o f the Institute on December 31 in the 

past five years is shown in the following table :

Dee. 31, 
1932.

Dec. 31, 
1933.

D e c .31, 
1934.

Deo. 31, 
1935.

Deo. 31, 
193G.

Honorary Members 5 5 5 4 3
Fellows 8 S 7 7 8
Ordinary Members 2073 2038 1992 1987 2009
Student Members . 79 80 85 69 64
Associate Members 7

Total 2165 2131 2089 2067 2091

Professor R . S. Hutton, M .A., D.Sc., was appointed a Fellow o f  the 
Institute on termination o f  his Council membership in March after serving 
continuously on the Council since the Institute’s foundation in 1908.

The Council is gratified that, for the first time since 1931, it is possible to 
record an increase in the membership. The growth in the past year— from 
2067 to 2091— is slight; but there is reason to hope that, as a result both o f  
improved industrial conditions and o f  certain steps taken to develop the 
membership, the increase will be greater during 1937.

The decrease in the number o f  student members is regretted. The Council 
attaches great importance to the steady influx o f  young men into the 
Institute’s membership and is taking steps to ascertain how this flow can be 
made more considerable.

O b it u a k y .

It is with much regret that the Council records the deaths o f  the following 
members : A. V. A tley ; Professor Dr.-Ing. E.h. O. Bauer; R . Berrier;
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ProfessorW .Cam pbell; S. Cholewiriski; J. A.Crabtree; S .F u jii; L .G .Jan n in ; 
Principal C. A. K in g ; F . G. Martin; C. TV. M urray; Sir Joseph Petavel; 
J. Ponisovsky; C. Sclnvicr ; and A. P . Stewart.

In addition the Council record with regret the death o f  Professor H. 
Le Chatelier an Original Member o f  the Institute, and one o f  its few Honorary 
M embers, a distinction that he held since 1912. He served for over ten years 
as Honorary Corresponding Member to the Council for France.

C o n s t it u t io n  o f  t h e  C o u n c il .

The scheme that was approved last March for the limitation o f  the 
maximum period o f  continuous service on the Council became operative during 
the past year. As a result, several members who had served on the Council 
for many years retired, and the vacancies thus created were filled by new 
members whose fresh outlook has been stimulating and helpful. The presence 
on the Council o f  the Chairmen o f  the Local Sections has been particularly 
valuable.

C o -OPERATION WITH O t HEK INSTITUTES.

A  scheme o f  co-operation with the American Institute o f  Mining and 
Metallurgical Engineers was completed in accordance w’ith which members or 
student members o f  the Institute o f  Metals under the age o f  33 years became 
eligible for election as Junior Foreign Affiliates o f  the American Institute, 
whilst members o f  the American body not over that age can become associated 
with the Institute o f  Metals— each on payment o f  an annual subscription o f  
21«. Several enrolments on both sides have been effected.

The general principles o f  a scheme o f  co-operation with the Iron and Steel 
Institute have been agreed, and it is hoped that a full announcement 
on the subject will be possible at an early date. I t  is the earnest belief o f  the 
Council that the proposals, when carried into effect, w ill have the result o f  
increasing the influence and membership o f  both bodies.

M e e t in g s  o f  t h e  I n s t it u t e .

The Annual General Meeting was held in London on March 11 and 12, 
being preceded on March 10 by a Joint Meeting with several other institutions 
to discuss the subject o f  “  Metallic W ear.”  The Annual Dinner was held on 
March 11. During the meeting visits were paid to the British Broadcasting 
Corporation, Greenwich Observatory, Greenwich Fuel Research Station, and 
to Fleet Street newspaper offices.

The May Lecture was delivered in London on May 6 by  Mr. C. C. Paterson, 
O .B.E., on “  The Escape o f  Electricity from M etals: Its Practical Conse
quences.”

The first gathering o f  members to take place in France was Held in Paris, 
from September 14- to 18, the occasion being the 2Sth Autumn Meeting. The 
Institute is greatly indebted to its Paris friends for the admirable arrangements 
made for the visiting members’ entertainment and enjoyment.

The meeting opened with the delivery, by Professor P. A. J. Chevenard, o f  
the Autumn Lecture on “  The Scientific Organization o f  W orks.”  After the 
discussion o f  papers at two morning sessions, visits were paid to works and 
other places o f  interest in and around Paris, Rouen, and Havre. The meeting 
was well attended by members from fourteen countries.
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P u b l ic a t io n s .

The various changes in the form and variety o f  the Institute’s publications 
to which reference was made in the Report for 1935 have, it is believed, fully 
justified themselves, and there can be no doubt that the influence o f  the 
Institute, particularly through its Monthly Journal, is steadily increasing.

Three bound volumes— two o f  the Journal and one o f  Metallurgical 
Abstracts— were issued during 1936. The Monthly Journal also appeared 
regularly. W ork on the Decennial Index continued; it is hoped to issue the 
“ N am es”  Volume in 1937. The delay in publication, which has been 
unavoidable, is regretted.

A  new publication, being the first o f  a “  Monograph and Report series,”  
was issued. This is a book o f  120 pages by Dr. W . Hum e-Rotheiy entitled 
“  The Structure o f  Metals and Alloys.”  Copies were distributed free to 
members who asked for them ; a large number o f  others were sold at 3-5. GJ. 
each. The demand for the book and the appreciative nature o f  the many 
reviews o f  it that have appeared in the technical press at home and abroad, 
indicate that there was a distinct need for an up-to-date publication o f  this 
character.

A  List o f  Members was published after a lapse o f  several years. I t  is 
hoped in future to  issue the List yearly, or at least once every two years. 
The new list reveals the large number o f  the Institute’s members resident 
outside the British Isles— approximately 800 out o f  a total o f  2091. The 
United States membership is the biggest overseas at 267; that o f  Germany 
totals 103, Australia 54, Japan 46, France 43, and U.S.S.R. 26. In  all, 42 
countries are represented in the list o f  members.

The activities o f  the six Local Sections— and o f  the associated Manchester 
Metallurgical Society— have been effectively continued throughout the past 
session. Their requirements and interests have been kept fully before the 
notice o f  the Council as a result o f  the new arrangement whereby each Local 
Section Chairman has a seat on the Council; also as a result o f  a round o f  visits 
paid to the Local Sections by the President who was thus enabled more fully 
to appreciate the excellent work o f  the various local committees. A  notable 
feature o f  the programmes o f  the sections has been the number o f  meetings 
arranged jointly with other bodies, including the Iron and Steel Institute, the 
Institute o f  British Foundrymen, the Society o f  Chemical Industry’ , the 
Institution o f  Automobile Engineers, and the Institution o f  Engineers and 
Shipbuilders in Scotland. Visits to works and to the National Physical 
Laboratory were arranged.

Books added to the Library during the past year totalled 107; the 
number o f  periodicals now regularly received is 502. The number o f  books 
and periodicals issued on loan was 3689 as compared with 2000 in the previous 
year. Members have made increasing use o f  the service by  which books and 
periodicals can be loaned to them through the medium o f the post.

. Following the appearance o f  each issue o f  the Monthly Journal many 
requests are received from members for the loan o f  publications mentioned in 
the Metallurgical Abstracts section. These can generally be supplied either 
from the Institute Library or from the Science Library at South Kensington. 
The willing assistance o f  the officials o f  that Library in helping the Institute 
to meet the requirements o f  its members is gratefully acknowledged.

L o c a l  S e c t io n s .

Li hr a h  y .

v o l . i .x .
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E d u c a t io n a l  T o u r s .
Owing to the official visit o f  the Institute to France for its Autumn Meeting, 

no students’ tour was arranged for 1936. The Meetings Committee has, 
however, a scheme under consideration for the continuance o f  these educational 
visits which have proved so valuable a feature o f  the Institute’s work in 
previous years.

Co m m it t e e s .
The following Committees were appointed for the year i936-1937 :

Finance and General Purposes 
Committee.

Charles, Lieut.-General Sir Ronald. 
Clarke, H. W .
Dixon, Engineer Vice-Admiral Sir 

Robert (Chair),
Greenly, Lieut.-Colonel J. H. M. 
Morcom, E. L. ( Vice-Chairman). 
Mundey, A. H.
Preston, The Hon. R. M.
Seligman, Dr. R .
Turner, Professor T.

Ex-officio :
The President.
Immediate Past-President.
Hon. Treasurer.
Chairman, Publication Committee.

Local Sections Committee.
Andrew, Professor J. H,
Brownsdon, Dr. H. W.
Gray, Kenneth.
Greer, H. H. A.
Griffiths, W . T.
Hanson, Professor D. (Chair). 
Haughton, Dr. J. L.
Mundey, A. H.
Thompson, Professor F. C.

Ex-officio :
The President. .
Immediate Past-President.
Hon. Treasurer.
Local Reception Committee’s Repre

sentative.
Chairman and. Secretary o f : 

Birmingham Local Section.
London Local Section.
North-East Coast Local Section. 
Scottish Local Section.
Sheffield Local Section.
Swansea Local Section.

Meetings Committee.
Andrew, Professor J. H.
Brazener, XV. F,
Brownsdon, Dr. H. W . (Chair).
Dorey, Dr, S. F.
Gwyer, Dr. A. G. C.

Hanson, Professor D.
Haughton, Dr. J. L.
Weeks, H. B.

Ex-officio :
The President.
Immediate Past-President.
Chairman, Membership Committee. 
Chairman, Publication Committee. 
Local Sections Committee’s Repre

sentative.
Local Reception Committee’s Repre

sentative.

Membership Committee.
Andrew, Professor J. H.
Charles, Lieut.-General Sir Ronald. 
Genders, Dr. R .
Gray, Kenneth (Chair).
Macnaughtan, D . J.
Morcom, E. L.
Mundey, A. H.
Seligman, Dr. R ,
Weeks, H. B.

Ex-officio :
The President.
Immediate Past-President.
Local Sections Committee’s Repre

sentative.

Publication Committee.
Brownsdon, Dr. H. W.
Desch, Dr. C. H.
Dorey, Dr. S. F.
Genders, Dr. R.
Gwyer, Dr. A . G. C.
Hanson, Professor D.
Haughton, Dr. J. L.
Murphy, A . J.
Seligman, Dr. R .
Smith, Dr. S. W .
Smithells, Dr. C. J. (Chair).
Sutton, Dr. H.
Turner, Professor T.

Ex-officio :
The President.
Immediate Past-President.
Chairman, Finance and General Pur

poses Committee.
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R e p r e s e n t a t iv e s .

The following representatives o f  the Institute were appointed by the 
Council :

A m e r ic a n  S o c ie t y  t o r  T e s t in g  M a t e r ia l s  (Committee on Die-Cast 
Metals and Alloys) : M r. A . H. Mundey.

B r it i s h  N o n -F e r r o u s  M e t a l s  R e s e a r c h  A s s o c ia t io n  S p e c ia l  R e s e a r c h  
S u b -C o m m it t e e  (Institute o f  Metals Corrosion Committee) : Professor S ir 
Harold Carpenter, Dr. Richard Seligman, and M r. H. B. Weeks.

B r it is h  S t a n d a r d s  I n s t it u t io n  (Aircraft Technical Committee AC/16, 
Copper Alloys) : Mr. A. J. G. Smout.

B r it is h  S t a n d a r d s  I n s t it u t io n  (Industry Committee N F /- , Non-Ferrous 
Metallurgy) : Mr. W . R . Barclay, Professor R . S. Hutton, Mr. H . B. Weeks, 
and Mr. G. Shaw Scott.

B r it is h  S t a n d a r d s  I n s t it u t io n  (Technical Committee ME/25, Brinell 
Hardness Testing) : Dr. H . Moore.

B r it is h  S t a n d a r d s  I n s t it u t io n  (Technical Committee NF/18, Cast 
Aluminium and Light Alloys) : Dr. L. Aitchison.

B r it i s h  S t a n d a r d s  I n s t it u t io n  (Technical Committee NF/14, Cast 
Copper Alloys) : Mr. H . B . Weeks (Chairman), Mr. A. J. G. Smout.

B r it is h  St a n d a r d s  I n s t it u t io n  (Technical Committee N F/12, Copper 
for Electrical Purposes) : Mr. A. J. G. Smout, Mr. G. Shaw Scott.

B r it is h  St a n d a r d s  I n s t it u t io n  (Technical Committee N F/16, Copper 
Alloy Rods, Bare, Sections, and Forgings) : Mr. A. J. G. Smout.

B r it is h  S t a n d a r d s  I n s t it u t io n  (Technical Committee NF/15, Copper 
Alloy Strip Sheets, Plates, &c.) : Mr. A. J. G. Smout.

B r it is h  S t a n d a r d s  I n s t it u t io n  (Technical Committee N F/17, Copper 
Alloy Tubes) : Mr. A. J. G. Smout.

B r it is h  St a n d a r d s  I n s t it u t io n  (Technical Committee NF/20, Lead and 
Lead Alloys for Cable-Sheathing) : Mr. H . C. Lancaster.

B r it is h  S t a n d a r d s  I n s t it u t io n  (Technical Committee N F/11, Manu
factured Copper) : Mr, H. J. Miller, Mr. A. J. G. Smout, Mr. G. Shaw Scott.

B r it is h  St a n d a r d s  I n s t it u t io n  (Technical Committee N F/10, Nickel 
and Nickel Alloys : Mr. W . R . Barclay.

B r it is h  S t a n d a r d s  I n s t it u t io n  (Technical Committee NF/13, Raw 
Copper) : Mr. A. J. G. Smout, Mr. G. Shaw Scott.

B r it is h  S t a n d a r d s  I n s t it u t io n  (Technical Committee N F/9, Solders) : 
Professor R . S . Hutton.

B r it is h  St a n d a r d s  I n s t it u t io n  (Technical Committee NF/19, Wrought 
Aluminium and Light Alloys) : Dr. L. Aitchison.

B r it i s h  St a n d a r d s  I n s t it u t io n  (Technical Committee N F /8, Zinc) : 
Professor T. Turner.

Ci t y  a n d  G u il d s  I n s t it u t e  (Advisory Committee on Metallurgy) : 
Professor T . Turner.

C o n s t a n t in e  T e c h n ic a l  C o l l e g e , M id d l e s b r o u g h  (Foundry Advisory 
Committee) : Professor J. H. Andrew and Mr. G. Mortimer.

I n t e r n a t io n a l  A s s o c ia t io n  f o r  T e s t in g  M a t e r ia l s , 1937 (Joint Com
mittee on Materials and Testing) : Dr. H. Moore.

I n t e r n a t io n a l  A s s o c ia t io n  f o r  T e s t in g  M a t e r ia l s , 1937 (Organizing 
and Reception Committee) : Mr. W . R . Barclay.

M a n c h e s t e r  M e t a l l u r g ic a l  So c ie t y  : Professor F. C. Thompson.
P a r l ia m e n t a r y  S c ie n c e  C o m m it t e e  : Dr. H. Moore and Mr. G. Shaw 

Scott.
S i r  C h a r l e s  P a r s o n s  M e m o r ia l  C o m m i t t e e  ; M r. W . R . B a rc la y .
P r o f e s s io n a l  C l a s s e s  A i d  C o u n c il  : Mr. H. B. Weeks.



M e e t in g s  o f  F o r e ig n  S o c ie t i e s .

During the year the Institute has been represented by the President at a 
number o f  meetings abroad o f  societies and organizations having interests 
closely akin to our own, these meetings including :

(a) The Seventy-Fifth Anniversary gatherings o f  the Svenska 
Teknologforeningens, held in Stockholm, at which a congratulatory 
address was presented from the Institute;

(b) The Eightieth Anniversary’ meeting o f  the Ye re in Deutsche 
Ingenieure at Darmstadt, held in conjunction with the celebrations of 
the Centenary o f  the Darmstadt Technische Hochsehule;

(c) The Annual Meetings o f  the Deutsche Gesellschaft fur Metall- 
kunde, the President o f  which this vear is one o f  our own esteemed 
German members, Dr. W . J. P. Rohn';

greetings o f  the American Institute o f  Mining and 
- jetaliurgical Engineers (which included the sectional gathering o f  the 
Institute o f  Metala Division) at Cleveland, Ohio, U.S.A.

C'OSEESFON DING MEMBERS TO THE COCNCIL.

The Council again desires to extend its thanks to  the following members 
w o nave acted as Corresponding Members during the past v ea r: Mr. H. 
N orm anBassett(Egypt); Professor Dr. C. A. F . Benedicks (Sweden); Professor 
y .  A . J . Chevenard ( f  ranee); Mr. W . M. Corse, S.B. (United States o f  America); 
fto fessor J. Neill Greenwood, D.Sc. (Australia); Dr.-lna. M. Haas (Germany) ;
7 j ,  J -Azn- (Holland); Professor Dr.-Ing^E. Honegger (Switzer-
land); Mr. R . Mather, B.Met. (India); D ott, C. Sonnino (Italy); Professor G.
, V  P . Africa) ;  Professor A . Stansfield, D.Sc.,

A.iiJx.M., ir.K-S.C. (Canada); and Professor K . Tawara, D .Eng. (Japan).

Signed on behalf o f  the Council,

W . R . B a e c la y , President.
C. H . D e s c h , Vice-President.

20 Annual General Meeting

G . S h a w  S c o t t , Secretary and Editor.
January 14, 1937.
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APPEN D IX.

LOCAL SECTIONS’ PROGRAM MES, 1936-1937.

B IR M IN G H A M  LOCAL SECTION.
Chairman : W . F. B r a z e n e r . Hon. Secretary : J. W . J en' k i .y , Ph.D.,

B.Sc., Messrs, Bromford Tube 
Company, Ltd., Erdington, Bir
mingham.

1936. P rogramme.
Oct. 1. G . A . V . R u s s e l l , W h.Ex. “ Strip Sheet Production.”  (Joint 

meeting with the Iron and Steel Institute.)
Oct. 22. W . L. G o v ie r . “  Non-Ferrous Metal Tubes.”
Nov. 5. J . A. J o n e s , M.Sc. “  Present Trend in Alloy Constructional 

Steels.”
Dec. 3. H o w a r d  E. C o l l ie r , M.C., M.B., C h .B . “  Some Aspects of 

Industrial Hygiene.”
Dec. 15. N. P. I nglis, D.Sc. “  Metallurgical Problems in the Chemical 

Industry.”
1937.

Jan. 7. J . C . C h a s t o n , B.Sc., A.R.S.M. “  Powder Metallurgy.”
Jan. 29. J. G. P e a r c e , M.Sc. “  Spccial Cast Irons.”
Feb. 19. H . W . G. H ig n e t t , B.Sc. "  Non-Ferrous Welding.”
Mar. 4 . U l ic k  R. E v a n s , D .S c ., M.A. “  Corrosion.”  _
Mar. 16. O p e n  D is c u s s io n  : “  Lubrication in tho Cold-Working of Metals.

Introduced by H . W . B r o w n s d o n , Ph.D., M.Sc., and F. J. 
Si*E, B.A ., B.Sc.

Apl. 1. B . B a g s h a w e . “  M odem Methods of Alloy Steel Analysis.”
All meetings are held in tho James W att Memorial Institute, Birmingham, 

at 7 p .m .

LONDON LOCAL SECTION.
Chairman : H. J. G o iio ii , M.B.E., Hon. Secretary: S. V . W il l ia m s .

D.Sc., F.R.S. B.Sc., Research Laboratories of
The General Electric Co., Ltd., 
Wembley, Middlesex.

1936. P r o g r a m m e .
Oct. 15. H. J. G o u g h , M.B.E., D.Sc., F.R.S. Chairman’s Address : “  The 

Common Field of the Engineer and Metallurgist.”  (Meeting 
held at tho National Physical Laboratory, Teddington, 
Middlesex.)

Nov. 12. W . H . H a t f i e l d , D.Met., F.R.S. “  Research in tho Iron and 
Steel Industry.”  (Meeting held at the Royal School o f Mines, 
South Kensington, S.W.7, at 8 P.M.)

Nov. 25. S u p p e ii .D a n c e . (Thames House, M illba n k , 7 .30  p .m .)
Dec. 2. W . T. G r if f i t h s , M.Sc. “  Some Impressions of Industry in the 

TJ.S.S.R.”  (Joint meeting with the London Branch of the 
Institute of British Foundrymen, held at the Charing Cro»3 
Hotel, 8  t . m . )

1937.
J a n . 14. R . D. B u r n , M.Sc. “  Copper.”
Feb. 11. C. II. D esch , D.Sc., Ph.D., F.R.S. “  The Constitution o f Alloys.”  
Mar. 18. J. H . P a r t r id g e , B.Sc., Ph.D. “ Refractories.”
A p l. 8. A n n u a l  G e n e r a l  M e e t i n g  and Open Discussion.

The Meetings are held in the Room s of the Society of Motor Manufacturers 
and Traders, Ltd., 83 Pall Mall, London, S .W .l (unless otherwise stated), at 
7.30 p .m .
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M AN CH ESTER  M E T A LLU R G IC A L SO C IE T Y  
(in association with the Instituto of Metals).

President: Professor F . C. T h o m p - Hon. Secretary: J . A . T o d , B .S e ., 
s o n , D.Met. Messrs. I.C.I. Metals, Ltd., B rou gh -

ton Copper Works, Manchester. 
*936. P r o g r a m m e .

Oct. 21. Professor F . C. T h o m p s o n , D.Met. Presidential Address.
JNov. 4. Joint meeting with the Institute of Metals.
Nov. 18. Discussion on Microscopy opened by  J. D ic k s o n  H a n n a h , 

M.Sc.Tech.
Dec. 2. W . A n d r e w s , B.Met. “  M odem W elding.”

1937.
Jan. 20. Joint meeting with the Iron and Steel Institute. 
lM3b, Papers by  junior members,
l<eb. 17. H . C. H a l l , M.Met. “  Metallurgy in the Automobile and Aircraft 

Industries.”
Mar. 3. W . H . H a t f ie l d , D.Met., F.Il.S. “  Corrosion.”  
i la i .  17. A. G . R o b ie t t e , B.Sc. “ The Electric Bright-Annealing of 

Metals. Preceded b y  A n n u a l  M e e t in g .
The Meetings are held in the Constitutional Club, St. Ann’s Street, Man

chester, at 7 p .m .

N O RTH -EAST COAST LOCAL SECTION.
Chairman: H. D u n f o r d  S m it h , Hon. Secretary: C. E. P e a r s o n ,

M-Sc, M.Met., Armstrong College, New
castle-upon-Tyne, 2.

193(5- P r o g r a m m e .
v Ctl in ' I ! ' 3̂ NFOItD S m it h , M.Sc. Chairman’s Address : “  Solders.”
¿ o\ ,  10. M .^ M il b o u r n , A.R.C.S., B.Sc. “  Spectrographic A n a ly sis  of

Nov. 27. J.W.MELLOR,D.Sc.,andA.T.GREEN. “ Refractories.”  (Heldinthe 
Ciiernical Lceture Theatre, Armstrong College. Joint meeting 

^  in -o $ S f ca? le Branc*h of the Society of Chemical Industry.)
c * • *•»?* .°?I ,̂SON’ “  Recent Improvements in Refractory

ilatenals. (Joint Meeting with the Newcastle Branch of the 
193" Institute of British Foundrymen.)

Jan. 11. M. A. W . B r o w n , M.Sc. “  Shipyard Metals.”  (Joint Meeting 
M o. o t ^  xr tho Newcastle Branch of the Instituto of Chemistry.)

" ri M.Met. “  Large Non-Ferrous Castings.”  A n n u a l
G e n e r a l  M e e t in g .

a ar0 *?eld *n, the Electrical Engineering Lecturo Theatre,
7 30 p m  Newcastle-upon-Tyne (unless otherwise stated), at

SCOTTISH LOCAL SECTION.
Chairman: J. W . D o n a l d s o n , D .S c . Hon. Secretary: H . B u l l , B u ll ’s

M e t a l  & Melloid Co., Ltd., Yoker, 
Glasgow.

1936- P r o g r a m m e .
\ W  ift .WOMSVXSW , Babcock & ’Wilcox, Ltd., Dumbarton.
-Nov. 10. *W. R. B a r c l a y , O.B.E. -T h e  Nickel Industry— Some R ecol

lections.’
Dee. 14. W . E. B a l l a r d . “  Metal Spraying by the Wire Process.”

* ̂ i ° v ,*1 "i'r ̂ 'r  tT,it 8 unav°idablo detention in America his place was
a h ~ ?  r< r H it c h c o c k  who gave a paper on “  Simple and ComplexAlloys of Copper with Nickel.”  1
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Jan. 11. A . J. M u m p h y , M.Sc. “  Magnesium Alloys.”
Feb. 15. D . P. C. Neavb, M.A. “  Copper and Its Alloys in Automobile 

Design.”  (Joint Meeting with the Institution of Automobile 
Engineers, Scottish Centre.)

Mar. 9. IT. R . E v a n s , D.Se., M.A. “  Some Aspects of Metallic Corrosion.”  
(Joint Meeting with the Institution of Engineers and Shipbuilders 
in Scotland.)

All Meetings, except opening meeting, are held in the Koonis of the In- 
Btitution of Engineers and Shipbuilders in Scotland, 39 Elmbank Crescent, 
Glasgow, at 7.30 p .m .

The Works Visit took place at 7.30 r.M.

1937.

SH E F F IE L D  LOCAL SECTION.

Chairman : Professor J. H. A n d r e w , Hon. Secretary : H. P. G a d s b y ,
D.Se. A ss o c .Met., 193 Sandford G ro v e

Road, Sheffield, 7.

1936. P r o g r a m m e .
Oct. 9. Professor J. H. A n d r e w , D.Se. Chairman's A ddress: “  The

Trend of Research in Non-Ferrous Metallurgy.”
Nov. 13. L. B. W il l ia m s , B.A., B .E. “  Lead Mining in Derbyshire.”
Dec. 11. M. C o o k , M.Sc., Ph.D. “  Wrought Nickel Silver Alloys.”

1937.
Jan. 14. S. W e r n ic k , Ph.D. “  Technical and Industrial Development in 

the Electrochemical Surface Treatment of Metals.”
Feb. 12. Conjoint Meeting with the South Yorkshire Section of the Institute 

of Chemistry.
Mar. 12. Professor F. C. T h o m p s o n , I).Met., M.Sc. “  Some Recent R e

searches on Wire-Drawing.”  A n n u a l  G e n e r a l  M e e t in g .

The Meetings are held in the Non-Ferrous Section of the Applied Science 
Department of the University, St. George’s Square, at 7.30 P.M.

SW A N SE A  LOCAL SECTION.

Chairman: R o o s e v e l t  G r i f f i t h s , Hon. Secretary: K . M. S p r i n g ,
M.Sc. 36 Beechwood Road, Uplands,

Swansea, S. Wales.

1936. P r o g r a m m e .
Oct. 12. G. D. B en go tjg h , M.A., D.Se. “  Some Objectives of Corrosion 

Research.”
Nov. 10. C. J. S m it iie l l s , M.C., D.Se. “  Gases and Metals.”
D e c . 8 . F il m  D is p l a y  o f  M e t a l l u r g ic a l  I n t e r e s t .

1937.
Feb. 0. W . R . B a r c l a y , O .B .E . “  Strip Rolling.”
M a r . 16. D. J, M a c n a u g h t a n . “  Some Trends in the Use of Tin in M o d e r n  

Engineering Practice.’ ’
A p l. 13. H. W . B r o w n s d o n ,  M .S c., Ph.D. “  Metallic Wear.”  A n n u a l  

G e n e r a l  M e e t in g .

All Meetings are held at the Y.M.C.A., Swansea, at 6.30 p .m .
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™ Th-S .1>RKf DKNT, proposed, and Mr. H o r a c e  VV. C l a k k e , Member 
(.Birmingham) seconded the motion for the adoption o f  the report.

Cf RTLÂ D« M -C.,M .Sc., Member (London), expressed the hope 
that the Council would not lose the benefit o f  the advice o f  two members,

in ¿ c e o r t L  X t h e  M e s J ‘ ' " 'h°  rCtired from the Co" " cil

AfpmhAT^>nf r,ID>*N '̂i’  ’  ?v*d ^ lafc Taluable though the services o f  past
fn «  £1 ’ ose o f  P °tential Members o f  Council were not

v were many members, whose names would find instant
acceptance, who were waiting for seats on the Council. The advice o f  the 
retiring members would still be at the Council’s disposal.

and^arrM iS m o i s l ^ dOPti0n ° f  * 1  B°P° rt then put t0 the mcetinS

C om m  itLn r e ! ! “  ° f  v® H ° " orary  Treasurer, the Chairman o f  the Finance 
Committee (Engineer Vice-Admiral Sir R o b e b t  D i x o n , K .C .B  D  Eng ) 
then presented the Treasurer’s R e p o r t : ’

R E P O R T OF TH E H O N O R A R Y TR E A SU R E R  

(MR. JOHN F R Y )

For the Financial Year ended June 30, 1936.

nrcs™ted7 nítt ^ ’t f nanCÍal í PTSÍtÍ0?A f 8 re7eale?  in the ^ cou n ts  herewith 
Fvinf * r  + i r  e Juno 30 last, is a little more encouraging tlian

of “ 'nt >■'*” ' a ° ^  f  “ “ u 
t h o ^ h S ^  0 f £l07 in thc! annua! subscriptions has assisted the income, 
£81 Jess h i n t  i f lum°r ln crca ;se9 ,l n  expenditure make the final surplus o f 
l Z  f  o f  the previous twelve months. This result is due to the fact 

mcnt authorized additional expenditure on membership develop-
» v o lv e d  extra payments under the headings o f  wages, 

theTnstkiltein due course eXpCndlture R e l i e v e d  will prove o f  benefit to 
As usual, the Journal Account is shown separately. I t  shows a slicht in-

w ¿^ h  S S v c ó s t rics°s H60 dU° n,0t í ° thC m \al and Metallurgical Abstracts— 
tions eost i o ^ f n  f  ̂ n  ui^al— but primarily to the issue o f  special publica- 
tions costing £_30 (but which are expected to pay for themselves in due course)

M^ouraces'us for tí* ^  ^  ^  <**>  and S
the Baknee S W t  ■' ,Entra5ce fcea <£ 11W) h¡"-?  been carried direct to
£1961 previously, and the Entrance Fee Fund now stands at

R eport”  ÍtemS ° f  ÍnCOm°  “ nd expenditure cal1 for Httle comment in this

und'er review*1 The J-fsitio" ha,'s ^ en considerably strengthened in the year 
the corner h i'i tiprn , Í p a t  after the long period o f  the depression 
mendinc and that the Sinan^  o f  the Institute are slowly
be considered to «qu ires stronger reserves behind it before it can
particular tho S J S S u Z  a S° Und A t the mo“ ent the Council, and in

“  a d0terminCd CfT0rt t0 Str<'ngthen tbe
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Engineer Vice-Admiral S ib  R o b e r t  D i x o n  K  C "R T) p n rr p i . , , r

^ t V c w eitr om̂ ing- j h *  z
*  making

t i o J  I  h ^ e  W d  V ^ TicS’ wa8cs> and publica-
salaries and m t 'cs  is V,;,,'i sms to the effect that the expenditure on

s r - t i r ¿ ; f S  F  “  4 P £ * » £

would s t r c ^ t h r ^ L n  v ,w  geS " ?  -rCalI-v P lic a t io n  charges. I
agree, l  am s u r e X t  ?hI17b ® “ any cf iticisms I ^ave heard. You will
that the sSanW  o ^ e  ^  1 “  COnvinced

Our financial no«»{hn « T r S ! t% 8^ f  are bl  no means excessive, 
the efforts o f the President ?? n?ucb improved, and. thanks to
you know, bri« ht‘ As most of
make the financial position o f  vnicnt I,1uik1 which will
has ever been before. Institute very much better than it

impressed by the M ed  rahie^whl^h ,^n see.on .̂*n8 the m otion ): I  am very 
Having had something- to Ho w i+i receiJ e lr? ^ u r n  for our subscriptions,
especially Im prSsed bv the ec» % Production o f  technical books, I  am 
Journal are conducted. econonilcal manner in which the finances o f  our

and carried n n r a i a o t ^ y ^ '° n ° f  th°  R ePorfc was tllen Put to  the meeting

E n d o w m e n t  F u n d .

closelv the financial year I  had occasion to study very
lions.' W eare e ^ r i n f ^  n ^  ? 11̂ ’  Particuiarly in relation to publiea- 
o f  very consU raM e a c S ’ Z t  hf v!  entep d  upon, a period
field o f  non-ferrous metallur^v mrl industrially but scientifically, in the
o f  our Journal strained to the u t m n ^ t n ^  -VU S,la11 find tlle resources
continually being brought before uS The P h i ? -*0 %  Inattcr which is 
very high standard but noTOrtUi,.,!' • / Publications Committee has a 
uneasy feeling that’ it m iv  be m ll ? 1 VeI ^  often accepts papers with an 
mittee, wh eh has a s S  ,?P %  time *  the fin an ce  Corn-
one point. budget allocation for publications. That was

for 5 ° ^  s W e d  ™ y  clearly that
are exceedingly slender. The m a r e ^ o f  npt* thirty y<:ars our resources 
small indeed. Further we have iL t  j  a.s*ets ° ver liabilities is very 
depression, and, although we hone that u -^ f ,  il *  Period o f  serious
serious, we are compelled to idm it -t-,-?  i av0 another quite so
depression. In a period o f  relat ve * ° * ubl,lty  o f  repeated periods o f
endeavour to provide some ;n« i  ProaP<?rity we must therefore, I  think, 
common senseP °  lnsurance against periods o f  adversity. That is

The last point that I  would emphasize in this connection is that in this

28 Annual General Meeting
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Institute we have never given industry a real opportunity to show its appre
ciation o f  our efforts. A  large proportion— 1 should think well over 80 
per cent.-—o f  our members are those who are in salaried positions in industrial 
or academic circles. I  need not emphasize that salaried positions do not as 
a rule carry a share o f  the fairly adequate profits which are being made just 
now in the non-ferrous metallurgical industries, so that I  think that it is only 
right that we should give industry an opportunity to show that it appreciates 
the work o f  the Institute o f  Metals.

Personally, I  was quite prepared to give them that opportunity, oven if  
it meant that they would adversely criticize some o f  our activities. I  ven
tured to bring this matter before the Council a few months ago, with the 
suggestion that they should authorize a scheme for the creation o f  an Endow
ment Fund o f  not less than £20,000. In  doing that 1 had made what I  
felt to be a very careful estimate o f  what would be possible. I t  is not 
what would be ideal, because I  think that the Institute o f  Metals is worth 
much more than £20,000 to industry; I  should put the figure in the neigh
bourhood o f  £50,000, or even £100,000. The question is, however, what is 
reasonably possible, taking everything into consideration.

I  had conversations at the same time with a few leaders o f  industry, and 
I  should like at once to pay a very warm tribute to the kindness o f  those to 
whom I  spoke and with whom I  discussed the matter in those early days. I  
would particularly mention Sir Harry McGowan, Chairman o f  Imperial 
Chemical Industries, who showed very great sympathy with the Institute, and 
the President o f  m y own Company, Mr. Stanley, both o f  whom gave me an 
appreciable amount o f  their time. Both these gentlemen contributed fairly 
substantially. I  would also specially' mention the kindness and sympathy 
shown by Mr. Horace Ws Clarke, who occupies a most important position in 
the Trade Associations in Birmingham, and I  do not forget that, in a most 
interesting conversation, Mr. Mttrray Morrison, Managing Director o f  The 
British Aluminium Company, Ltd., also gave me very great encouragement 
and ended the interview by  saying “  I f  you are going to do this, do it now. 
This is the psychological m om ent; i f  you do not do it now, you  will never 
do it at all.”

I  have to  ask this General Meeting to-day to accept the decision o f  the 
Council to launch an appeal to industry generally for an Endowment Fund o f  
not less than £20,000, and in doing so I  am able to announce preliminary 
subscriptions which amount to £13,883, details o f  which will be circulated to 
members in due course.

A  formal appeal has been printed, but it is the desire o f  the Council, with 
which I  cordially associate myself, that no pressure whatever shall bo brought 
to bear on individual members o f  the Institute. The suggestion has been 
made to me that we might ask the 2000 members o f  the Institute to contribute 
an extra guinea each. The Council does not approve that suggestion, but 
it does, o f  course, welcome very heartily small subscriptions, and I  should 
very much like to see the balance o f  this fund made up by a very large number 
o f  small subscriptions, which could be paid over a term o f  years, thus 
allowing us to  recover income tax. I  am sure that the greater the area over 
which the contributions are spread the greater the interest which will be 
aroused, and the greater the indirect support which the Institute will receive. 
The appeal is now available for all members, and with the appeal is a deed o f  
covenant, which if  properly filled up will enable us to  recover income tax on 
subscriptions payable over not less than seven years.

You will ask what we are going to  do with this money and how we are 
going to take care o f  it. The fund will be a Capital Endowment fund, the 
interest only on which will be used for the purposes o f  the Institute. W ith 
this extra income o f  £500 or £600 a year we hope to do a great many things
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which we are unable to  do now, including the improvement and enlargement 
o f  our publication programme. The investment o f  the m oney as it is con
tributed is in the hands o f  an Investment Sub-Committee which has been 
appointed by  the Council, consisting o f  Engineer Vice-Admiral Sir Robert 
Dixon,- the Chairman o f  the Finance and General Purposes Committee, 
Lieutenant-General Sir Ronald Charles, Mr. Horace W . Clarke, Mr. E. L. 
Morcom, Lieut.-Colonel The Hon. R . M. Preston, and Mr. A. J. G. Smout. 
Investments have been made to the extent o f  over £5000, which are already 
bearing interest.

The Secretary read the list o f  officers elected to  fill the vacancies on the 
Council for the year 1937-1938 :

Engineer Vice-Admiral Sir R o b e r t  D i x o n , K.C.B., T .T .D  
Lieutenant-Colonel The Hon. R .  M. P r e s t o n , D.S.O.

Members o f Council:

W . T. Geu tith s , M.Sc.
S t a n l e y  R o b s o n , M .S c .

A . J. G. S m o u t .
D . S t o c k d a l e ,  M.A., Ph.D.

E l e c t i o n  o f  M e m b e e s  a n d  S t u d e n t  M r 'r a F « g  
a n d  A s s o c i a t e  M e m b e r s .

The S e c r e t a r y  announced the election o f  the following members, 
student members and associate members :

E l e c t i o n  o f  O f f i c e r s  f o r  1937-1938.

President:
W . R . B a r c l a y , O.B.E.

Vice-Presidents:

M e m b e r s  E l e c t e d  o x  O c t o b e r  29, 1936.
B a r k e r ,  Stuart Xethenvood 
B e l l i n g h u r s t , Philip Edward .
B l a c k , Arthur, Assoc.Met. .
D a y ,  William Arthur Jeffries 
E d e n s ,  Leonard, Dipl.-Ing.
F a r r , Harry .
R o l l i n g s ,  Arthur Sidney .
H o r e e y , R obert Eustace .
K e m p f ,  Louis Walter, M.S.
L a v e s , Fritz, Dr.-phil.
L o r e n t z , Marjorie Geraldine, B.A. 
M a c D o n a l d , James . . . .  
M e s s n k r ,  Martin C. . . . '
P u l l e n , Alfred Xorman Douglas 
R ogues ’ , Ernest Christie, B.S. 
T a t t e r s a l l ,  Cecil Owen, B.Se., A.R.CJS. 
W Hi t e ,  Edwin Hillier Maurice 
Y a t e s ,  Donald, M.C., B.E.

Cardiff.
Birmingham.
Southampton.
Cleveland, 0 .,  U.S.A. 
Gottingen, Germany. 
Bridgeville, Pa., U.S.A. 
London.
Katowice, Poland. 
Grappenhall.
North Canton, O., U.S.A. 
Cawnpore, India. 
Birmingham.
Port Pirie, South Australia.

Southampton.
Salisbury, Southern Rhodesia. 
Southampton.
Pretoria, South Africa. 
Berlin-Spandau, Germany.
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S t u d e n t  M e m b e r  E l e c t e d  o n  O c t o b e r  2 9 , 1936. 

K in g ,  G e o r g e  R o l a n d  . . . , Hounslow,

M e m b e r s  E l e c t e d  o n  D e c e m b e r  10, 1930.
A r g u e l l e s ,  Angel Severo, B .S ., Ch.E. 
B a k e r ,  William Albert, B .S c . 
B e r g e r - H a i n a u t ,  Maurice Camille Gb 

Avelin . . . .  
B l a c k w e l l ,  Harold Alexandre . 
B r o a d f o o t ,  Erie Henry 
C ila c e , Thomas B .
G r a g g s , Harold Brabant 
F o r r e s t ,  George, B.Sc.
H a l l ,  Edward Patterson, B.Sc. . 
H a r d y ,  Charles 
I z o d ,  Edwin Gilbert .
M i l l e r ,  M ik e  A n th o n y , A.B., P h .D  
M lr a m o n , Pierre 
P a r k e r ,  Henry George 
P a r l a n t i ,  Conrad A .
P h i l p o t ,  Harold Percy, B.Sc.
P l u t t e ,  Frederick, Jr”, B.A.
P r e e c e ,  Engineer Vice-Admiral Georg 
R a o ,  Emani Surya P ra sad a , B.Sc. 
R e y n o l d s ,  Oswald Garnet, M.C.
R ig b y ,  Richard, B.Eng., Ph.D. . 
S c h e r z e r ,  Karl, Dr.-jur. .
VON S e l v e , G u sta v  .
S t e p h e n s , C harles

St d d e n t  M e m b e r s  E l e c t e d  o n  D e c e m b e r  10, 1936,

lirlain

C.B.

Manila, Philippine Islands. 
London.

Bnissels, Belgium.
Liverpool.
Birmingham.
Chicago, 111., U.S.A. 
Pelaw-on-'i’yne.
Chacombe, nr. Banbuiy. 
Phillipsdale, R .I., U.S.A. 
New York City, U.S.A. 
Addlestone.
New Kensington, Pa., U.S.A. 
Paris, France.
London.
Hem e Bay.
Benares, U.P., India. 
Brimsdown.
London.
Jamshedpur, India. 
Melbourne, Australia, 
London.
Kreis Monschau, Germany. 
Thun, Switzerland.
London.

A n d r e w s ,  Kenneth W illia m  
B o y l e ,  Leonard 
D a v ie s ,  D a i Ashton .
H u l l ,  Charles, B.A. .
P a r k e r ,  Rowland, B.A.
R a y n o r ,  Geoffrey Vincent, B .A., B.Sc. 
S w i n d e l l s ,  Norman, B.A. .

A s s o c i a t e  M e m b e r s  E l e c t e d  
A n s e l ,  G erh a rd , M.Sc.
C o h e n , M orris , S e .D . .
E s a r e y ,  Bernard John, B.S., Ch.E. 
H e n t s c h e l ,  Robert, A .A .,  S c .D . 
S h o e m a k e r ,  John Earle, M.S. 
d e  S t r y c k e r ,  Professor Robert Emile

. Manchester.

. Tynemouth.
Billingham-on-Tees.

. Cambridge.

. Birmingham.
Oxford.

. Cambridge.

o n  D e c e m b e r  10, 1936.

. Pittsburgh, Pa., U.S.A.

. Cambridge, Mass., U.S.A. 
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C o m m u n ic a t io n s .

Communications by  the following authors were then presented and dis
cussed : M. L. V. Gayler (762); E . C. Rollason (760); L. Northcott (764); 
R . S. Hutton and R . Sehgman (759); M. Cook (749); H. J. Gough and
D. G. Sopwith (750); J . M cKeown and 0 . E. Hudson (754) ; J . McKeown 
(757), and B. Jones (761). A  paper by M. L. V. Gayler (763) was also 
presented, but there was no discussion. In each case a hearty vote o f  thanks 
to the authors was proposed by the President and carried by acclamation.

A n n u a l  D in n e r .
The Annual Dinner was held in the Trocadero Restaurant, Piccadilly 

Urcus, London, W .l, and was presided over by  the President. More than 
¿00 members and guests were present.

Thursday, March II.

C o m m u n i c a t i o n s .

On the resumption o f  the meeting, communications by the following 
f„l’ ,,0ra";el;erl,rc£ci,tcd and discussed : W . Hume-Rothery and P. W . Reynolds 
£  } L  ' ^ " r e- ? 0tThc? ;  and E ' B,ltchere (752) ; R . J. M. Pavne and J. L. 
Haughton (7o3); J. L. Haughton and T . H. Schofield (756); R , A. Stephen 
and R . J. Barnes (755) ; and P. W . Reynolds and W . Hume-Rothery (758). In 
each case a hearty vote o f  thanks to the authors was proposed by the President 
and carried by acclamation.

V o t e s  o r  T h a n k s . 

acclam ation^11'1'1' 1' mOVCd tilc fo,Jo'vinS resolution, which was carried by

The members assembled at this Annual General Meeting desire to convey 
their warmest thanks to all the contributors to the Endowment Eund 
whose names are included in the preliminary list o f  contributors, and par
ticular y  to the Trade Associations for their generosity in heading the list 
with the very substantial sum o f  £3650.

The P r e s i d e n t  undertook, on behalf o f  the members, to write to the 
Chairmen o f  the Trade Associations informing them o f  this resolution.

The P r e s id e n t  moved :

That the thanks o f  the Institute be and are hereby tendered to :
( 1) The Council o f  the Institution o f  Mechanical Engineers, for their 

®°urtes7ri-n Pem lit;ting the use o f  their rooms on this occasion.
ill Tv?SSr?" a fe , L r i t e d > f o r  P e r m it t in g  a  p a r t y  t o  v i s i t  t h e i r  w o r k s .
(3) I  he General Electric Company, Limited, for their organization o f  a 

special demonstration o f  television.
^  ^ir^\vorks^^°ne f ° r permitting a party to visit

(5) The Associated Equipment Company, Limited, for permitting a 
party to visit their works. 6

^  th e ^ w o rk s^  ® ic '^ astin8s> Limited, for permitting a party to  visit

<7) t o ^ t ' t h S f w e ^  C° mpany’ Limited’ fOT permittinS a party

CarTied Wi‘h aCCIamati°n-
VOL. L X .
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V i s i t s .

In the evening o f  Tuesday, March 9, members and tlieir ladies attended, 
by invitation, a demonstration o f  television at the Headquarters o f  the General 
Electrical Company, Ltd. In the afternoon o f  Thursday, March I I , visits 
were made to tho works o f  The Associated Equipment Company, Ltd., Kodak, 
Ltd., and Fry’s Die-Castings, Ltd., and to tho brewery o f  Charrington and 
Company, Ltd.

GENERAL MEETING IN BIRMINGHAM.
A t  a  G e n e r a l  M e e t in g  o f  the Institute held in the Chamber o f  Commerce 

Buildings, New Street, Birmingham, in the evening o f  March 2 3 , 1937—  
M r. W . R . Barclay, O.B.E., President, in the Chair— Dr. M. Cook, M.Sc., 
re-presented his paper on “  Directional Properties in Rolled Brass Strip,”  
which had previously been read at the Annual General Meeting in London 
on March 10, 1937.

The Minutes o f  the last General Meeting, held in London on March 10 and 
11, 1937, were taken as read and signed by the Chairman.

T h e  P r e s id e n t  gave a brief explanation o f  tho circumstances that had led 
to the present meeting, pointing out that it was hoped it would be the first o f  a 
scries o f such meetings held in various local section cent res. The Council had 
on several occasions expressed the desire for the closest possible collaboration 
between the parent body and the local sections, and such meetings as this in 
which papers could be read and fully discussed at greater length than was 
possible in the Spring and Autumn Meetings would become, it was hoped, an 
important factor in tho future development o f  the Institute.

After the discussion (a record o f  the discussion appears on pp. 174-185), 
the Chairman proposed, and there was carried with acclamation, a vote o f  
thanks to the author o f  the paper.
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METAL SPRAYING: PROCESSES AND SOME 7 6 0  
CHARACTERISTICS OF THE DEPOSITS.*

By E. C. R0LLA S0N ,f M.Sc., Member.

S y n o p s is .
Spraying pistols using wire, powder, and molten metal are described, 

together with comparative details. The nature of the sprayed deposit is 
discussed. A few corrosion tests using intermittent salt-spray have 
been made on zinc and aluminium deposits and on painted zinc coats.

Using the three types of pistol, comparative tests of aluminized 
surfaces have been made and heat-treated nickel-chromium-iron coatings 
were found to have good resistance to oxidation at elevated temperatures.
Data are also given for porosity, oxide content of sprayed copper, and 
hardness of sprayed metals.

T w e l v e  years have elapsed since the last paper on metal spraying was 
presented to the Institute.65 During this interval new designs of 
spraying apparatus have been evolved using wire, powder, and molten 
metal. Many new applications have also been exploited successfully, 
some of which are becoming of great importance to the works’ engineer, 
as for instance in the building up of worn machinery, but apart from these 
metal spraying demands increasing consideration as a means of combat
ing corrosion. The corrosion of mild steel occurs irrespective of its 
composition, and the austenitic stainless steels are too expensive for any 
but special environments where corrosion is very severe. At the present 
time one of the most common methods of protecting iron and steel is by 
painting, but research is showing that this method is only really effective 
when the surface of the steel is prepared or cleaned by costly treatments 
such as sand-blasting. This treatment is the first stage in the metal- 
spraying process, and, if one is prepared to do this, a coat of sprayed zinc 
or aluminium makes the ideal protective coating for steel which will 
later be exposed to the weather, and circumstances will decide as to 
whether or not subsequent coats of paint are sprayed on to the deposit 
which would act as an excellent key to the paint. Having these con
siderations in mind, the object of this paper is to indicate briefly the 
capabilities of the various processes of metal spraying and the character
istics— such as porosity, hardness, and corrosion-resistance—of the 
deposit.

* Manuscript received September 2, 1936. Presented at the Annual Genera 
Meeting, London, March 10, 1937.

t  Assistant Lecturer, Department of Metallurgy, The University, Birmingham.
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A p p a r a t u s  f o r  S p r a y i n g .

Wire-Type Pistol.
All pistols spraying metal from wire employ the same basic principles, 

and differ only in small details of design. The pistol consists of a 
small air turbine, rotating at 30-50,000 r.p.m., which drives, through the 
medium of reduction gears, two knurled rolls which grip the wire and 
feed it into the melting nozzle. Compressed coal-gas or acetylene and 
oxygen are supplied for the flame, whilst compressed air is used for 
atomizing the molten metal. An illustration of this pistol is given in 
Fig. 1 (Plate I). Efforts have been made to increase the amount of 
metal sprayed in a given time by increasing the diameter of the wire, 
but without greatly increasing the cost. One American pistol uses 
£ in. diameter wire, whilst the English pistol can be modified to take 
2 mm. diameter wire. The nozzles of the various types vary slightly. 
The French * type has an extra air cap allowing the air blast to arrive 
at the flame zone in two stages. The gas nozzle is also set slightly in 
advance of the wire nozzle. The same type of nozzle is used on the 
powder pistol recently introduced by the French company. The 
English f  pistol has no extra air cone and the air arrives at the flame 
zone at a smaller angle to the wire axis than in the case of the French 
pistol. The American J pistol has no extra air cap and the air angle is 
smaller than in the English pistol.

One of the important advantages of the wire pistol over other forms 
is the ease with which the internal surfaces of tubes can be coated. For 
small diameter tubes (minimum 1-25 in.) the rotary nozzle is used, whilst 
for larger tubes either the extension or the deflector nozzles are suitable. 
A fan spray nozzle has also been recently introduced to give a smoother 
and more uniform deposit on large surfaces.

Molten Metal Pistol.§

The modern molten metal pistol has been developed from the type 
invented in 192-1-1926 by C. J. Jung and H. J. Versteeg, of Amsterdam. 
One of the disadvantages of the early pistols was their weight, but recent 
modifications have reduced the size and weight without lowering the 
capacity. The pistol (Fig. 2, Plate I) is gravity fed with molten metal 
held by the container, and its temperature is maintained by the flame 
from the Bunsen burner beneath it. The flame also preheats the com

* Marketed by the Société Nouvelle de Métallisation.
t  Produced by Metallization, Ltd.
J Marketed by the Metallizing Company.
§ Produced by Mellowes, Ltd. (British Patent 276,955-6. 349,031.)
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pressed air, carried by a stainless steel pipe to the silver steel nozzle 
(0-035 in. diameter). The front of the pistol is enclosed in a heat- 
resisting steel cowl and the operator’s hand is protected by an asbestos- 
lined steel guard.

One of the difficulties with the pistol is concerned with its mainten
ance, the silver steel nozzle and also the container being rapidly attacked 
by the molten zinc; the former has a life of 1-1^ hrs., renewable in 
2-3 minutes. Refractory liners of morganite AN  and fused corundum 
increase the life of the nozzle to about 13 hrs.’ spraying time, but are 
naturally very expensive and frequently fail as a result of the different 
rates of expansion of the steel and refractory. As the nozzle wears, the 
spray becomes coarser and somewhat irregular owing to uneven wear. 
To maintain a uniform thickness, the speed of spraying is increased as 
the nozzle wears.

The length of projection of the nozzle from the air feeder influences 
the character of the spray, the fine spray being produced by the longer 
nozzle.

Ihis process entails the use of a separate gas furnace for melting 
the zinc, usually a gas-fired furnace of 1 cwt. capacity and provided 
with an immersion pyrometer. The metal charge (4 lb. of zinc) in the 
pistol lasts about 20 minutes, but if spraying is intermittent during these 
periods the pistol can be rested in a suitable rack or its contents can be 
emptied into the furnace.

Powder Process.
Of the powder pistols invented, only the Schori * has become of any 

commercial importance; in common with the Mellowes instrument, it 
has no moving parts. The powder is sucked through an oxy-gas flame 
and blown on to the object. The construction of the pistol is shown in 
Fig. 3 (Plate II). The pistol consists essentially of two injector arrange
ments ; one is in the handle and is similar to that found in a blow-pipe 
used for mixing the oxygen and acetylene or other fuel gas at the same 
time preventing back-firing in the pipes, while the other, similar to a 
filter pump, is used for aspirating the powder from a suitable container 
fitted with a small vibration fan. Compressed air regulated by valve 
T flows into chamber G where it splits, part passing into chamber A  and 
through the nozzle B  thereby creating a partial vacuum in the pipe E 
connected to the supply of powder and also to the atmosphere at F  
in the handle, which must be covered by the operator’s thumb before 
sufficient suction is created to aspirate the powder. The metal powder 
passes through radial holes D  and is carried along by the compressed

* British Patent 432,831.



air through the central tube A . As it is ejected from the gun it comes 
into contact with the oxy-acetylene flame. A quantity of air from 
chamber G passes through orifice II, issues at the elliptical space, shown 
in section ZZ, surrounding the circular flame, and projects the fused 
particles on to the object being sprayed.

The oxygen and acetylene employed for the flame enter at the bottom 
of the handle and pass through needle valves which can be regulated to 
control the temperature. In the French Schori pistol plug valves are 
used. The acetylene passes through the grooves P  and the tapered 
extension tube which serves as an expansion chamber. The oxygen 
likewise passes through chamber R  to the central hole 0  to the tapered 
tube where it mixes with the combustible gas. The mixture flows 
through the holes J  to the nozzle, where it is ignited.

This arrangement of parts provides a handy and well-balanced 
pistol.

Two difficulties are met with in the design of equipment for spraying 
metal powders. The first is the need for using a large diameter orifice 
in the nozzle to prevent the clogging of the powder, with the result that 
a large flame is required, and the second is the maintenance of a regular 
and uninterrupted supply of powder to the pistol.

Comparative details of the various pistols are given in Table I.

Electrically Healed Pistols.

Several electrically heated pistols have been patented, but few have 
any commercial importance at the present time. The Swiss Schoop 
pistol employs an arc arrangement.31

Patent 308,355, however, describes a novel method for spraying dental 
plates and depends on the formation of arcs between two rotating 
cylinders of metal arranged to interrupt the electric circuit. The 
find} powdered metal formed by the arc is projected by centrifugal 
iorces.

Associated Plant.

Each metal-spraying process requires a compressor to supply com
pressed air both to the pistols and to the steel grit or sand-blast equip
ment Sand-blasting produces a surface more suitable for spraying 
than does grit-blasting, but suitable precautions have to be taken to 
prevent silicosis.  ̂ Excessive nozzle wear has now been reduced by the 
i f 6 ^ rcl carblde materials such as boron or tungsten carbide, and 
Seville has shown that the nozzle should be held obliquely to the 
work at an angle of about 30°. For the small class of work the new type 
of sand-blast machine employing centrifugal force instead of compressed

38 Rollason : Metal Spraying : Processes and
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T a b l e  I .— Comparative Details o f Three Types o f Pistols 
(Makers’ Figures).

British Wire. Molten Metal. Powder.
Valves Single-plug type in

side casing
Only taps on the 

Bunsen burner
Finger control for 
powder; separate 
valves for the gases

Moving parts Turbine and gears 
encased

None None

Weight 3* lb. 6£ lb. 2}  lb.

Metal form 1, 1£, 2 mm. dia
meter wires

Ingots melted in 
furnace

Powder : zinc, 100; 
copper and alum
inium, 150; nickel, 
200 mesh per in.

Limiting melt
ing point

1550° C. 600° C. (alumin- 
ium-silicon alloy]

1550° C. (copper 
highest in England)

Speed of appli
cation for zinc

5 lb./hr.; 17ft.2/hr. 
(0-005 in.)

11-9 lb./hr. using 2 
mm. wire

16 lb./hr. includ
ing stopping

20 lb./hr.

Wastage 10- 20% 10- 20% 20-30%

Oxygen 30-40 ft.a/hr. ; 25 
lb. /in.2

None used 50 ft.a/hr.; 14-28 
lb./in.2

Combustible
gases

Coal-gas, 45 ft.a/hr. ; 
28 lb./in.2; or 
acetylene 24 ft.3/ 
hr.; 10 lb./in.2

Coal-gas, 40-75 
ft.a/hr. at town 
main pressure; 
gas for furnace 
150 ft.a/hr. for 
3 pistols

Enriched coal-gas 
(ferrolene) 7 lb./ 
in.2); acetylene43 
ft.s/hr.; 3 lb./in.2

Air 15 ft.’ /minute ; 45 
lb./in.2

15 ft.*/minute; 
65-75 lb./in.2

15 ft.3/minute; 43 
lb./in,2

Normal work
ing distance

3 in. 5 in. 10-12 in.

Internal work 1-3 in. diam.-use 
Rotary nozzle 

3-12 in. diam.-use 
extension and de
flector nozzles

Shallow work 
only

Shallow work

Overhead work No difficulty Impossible No difficulty



air will undoubtedly gain favour. The centrifugal effect is obtained by 
impellors rotating at high speed, and the power required is only 10-20 
per cent, of that taken by the compressed-air equipment.

Theory o f Metallizing.

Schoop states that the atomized metal solidifies during flight owing 
to the cooling effect of the expanding air blast. "When the particles 
strike the surface of the article their kinetic energy is transformed into 
heat with the result that they become momentarily plastic and weld 
together, but Arnold 61 and Schenk have shown that the speeds necessary 
to produce the required amount of heat are in excess of any obtained in 
the process. In support of his theory Schoop points out that inflam
mable material can be sprayed, and shows that the temperature of the 
metal stream is only 60°-70° C. as measured by a thermometer. 
Thormann,37 however, has recently shown that the temperature of 
sprayed iron particles at a distance of 5 in. from the nozzle is 1000° C., 
and it is well known that if the pistol is directed to one area at a close 
distance the deposit can be melted. According to Schoop’s theory 
cold powder could be sprayed to form a coherent coating, a process 
known to be unsuccessful.

A second theory, favoured by Karg, Kutscher, and Reininger, 
assumes that cold solid particles of metal are hammered into the pores 
of the article by the great force behind them.

The hypothesis favoured by the present author is that the particles 
are melted completely or partially in the flame, depending on the spray
ing apparatus, and cool fairly slowly while travelling in the air stream, 
since there is little differential movement of the two materials. When 
the pistol is held close to the article (1-3 in.) the particles are still molten 
when they strike the surface. Splashes like fallen drops of solder are 
formed {Fig. 5, Plate III) and interlock together. At high magnifications 
the microstructures of these splashes exhibit columnar crystallization, 
as shown in Fig. 7 (Plate III), with discontinuous oxide films and cavities 
at the edges of the lamination; these crystals must have formed after 
the particles had struck the surface. After deposition, the particles are 
rapidly cooled by the air stream impinging against the surface, and since 
the base only conducts away a small proportion of the heat, an inflam
mable material is not ignited by the lower melting point metals sprayed 
normally. At greater distances from the nozzle the particles will" be 
cooled below their freezing point, splashes will not form, but with 
sufficient kinetic energy the particles will be deformed into a laminated 
packing enclosing fine pores. At still greater distances the particles

40 Rollason : Metal Spraying : Processes and



P la te  I.

F ig . 1.— English Wire Pistol.
A Air Supply Tube. F Hinged Lid. V Spring Lever, Fastening
B Turbine Chamber. G Fuel Gas Supply Tube. the Lid F.
C Hinged Bracket. H Valve Handle. X  Opening for Insertion of
D Pistol Nozzle. O Oxygen Supply Tube. the Wire.
E Valve Controlling Gases.

F ig. 2.— Molten Metal Pistol.
A Container. E Front Plate. i Hand Guard.
B Burner. F Compressed Air. J Shield.
C Handle. G Air-Feeder. K Air and Gas Injector.
D Cowl. H Silver Steel Nozzle. L Air Regulator.

[To face p. -10.



P la te  II .

a  b  c
F ig . 4.— Back Reflection X-ray Photographs o f Sprayed Metals : A =  

Copper, Wire Process; B — Aluminium, Powder Process (Note Spots 
on R ing); C =  Zinc, Wire Process.

Fig . 3.— Schori Pistol and Fowder Containers.
X Schori I ype Container. W  French Type Container.



F ig . 5.— Sprayed Copper on Glass; Wire Process; Transmission Photograph, x  50. 
T ig . 6.— As Fig. 5, but Using Powder Process; No Splash Effect, x  50.
F ig . 7 —  Sprayed Copper by French Wire Pistol; 1 in. Nozzle Distance; Columnar 

Grains across Layers, Etched, x  1000.
F ig . 8.— Same as Fig. 7, but 4 in. Nozzle Distance. Smaller Columnar Grains with 

Porosity ( f }. x  1000. 
l i e .  9.— Same as Fig. 7, but at 9 in. Nozzle Distance: Columnar plus Equiaxed 

Grains, x  1000.
F ig . 10.-—Same as Fig. 7, but at 10 in. Nozzle Distance. Typical Undeformed 

Particle Coated with Oxide (^).

P late  ITI.



P la te  IV .

F ig . 11.— Sprayed Copper by Powder Process. Porosity =  black; Cu20  — half
tone; O * «  3*4%. Etched, x  400.

F ig . 12.— Sprayed Zinc by Powder Process, Normal Distance. Laminations and 
Round Grains. Porosity 19%. Etched, x  400.

F ig . 13.— Sprayed Zinc by English Wire Pistol; Using Acetylene, 1 in. Distance.
Columnar Grains. Porosity 8-1%. Etched 2%  H N 03. x  400.

F ig . 14.— As Fig. 13, but at 10 in. Distance. Porosity 11-9%. Columnar Grains,
x  400.

F ig . 15-— Sprayed Zinc by English Pistol Using Coal-Gas at 1 in. Distance. Isolated 
Oxide and Porosity. Porosity 1*1%. Density (Toluene) 6-56. x  400.

F ig. 16.— As Fig. 15, but at 10 in. Distance. Columnar Grains and Round Particles. 
Porosity 8-7%. Density (Toluene), 6-88. X 400.



C =  Sprayed Coat. D =  Diffused Layer. P — Base Plate.
F ig . 17.— Zinc Sprayed at 1 in. Nozzle Distance by Molten Metal Process. Note Iron 

Particle («}). Porosity 10-6% . X 400.
Fig. 18.— As Fig. 17, but at 5 in. Distance. Porosity 11-7% . x  400.
F ig. 19.— As Fig. 17, but at 11 in. Distance. “  Heaped ”  Grain Structure. Porosity 

16-5%. x  400.
F ig . 20.— Aluminium Sprayed by Powder Process. Round Particles with Cavities 

(Black). Porosity 34-3%. x  150.
F ig . 21.— Aluminium Sprayed by English Wire Process. Porosity 8-8% .
F ig . 22.— Sprayed Aluminium by Wire Pistol. Bitumastic Coating. Heated 780° C. 

for 10 Minutes. Etched in HNOj. x  200.



P l a t e  V I .

C =  Sprayed Coat. D =  Diffused I.ayer. P =  Base Plate.
Fig. 23.—Sprayed Aluminium by Powder Pistol. Treated as Fig. 22. x 200.
F ig . 24.— Sprayed Aluminium -Silicon Allov bv Molten Metal Process. Treated as 

Fis. 22. X 200.
F ig .  25— Sprayed Aluminium as F ig . 22 but Annealed 2 Hrs. at 1000° C. Columnar 

Crystals; border ( f ) ; Concentration of Pearlite (P). X 175.
F ig . 26. Sprayed Xickel-Chromium-Iron Allov bv  Wire Process. Heated 2 Hrs. at 

1100J C. Penetration along Grains ( f ) .  x  250.
F ig. 27.— Sprayed 1S: S  Steel by Wire Process. Heated 50 Hrs. 9003 C. Note 

Superimposed Structure in Plate. X  200.
Fig . 23— Sprayed Mild Steel by Wire Process, after Heating at 900’  C. for 1 Hr. 

Coalesced Oxide (Half-Tone), x  400
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form a “  heaped ”  sand-like mass with high porosity. This theory is 
substantially in agreement with that of Turner and Budgen 2 (p. 82).

St r u c t u r e .
One important difference between the deposits produced by wire and 

powder processes is shown in Figs. 5 and G (Plate III) which are shadow
graphs ( X CO) of copper sprayed on to glass slips. The powder process 
does not give the splash effect with high melting point metals to such an 
extent as the wire process. The true grain-size of sprayed coatings is 
normally very small, as is well illustrated by back-reflection X-ray 
photographs (Fig. 4, Plate II) which in the case of zinc, aluminium, and 
copper always show continuous rings, resolved doublets, and a con
siderable background due to slight cold-work and to oxide particles. 
The photomicrographs (Plates III-Y I) are all taken from cross-sections 
through the deposit and plate.

Figs. 7-10 (Plate III) show the change in microstruoture as the dis
tance from the nozzle increases in the case of copper sprayed by the 
French wire pistol. A copper coating produced by the powder process 
is shown in Fig. 11 (Plate IV) in which the oxide masses are clearly 
seen; the particles have suffered but little deformation. A zinc deposit, 
also produced by the powder process, is shown in Fig. 12 (Plate IV ); 
this again exhibits rounded grains associated with laminated masses. 
Figs. 13 and 14 (Plate IV) show zinc deposits made by the English 
wire process, using acetylene gas. A high flame temperature is indicated 
by the columnar crystallization even at a nozzle distance of 10 in. As 
a contrast, Figs. 15 and 16 (Plate IV) show the structure of deposits made 
with the same equipment using coal-gas as fuel. At a nozzle distance 
of 1 in. the oxide and pores are dispersed, resulting in a low permeability 
to liquids. At a nozzle distance of 10 in. a number of rounded particles 
can be seen in the structure, and the interconnected porosity has 
increased. This pistol is at its maximum efficiency when using coal- 
gas, and the flame is consequently more oxidizing than when acetylene 
is employed.

Figs. 17, 18, and 19 (Plate V) show the structure of zinc formed by 
the molten metal process. At a distance of 11 in. the structure consists 
essentially of “  heaped ”  masses of particles, resulting in high porosity, 
whilst at 1 in. numerous unetched particles of an elongated shape are 
found in the structure. These are possibly iron or iron-rich material 
abraded from the nozzle.

The structures of aluminium deposits made by the powder and wire 
processes are shown in Figs. 20 and 21 (Plate V), respectively. The 
former consists almost entirely of rounded particles of metal each 
possessing a dendritic structure.
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C o r r o s io n  T e s t s .

Most corrosion tests on sprayed deposits have been made on samples 
metallized by the wire pistol. A few tests were carried out, therefore, 
in order to ascertain whether there is any appreciable difference between 
deposits made by the various processes when subjected to corrosion.

Ingot iron of known history was kindly supplied by Dr. J. C. 
Hudson,* the analysis being :

C Si S P Mn Cu O H N
0018 trace 0037 0008 0033 0064 0-060 0-002 0-005

It was used in the form of 4 X  2 X  ^ in. strips with bevelled edges and 
with one hole for suspension from a glass hook. After sand-blasting, 
the iron samples were coated by three types of metallizing processes, 
the amount of sprayed metal being obtained by weighing.

One set of field tests was started in the grounds of Birmingham 
University and another group of specimens, including Sherardized and 
galvanized steel, cast zinc, and a standard steel of known corrosion 
behaviour (J£), was sprayed twice daily (except Sundays) with 31 per 
cent, sodium chloride solution in a manner similar to that used by the 
Iron and Steel Institute Corrosion Committee.

Each side of the specimen was given one puff (0-03 c.c.) from a 
“  Delta ”  spray at a distance of 6 in. and this was repeated at three 
heights, blank puffs being given at the side of the end specimens. For 
the first month the specimens were allowed to dry indoors, but subse
quently they were placed outside so that the washing effect of the rain 
could be included in the tests. A number of painted specimens were 
also exposed to this intermittent spray test. The steel samples coated 
with zinc by metallizing, Sherardizing, and galvanizing processes were 
given a single coat of paint f  of the following analysis :

Per Cent.
Indian red . . . . . . . .  53-2
Zinc chromate . . . . . . . 1 6 - 0

Boiled oil . . . . . . .  13-3
Refined oil . . . . . . .  13-3
Liquid driers . . . . . . . .  2-66
White s p i r i t ........................................................................ 1-52

This paint was used because its behaviour on steel was investigated 
by the Iron and Steel Institute Corrosion Committee, but it is quite 
possible that the Indian red is an unsuitable constituent in a paint to be 
used on zinc.

The increase in weight of the samples during the first month and the
* Iron and Steel Institute Corrosion Committee, 
t  Supplied by Dr. J. C. Hudson.
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time required for the first signs of rust to appear on the surface are 
shown in Table I I .  As yet the field tests have not progressed long 
enough to yield reliable results, but since no visible corrosion products 
had formed after 4 months’ exposure the increase in -weight of the 
samples (after 24 hrs. in a dessicator) is given, as a matter of interest, 
in Table I I I .  It was noticed that the corrosion products on the Sherard- 
ized samples were more readily removed by the rain than in the case of

T a b le  II .— Accelerated Corrosion Tests.

Layers. Process. Metal. Spraying
Distance. Oi./ft.>. Thickness,

Inch.

Increase 
In Weight 

after 28 
Days, 

H g./cm .'.

Time for 
First Signs 

of Bast, 
Days.

1 1 M Zn N 1-105 0-0022 3-32 110
5 2 M Zn N 1-59 0-0031 3-31 160

*7 1 M Zn 1 in. 2-67 0-0053 4-19 220
9 1 M Zn 11 in. 0-94 0-0018 4-54 100

11 1 M Zn N worn 3-19 00063 3-29 > 2 2 0

16 1 S Zn N 1-92 0-003S 4-07 240
21 2 S Zn N 2-61 0-0052 4-26 > 240

W1 1 W Zn N 1-02 0-0020 3-01 220
W5 2 w Zn N 1-43 0-0028 2-97 > 2 4 0
W7 1 w Zn 1 in. 103 0-0020 3-18 100
W8 1 w Zn 11 in. 0-43 0-0008 3-04 59

fX Standard steel 13-14 3
Zn Cast 7.inc 3-73
14 Sherardized 0-84 2-09 105
15 Galranized 1-69 0-0036 2-56 170
12 1 M Sn N 1-08 4
24 1 S Al N 0-62 0-0027 3-80 26
\V9 1 w A1 N 0-3S 0-0017 0-68 170
M4 1 M Al-Si N 1-58 0-0072 7-14 70J

* Specimen 7 produced no white precipitate in full immersion tests, 
t  A, after derusting, lost 0-165 gmi./cm.2 in 170 days, 
j  Layer shelled off in powdery mass.

M =  molten metal. S =  powder. W  — wire. N =  normal spraying distance.

the other specimens, also the samples sprayed at normal distances from 
the nozzle offer a greater resistance to corrosion than those sprayed 
either near or far from the nozzle (e.g. 7, 9, W7, W8). Too few 
experiments have been made to yield very positive conclusions, but the 
general trend of these results is to show that all the zinc coatings made 
under best commercial practice have approximately the same rate of 
corrosion, and this life is limited mainly by the thickness of the deposit. 
That the life of the sprayed samples is satisfactory was also shown by 
tests using 5 per cent. NaCl in a salt-spray cabinet. Samples metallized 
by each of the processes withstood 1000 hrs. without signs of rusting.



The aluminium-coated specimens, however, showed widely different 
characteristics. In the accelerated tests the sample sprayed by the 
powder process exhibited rust spots within 26 days, the surface became 
grey and hygroscopic, whilst in the field tests rust appeared within 7 
months. The sample sprayed with aluminium-silicon alloy by the 
molten-metal process was soon covered with a white deposit, and at the 
end of 70 days’ exposure to the salt-spray the coating was blistered and 
could be removed readily as powder. On the other hand the wire 
process yielded a specimen which remained unaffected and bright up to 
170 days, after which period a few rust spots appeared. This is not 
unexpected since it is well known that the purer the aluminium the 
better is the resistance to corrosion.
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T a b l e  III .— Field Tests. Four Months (March-July).

Number Layers 
and Metal. Process. Spraying

Distance.
Weight o f Metal, 

O z./ft.‘ .
Increase in Weight, 

M g./cm .’ .

2 1 Zinc M N 0-72 0-300 2 Zinc M N 1-38 0-308 1 Zino M 1 in. 2-85 0-7010 1 Zinc M 11 in. 1-08 0-4117 1 Zinc S N 1-54 0-5920 2 Zinc s N 4-43 0'57W2 1 Zinc w N 1'05 0-28W 6 2 Zinc w N 1-04 0-24A3 Sherardized 0-64 0-0125 1 Aluminium s N 0-50 1-92W 10 1 Aluminium w N 0-37 0-78

M — molten metal pistol. S =  powder metal pistol. W  =  wire metal pistol.

Painted Specimens.
The results are given in Table IV. It is clear that sprayed deposits 

of zinc offer excellent bonding for paint, and the greater porosity of the 
coating formed by the powder process is an advantage. The varnish 
impregnation of sprayed coating has been recently suggested by 
Reininger.52

T a b l e  IV.

Process, Condition after 120 Days’ Exposure to 
Intermittent Sa'lt-Spray. Effect o f Rubbing Surface.

Molten, spray 
Powder „  
Wire „  
Galvanized

Sherardized

Faint only

Specks of white deposit 
Specks of cream deposit 
Specks of white deposit 
Paint wrinkled; white deposit 

on bottom edge
Crinkled paint; metal exposed 
in places

50 per cent, area rusted

Good bond to base of paint 
Excellent „  „  
Good
50 per cent, paint removed 

20 „
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R e s i s t a n c e  t o  O x i d a t i o n  a t  E l e v a t e d  T e m p e r a t u r e s .

At the present time in Great Britain only the wire type of metallizing 
process is employed in the production of aluminized surfaces for resisting 
oxidation. It was decided, therefore, to find how the deposits made by 
the various processes compared with each other. Samples of mild steel 
were sprayed with known amounts of aluminium or aluminium alloy 
and were then subjected to four commercial preliminary treatments. 
The different treatments, patented in England, Germany, and France, 
were carried out as follows :

English : coat specimen with bitmnastic paint, heat rapidly to 
780° C. for 10 minutes.

German : coat specimens with waterglass, heat rapidly to 800° C. 
for 15 minutes.

French : coat specimens with saturated solution of borax and 
anneal at 600° C. for \ hr.

English : special aluminium alloy—heat rapidly t-o 900° C. for 
10 minutes (this alloy and its use for this purpose are the subject of 
British Patent 400,752).

The main object of these treatments is to prevent oxidation of the 
aluminium while the diffusion layer is forming. After treatment, the

T a b l e  V .— Duration of Healing to Cause 50 Per Cent. Loss 
in Weight (Hours).

Spray Process anil Metal.

Treatment.

English. 
Coated 

Bitumastic 
Paint; 
Heated 

7S0°0 . ior 
10 minutes.

German. 
Coated 

Waterglass: 
Heated 800° C. 

for 1 hr.

French. 
Coated 
Borax: 

Heated 600° 
C. for | hr.

None.

Wire, aluminium 140 150 45
Wire, cadmium-aluminium 130
Powder, aluminium . 90 so 60
Molten, aluminium-silicon 85 50 15
Wire, 18 : 8 niekel-chromium ateel 50
Wire, niekel-chromium-iron >250

Mild steel plate 0-13 in. 7
Stainless 18 : 8 plate 0 07 in. 300
6 per cent, silicon cast iron 0-8 in

diameter . . . . 100

Average weight deposited: aluminium 0-035 grm./cm.! ; 1 8 : 8  steel 0-24 
grm./cm.* ; Ni-Cr-Fe 0-30 grm./em.2.
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samples wore heated for 5 hr.-periods at 900°-925° C. in a muffle, after 
which they were quenched in water ; this has a very drastic effect on any 
surface scale. The specimens were inspected and weighed periodically. 
For comparison, samples of mild steel, Silal, and 18 : 8 nickel-chromium 
steel were included, together with steel specimens coated with 18 :8  
austenitic steel and with the alloy nickel 65, chromium 15, iron 20 
per cent, sprayed from wire. The two latter specimens were previously 
annealed at 1100° C. for 2 hrs. without protection in order to form a 
diffused layer. After the treatment one specimen coated with nickel- 
chromium showed two blisters, whilst the specimen sprayed with 
austenitic steel oxidized badly.

The bitumastic paint protection appears to be very successful, and the 
wire process yields the best results. Even after 250 hrs. under test 
the specimen coated with nickel-chromium-iron showed a negligible 
change in weight.

The structures of these samples are shown in Figs. 22-27 (Plates 
V -V I). In all cases the pearlite is concentrated in the front of the 
diffusing layer, and in the initial stage this layer occurs in the form of 
finger-like masses. After treatment at 900° C. this latter characteristic 
is lost, the diffusion layer is most frequently parallel to the surface, as 
shown in Fig. 25, but in one sample the aluminium had completely 
diffused through the specimen in isolated places with the production of 
large crystals. At these places oxidation occurred with the production 
of round shell-like masses of oxide; this is possibly due to the lower 
aluminium concentration in these areas. Local oxidation also occurred 
occasionally on the edges where either metallizing or preliminary treat
ment had not been perfect.

Ageew and Vher 68 have shown that the diffusion of aluminium occurs 
in two stages : (a) dissolution of the iron in the liquid aluminium, with 
the formation of a solution in equilibrium with the solid phase at a given 
temperature; (b) diffusion of the iron-alumiuium solution into the iron. 
The main principle underlying the above treatments is to initiate these 
two reactions. Subsequently, at 900° C. the diffusion of the iron- 
aluminium solution into the iron occurs rapidly at first, but decreases 
as the concentration of aluminium is reduced. The reason for the 
columnar grains in the diffusion layer and the concentration of pearlite 
in front of them has been explained by Benedicks67 as due to the alu
minium being more soluble in the ferrite than in the austenite. With 
suitable concentration of aluminium, ferrite crystals (in which carbon 
is not appreciably soluble) are formed, and these grow slowly inwards. 
Bardenheuer and Muller have shown that oxides present in the sprayed 
coating have a harmful effect on the diffusion process, and this is possibly
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the cause of the difference in resistance of the samples sprayed by the 
powder and wire processes.

Fig. 27 also shows what appears to be two structures superimposed.

P o r o s i t y .

The density of sprayed metal is always less than that of cast material, 
and this is due partly to porosity and partly to oxide particles. The 
porosity, consisting as it does of isolated cavities and interconnected 
pores, is difficult to estimate absolutely, and no values are found in the 
literature. The interconnected pores allow liquids or gases to penetrate 
to the base metal, a disadvantage in certain applications, e.g. when 
copper is used to protect steel from carburizing and also when the 
deposit is electropositive to the base. The interconnected porosity 
(or permeability) has been estimated by the following method: Built- 
up samples of sprayed metal in. thick) were stripped from the base, 
•weighed, boiled in toluene for 1 hr., and subsequently weighed suspended 
in toluene, the temperature being estimated to ±  0-1° C. The toluene 
penetrates the pores with great rapidity, and the specific gravity sub
sequently calculated is that of the metal, oxide, and isolated pores. 
The samples were then heated under reduced pressure until the original 
weight was obtained (in order to drive off the toluene).

The specimens were next coated with a very thin film of vaseline 
(0-02-0-04 grin.) and weighed suspended in distilled water. The film 
of grease prevented the water from penetrating the pores, and enabled 
consistent results to be obtained. The difference between the two 
calculated specific gravities has been converted to percentage (perme
able) porosity as shown in Table V I. The difference between the density 
(in toluene) and the density of the same metal in cast form indicates the 
extent of isolated pores together with oxides. The results show that the 
powder process produces deposits with the greatest porosity, and this 
is undoubtedly due to the fact that the particles are cooler when they 
strike the base with the result that they are not closely interleaved. 
The English wire pistol using coal-gas produced zinc deposits with low 
“  inter-connected ”  porosity, but the low density (in toluene) clearly 
indicates that there are an appreciable number of isolated pores. This is 
confirmed by reference to the microstructure shown in Fig. 15 (Plate 
IV). In many cases the oxides tend to fill up the pores.

In these experiments the effect of variable nozzle distance from the 
base was studied. At very small nozzle distances the porosity is at its 
minimum, but it rapidly increases as the nozzle distance increases. 
This result is not unexpected since at close distances to the nozzle the 
particles are sufficiently plastic to allow effective interleaving. At
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T a b l e  V I.— Porosity (Permeable) and Hardness of Sprayed 
Masses in. Thick).

Process. Metal.
Si) ravine

Specific Gravity.

Porosity,
PerCent.

Hardness.

Distance,
Indies. In

Water.
In

Toluene.
Vickers
(5 *s-).

Scratch 
1/JF (150 

kg. Load).

English wire Zinc C.G. 1 6-49 6-56 1-1 37-1 5-9
a >» II 3 6-44 6-71 3-9 29-9 5-4
II It II 5 6'45 6-76 4-5 25 5-3
II it „ 7 6-37 6-85 6-6 25 5-3
a .) II 10 6-33 6-88 8-7 22 5-3
tt tt Zinc Ac 1 6-32 6-88 8-1 25-3 4-9
it tt II 3 6-36 6-84 7-0 26-2 4-9
tt it It 15 6-26 6-91 9-4 21-3 5-0
a tt II 7 6-29 6-96 9-5 22-6 5-3
a tt „ 10 6-22 7-07 11-9 22 5-9

American (1) Zinc Ac 3 6-15 6-76 8-9
Molten metal Zinc 1 6-24 6-98 10-6 35-5 6-0

tt tt „ 3 6-10 6-92 10-9 35-3 7-4
n tt tt 5 6-15 6-96 11-7 34-3 7-7
a a It 7 6-05 7-05 14-3 32-1 8-0
tt t> It 9 6-04 7-04 14-4 34-3 6-7
a a 11 5-87 7-04 16-5 37-3 15-7

Powder >> 8 6-04 7-00 13-8 28 5-1
>1 12 5-76 7-06 18-4 19 5-3

tt
Aluminium

15 5-63 7-05 20-1 21-6 5-9
American wire N 2-35 2-69 12-8 30-7

C.G.
Powder Aluminium 8 1-86 2-76 32-7 15-6

it II 11 1-81 2-76 34-3
It it 15 1-82 2-76 34-2 13-8

Molten Aluminium- N 2-47 2-55 3-3 65
Silicon

Molten Tin N 6-95 7-00 1-0
English wire Tin C.G. 1 6-85 7-08 3-3

tt tt 11 3 6-59 7-07 6-8
It it tt 5 6-53 7-03 7-0
It It „ 7 6-53 7-09 7-9
II It

Copper C.G.
9 6-51 7-12 8-6

It II 1 7-71 8-09 4-7
II It >> 3 7-54 8-30 9-1 107

Powder Copper 8 6-27 7-98 21-4 66
II tt 10 6-05 7-83 22-8 51-5
II „ 12 6-13 7-84 21-8 5-5

American wire Copper 3 7-32 8-29 11-8 99
English wire 18 : 8 N 6-50 6-92 6-1 264

»» >t 0-7% C Steel N 6-33 6-55 3-4 236
ii a Mild Steel N 6-44 6-59 2-3 309
»  if Lead N 10-01 10-5 4-6

C .G .— using Coal-Gas. Ac — using Acetylene. N =  normal spraying distance.
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great nozzle distances the particles are cooler, more rigid and have less 
velocity, consequently forming a loose “  heaped structure.”

Unfortunately, with the usual design of nozzle the difficulties of 
operating at close distances are great, due to overheating of the deposit 
and also to its unevenness. In practice wire-brushing the coating is 
found to be successful in closing up the surface pores.

O x i d e  C o n t e x t  o f  S p r a y e d  C o a t in g s .

In the literature on this subject there are many different opinions 
regarding the oxide content of the sprayed deposit. Schoop,53 Arnold,64 
Bablik 66 consider that no oxidation of the particles in flight occurs 
except when a highly oxidizing flame is employed. Reininger,34 
Parkes,3 and K arg10,11 admit the presence of oxide in the coating, but 
no values are given. The estimation of oxygen in most metals offers 
experimental difficulties with the exception of copper. A  few typical 
values for copper are given in Table VII.

T a b le  VII.

Nozzle Distance, 
Inches.

Oxygen, 
Per Cent.

Cu(0 ,
Per Cent.

Powder Pistol . 8 2-S4 25-6
»» j> • • 10 3-39 30-6
>» »» • • • 

American wire .
12 317 28-4
3 1-72 15-4

English wire 3 C.G. 1-02 9-2
» » » » • • • 3 Ac 0-59 5-3

French wire 3 Ac 0-71 6-4

C.G. — Coal-Gas. Ac =  Acetylene.

Ballard and Harris56 in a recent paper also give results of oxygen 
contents for wire pistols which are particularly interesting (Table VIII).

T a b l e  V III .— Percentage o f Oxygen in Copper Deposits 
(Ballard and Harris).

Nozzle
Distance,
Inches,

Coal-Gas Fuel (450 B.T.U.). Acetylene Fuel Gas.

English. 1 rench. English, French American.

1 0-79 0-35 0-32 0-33
2 0-80 0-40 0-56 0-46 0-74
3 0'90 0-54 0-54 0-65 0-90
4 1-10 0-60 0-01 0-76 1-03
5 M e 0-69 0-69 0-75 M 2
0 1-08 0-06 0-66 0-72 1-04
7 0-95 1-06
8 0-91 1-27
9 0-75

English pistol designed for coal-gas. French pistol designed for acetylene. 
V O L . L X , D
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These investigators also show that the oxygen content of the coating 
is (a) increased as the oxygen pressure is increased, and (6) reduced by 
keeping the base metal cool. This is not unexpected, since oxidation 
of the metal occurs (1) in melting, (2) during flight, and (3) on the surface 
of the article. At close distances the particles are in a reducing zone 
of the flame, thereby being protected from oxidation in flight. To obtain 
deposits low in oxide, it would appear advisable to use a slightly reducing 
flame and to reduce the nozzle distance so far as it is possible without 
overheating the base. Unfortunately, a pistol using a reducing flame is 
not working at its maximum efficiency. The practice of preheating the 
article advocated some 10 years ago2 (p. 56), is now seen to be 
undesirable.

In one German pistol12 carbon dioxide is used for atomizing in the 
case of low melting point metals, and the use of nitrogen instead of 
air has also been suggested but not worked commercially.

H a r d n e s s .

The hardness of sprayed deposits is becoming more important owing 
to the increased use of the process in the building up of worn articles. 
It is greatly affected by the amount of oxide and porosity of the coat, 
because a material full of pores has less resistance to penetration than 
sound metal, consequently yielding a lower Brinell number. On the 
other hand, oxide particles in the same material will tend to give a high 
scratch hardness. In mild steel the oxide present as sprayed makes the 
material almost unmachinable, but annealing decreases the hardness 
due to agglomeration of oxide, as shown in Fig. 28 (Plate VI). A  few 
hardness values are given in Table VI and in Fig. 29 which shows the 
effect of nozzle distance. Thormann,37 and Kessner and Everts,51 
using a wire pistol found that the hardness was increased by increasing 
the speed of wire feed, by higher oxygen pressure and also, to a less 
degree, by higher hydrogen pressure, optimum values being given.

D il a t i o n .

The dilation behaviour of a sprayed deposit is important in certain 
applications where heat is applied. A few curves showing the effect 
of annealing are given in Fig. 30, as obtained from a Gale-type dilato- 
meter. The duration of the heating has an important influence on the 
results, and in these experiments the time taken to reach 1000° C. was 
approximately 1J hrs.

Copper: On the first heating normal expansion occurs up to about 
600° C., followed by a gradual contraction as recrystallization occurs,
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SPRAYING D /STA N C EJN C H ES  
Eia. 29.— Effect of Spraying Distance on the Scratch and Vickers Hardness of

Sprayed Zinc.

M.= MOLTEN METAL 
S.= POWDER
W.Ac=VYIRE,USING ACETYLENE



together with coalescence of the oxide particles. During the second 
heating the contraction above 600° C. counterbalances the normal 
expansion, but a third heating gives normal expansion up to 1000° C.
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T{M F£H Ar(/A£t*C r£MP£RATUP£,%
F iq. 30.—Dilation Curves of Sprayed Copper, Aluminium, and Mild Steel.

Steel: The first heating curve is similar to that of copper, except for 
a small modification at 700° C. due to the effects of the volume changes
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associated with the critical ranges in steel. These latter volume changes 
become normal after the second heating.

Aluminium;  Whilst the other materials exhibit a permanent con- • 
traction after heating, aluminium expanded about 1 per cent.

The contraction resulting from heating causes little trouble ■when the 
coating is on a shaft, but tends to strip a lining from a hollow cylinder. 
The contraction is not uniform in all directions but is greater in a 
direction normal to the surface.

A p p l i c a t i o n s .

Zinc coatings afford excellent protection for iron and steel without 
danger of distortion, and are particularly useful for steel windows, light- 
gauge sheet metal, springs, and non-metallic articles. Zinc coatings 
afford an excellent base for paint.

Aluminium coatings are resistant to sulphurous atmospheres, and 
the very pure metal is gaining favour as a coating for the steel parts of 
aircraft.

Aluminizing is, of course, used to prevent scaling in furnace equip
ment operating at high temperatures (up to 950° C.) and to protect 
exhaust manifolds on aircraft.

Tin is used principally for coating food vessels.
Lead, nickel, copper, steel, and stainless steel coatings all have their 

uses, the harder metals particularly for building up worn machine 
parts and for filling blow-holes and cracks in castings where only com
pressive strength is required.

Among the more novel applications may be mentioned the treatment 
of insulators, radio apparatus, diathermic bandages, and wall paper, 
due to the conductive and electrical shielding properties of the coatings.

Further details will be found in the papers mentioned in the 
bibliography.

C o n c l u s i o n s .

In conclusion it appears that each of the three types of metal-spray 
equipment has characteristic advantages which will allow all of them to 
survive competition and become useful tools in the engineer’s hands.

Owing to its low costs, the powder process will undoubtedly prove 
successful in spraying largo surfaces with zinc, especially when the 
coat is subsequently painted. This powder-spraying pistol also offers 
possibilities of spraying brittle metal mixtures of glass and zinc and 
alloys of high melting point which could not be drawn into wire, 
although deposits of the higher melting point metals which have been 
examined are not wholly satisfactory as yet.
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The molten metal instrument can produce thick coatings of the low 
melting point metals at a reasonable price, and should prove useful 
to the galvanizer doing contract work, especially as the metal in ingot 
form is used and neither acetylene nor oxygen is required.

The wire pistol, on the other hand, will without doubt hold the field 
in building up thick deposits on worn articles and also for producing 
heat-resisting surfaces. Even in the production of zinc coating where 
the cost is higher than in the case of the other processes the wire pistol 
offers advantages in the spraying of internal work.
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DISCUSSION.
D r . T. P. H o a r  (Member) summarized a contribution from Dr. U. R . 

Evans, who was unable to attend the meeting. This communication is 
included under Correspondence on p. 60.

Mr. W . E. B a l l a r d  * (M em ber): This paper is intensely practical and is 
I believe unique, because three competing firms supplied samples of, their 
products for independent tests. I f  this happened more frequently the Insti
tute would benefit by  obtaining more practical papers.

I  agree with the author that the paint used in hi3 corrosion tests was not a 
happy choice, as paints with a zinc oxide base are better for covering zinc 
coatings, as would bo expected from a theoretical reasoning.

The author mentions that the protection offered by zinc coatings is pro
portional to their thickness; I  think that this is generally agreed. In 
commerce, coatings are usually sold according to their thickness and I think 
that it is fair to assume that for equal thicknesses, coatings from the wire 
pistol having a porosity o f  5 per cent, will be better than coatings made by  other 
processes giving a porosity in the order o f  15 per cent.

On p. 45 mention is made o f  four types o f  aluminizing treatment, and it is 
stated that the last one is the subject o f  a British Patent. In order that there 
may be no misunderstanding, it should be stated that the three other processes 
also form the subject o f  British Patents.

I  am surprised that the author did not obtain better results with the special 
alloy, because, commercially, we are satisfied that this usually gives the best 
results.

The corrosion test results are not quite in agreement with practice because 
the author has found that aluminium coatings are not quite so good as those 
o f  zinc. The work o f  U. R . Evans and o f  Sutton proves that aluminium 
coatings are better under conditions o f  atmospheric corrosion and even in 
some marine conditions.

W ith regard to the oxidation o f  the metal during the process o f  spraying,
* Director, Metallization, Ltd., Dudley.
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there yet appears to be much to learn. It is a complicated subject and it may 
be mentioned that under certain conditions it is possible to spray brass with a 
wire pistol and loose copper and not zinc. This is perhaps the only oxidation 
method used in commerce where there may be a preferential loss o f  coppcr 
from brass.

Mr. A. E. P h ip p s  : * W ith reference to Fig. 17 (Plate V ), the unetched 
particles o f  elongated shape found in the structure and said to be iron or iron- 
rich material abraded from the nozzle are more probably zinc-iron alloy, due 
not so much to the abrasion o f  the nozzle as to the solvent action o f  the zinc on 
the iron container.

W ith regard to the question o f  suitable paints for use on zinc coatings, 
experience has shown that zinc oxide paint is best, but red iron oxide paints 
have been used without ill effects. Lead-base paints have been found to be 
generally unsuitable.

Table II  (accelerated corrosion tests) gives figures showing a very wide 
variation. The thickness o f  one layer o f  zinc by the molten metal method is 
given as 00022 in., and o f  two layers as 0-0031 in. This is quite different 
from the estimated figures, which are 0-004 in. for one layer and 0-007-0-008 in. 
for two layers. The thicknesses given for zinc sprayed by the wire method are 
unusual, 0-0020 in. for one layer being in accordance with the maker’s figures, 
but 0-0028 in. for two layers being surprisingly thin. Has the author any 
information on that subject ?

The suggestion that the life is limited mainly by  the thickness o f  the deposit 
is not entirely borne out by  Table II , because in several cases the life o f  the 
specimens appears to bear little relation to the thickness o f  the coating. For 
example, the coating 0-0020 in. thick apparently withstood the test for the 
same number o f  days as the coating o f  0-0053 in. thick. From that it appears 
that accelerated corrosion tests made with so few specimens and in such a 
limited time arc not o f practical value, and I  suggest that it might be o f  advan
tage if  further tests were carried out on a much greater number o f  specimens 
and over a longer period.

CORRESPO N DEN CE.
Mp.. W . E. B a l l a r d  f  (M em ber): In Table I  figures are given for the speed 

o f  application o f  zinc. I t  should be made clear that these figures represent the 
rate o f  the flow o f metal passing through the pistol nozzle. The actual amount 
o f metal deposited with a given speed o f  flow will depend on a large number of 
factors, such as the type o f  process, nozzle distance, and the rate o f travel over 
the surface sprayed. The author gives an average figure o f  17 sq. ft. per hr. 
with a 5 lb. flow o f  metallic wire. This is the average over a large variety of 
work and this area will be exceeded on plain surfaces, but the area covercd will 
be smaller with the same flow o f  metal if  the surface to be covcred is more 
unsuitable. The percentage loss with powder spraying is greater than with 
wire spraying.

Tables II and III  give the actual thickness o f  the coatings and also further 
columns stating the “  number o f  layers.”  From America has come a tendency 
to speak o f the number o f layers or coats in metal spraying, and coatings are 
specified as being so many coats thick. This is very much to be deprecated, 
as the thickness o f  each coating will depend on the speed o f  travel o f  the

* Mellowes and Company, Ltd., Sheffield,
t  Director, Metallization, Ltd., Dudley.
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nozzle. My own firm always specifies the actual thickness applied and I 
believe that this is the only positive method o f  measurement and the only one 
which will assure that the customer gets what lie requires. Great care is taken 
in checking the weight o f  wire used and in checking the spraying rate, b o  that 
the sprayed coatings are o f  the actual thickness specified. It is somewhat 
unfortunate, therefore, that the author has specified the number o f  layers as 
this is merely arbitrary. This point is shown well in Table I I  in the case o f  the 
molten metal pistol, where one layer sprayed at normal distance is found to 
bo 0-0022 in. thick in one ease and 0-0063 in. thick in another, when the nozzle 
is worn. As the nozzle size increases during the life o f  1 hr., the number of 
coats loses all significance.

Table Y  gives results o f the protection offered by heat-treated aluminium 
coatings from high-temperature oxidation. It will be seen that the wire 
process shows to advantage; experiments which I  have carried out have always 
confirmed these results. ‘ Coatings applied by many types o f  powder pistol 
have never given satisfactory results for this class o f  work, and this is probably 
due to the high initial oxide content in the coating which causes a very low 
absorption rate o f  the aluminium into the base.

With regard to the hardness o f  sprayed coatings, it should be noted that 
this property is extremely difficult to specify. It has been found that the 
hardness o f sprayed metal"varies considerably through the coating itself, and is 
usually much greater on the surface than in the interior. The exact control 
o f  this property is not yet fully understood. It probably bears some relation 
to oxidation which, as I  mentioned in the oral discussion, is a complicated 
study which has not been worked out to definite conclusions. I  believe that 
the author is the first to publish dilation curves. This curious property o f  
sprayed metal is extremely important when dealing with thick coatings used 
for the repair o f worn parts.

In presenting his paper the author stated that the powder pistol had been 
improved since his samples had been prepared. It wrould be interesting to 
have some details o f  this improvement because I  feel that it is scarcely likely 
that the main difficulties o f the powder system will be overcome. The main 
difficulty with any powder system is that it is impossible to make certain that 
all the particles o f  powder attain the same temperature within the flame zone. 
In France a powder pistol is used to a limited extent which has a double air cap 
such as is found on the French wire pistol. I t  is claimed by this means that very 
much better results are obtained than with the ordinary powder nozzle, but 
even so the makers do not claim that the powder process approaches the wire 
svstem in technical efficiency.

Mr. J. C. B o w e n  * (M em ber): W ith regard to the oxide content o f sprayed 
metal coatings and the factors influencing the percentage o f  oxide, it is stated 
that the wire pistol is not working at its maximum efficiency with a reducing 
flame. This is not quite true. When hydrogen is used the flame is always 
reducing, as there is always an excess o f hydrogen over the amount required 
for combustion. The actual volumes consumed when spraying zinc are 72 ft .3 
o f hydrogen and 25 ft, 3 o f  oxygen. The design o f  the pistol does not permit 
any "great variation between the relative pressures o f  oxygen and hydrogen, 
the difference between the tw o pressures can only be 1 or 2 lb./in.2.

When coal-gas is used with the same pistol, the orifices through which the 
gases enter are the same and it will be seen, therefore that as the specific gravity 
o f  coal-gas is so much greater than that o f  hydrogen (coal-gas, 0-42-0-49; 
hydrogen, 0-06958; air, 1-0), there will be a smaller excess o f  combustible gas 
and the conditions will be less reducing. There is therefore a tendency for

* General Manager, Metal Sprayers, Ltd., London.
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there yet appears to be much to learn. It is a complicated subject and it may 
be mentioned that under certain conditions it is possible to spray brass with a 
wire pistol and loose copper and not zinc. This is perhaps the only oxidation 
method used in commerce where there may be a preferential loss o f  copper 
from brass.

Mr. A. E. Pnrpps : * W ith reference to Fig. 17 (Plate V), the unctched 
particles o f  elongated shape found in the structure and said to be iron or iron- 
rich material abraded from the nozzle are more probably zinc-iron alloy, due 
not so much to the abrasion o f  the nozzle as to the solvent action o f  the zinc on 
the iron container.

W ith regard to the question o f  suitable paints for use on zinc coatings, 
experience lias shown that zinc oxide paint is best, but red iron oxide paints 
have been used without ill effects. Lead-base paints have been found to he 
generally unsuitable.

Table II  (accelerated corrosion tests) gives figures showing a very wide 
variation. The thickness o f  one layer o f  zinc by the molten metal method is 
given as 0-0022 in., and o f  two layers as 0-0031 in. This is quite different 
from the estimated figures, which arc 0-004 in. for one layer and 0-007-0-008 in. 
for two layers. The thicknesses given for zinc sprayed by  the wire method are 
unusual, 0-0020 in. for one layer being in accordance with the maker’s figures, 
but 0-0028 in. for two layers being surprisingly thin. Has the author any 
information on that subject?

The suggestion that the life is limited mainly by  the thickness o f  the deposit 
is not entirely borne out by  Table II , because in several cases the life o f  the 
specimens appears to bear little relation to the thickness o f  the coating. For 
example, the coating 0-0020 in. thick apparently withstood the test for the 
same number o f days as the coating o f  0-0053 in. thick. From that it appears 
that accelerated corrosion tests made with so few specimens and in such a 
limited time are not o f practical value, and I  suggest that it might be o f  advan
tage if  further tests were carricd out on a much greater number o f  specimens 
and over a longer period.

CORRESPO N DEN CE.
M r . W . E. B a l l a r d  f  (M em ber): In  Table I  figures are given for the speed 

o f  application o f  zinc. It should be made clear that these figures represent the 
rate o f the flow o f  metal passing through the pistol nozzle. The actual amount 
o f  metal deposited with a given speed o f  flow will depend on a large number of 
factors, such as the type o f  process, nozzle distance, and the rate o f  travel over 
the surface sprayed. The author gives an average figure o f  17 sq. ft. per hr. 
with a 5 lb. flow o f metallic wire. This is the average over a large variety of 
work and this area will be exceeded on plain surfaces, but the area covered will 
be smaller with the same flow o f  metal if  the surface to  be covered is more 
unsuitable. The percentage loss with powder spraying is greater than with 
wire spraying.

Tables I I  and III  give the actual thickness o f  the coatings and also further 
columns stating the “  number o f  layers.”  From America has come a tendency 
to speak o f  the number o f  layers or coats in metal spraying, and coatings are 
specified as being so many coats thick. This is very much to be deprecated, 
as the thickness o f each coating will depend on the speed o f  travel o f  the

* Mellowes and Company, Ltd., Sheffield,
t  Director, Metallization, Ltd., Dudley.
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nozzle. My own firm always specifies the actual thickness applied and I 
believe that this is the only positive method o f  measurement and the only one 
which will assure that the customer gets what he requires. Great care is taken 
in checking the weight o f  wire used and in checking the spraying rate, so that 
the sprayed coatings are o f the actual thickness specified. It is somewhat 
unfortunate, therefore, that the author has specified the number o f  layers as 
this is merely arbitrary. This point is shown well in Table II  in the case o f the 
molten metal pistol, where one layer sprayed at normal distance is found to 
be 0-0022 in. thick in one case and 0-0063 in. thick in another, when the nozzle 
is worn. As the nozzle size increases during the life o f  1 hr., the number of 
coats loses all significance.

Table V  gives results o f the protection offered by heat-treated aluminium 
coatings from high-temperature oxidation. I t  will be seen that the wire 
process shows to advantage; experiments which I  have carried out have always 
confirmed these results. Coatings applied by many types o f  powder pistol 
have never given satisfactory results for this class o f  work, and this is probably 
due to the high initial oxide content in the coating which causes a very low 
absorption rate o f  the aluminium into the base.

With regard to the hardness o f sprayed coatings, it should be noted that 
this property is extremely difficult to specify’ . It has been found that the 
hardness o f  sprayed m eta f varies considerably through the coating itself, and is 
usually much greater on the surface than in the interior, file  exact control 
o f  this property is not yet fully understood. I t  probably bears some relation 
to oxidation which, as' I  mentioned in the oral discussion, is a complicated 
study which has not been worked out to definite conclusions. I  believe that 
the author is the first to publish dilation curves. This curious property o f 
sprayed metal is extremely important when dealing with thick coatings used 
for the repair o f  worn parts.

In presenting his paper the author stated that the powder pistol had been 
improved since his samples had been prepared. It would be interesting to 
have some details o f  this improvement because I  feel that it is scarcely likely 
that the main difficulties o f the powder system will be overcome. The main 
difficulty with any powder system is that it is impossible to make certain that 
all the particles o f powder attain the same temperature within the flame zone. 
In France a powder pistol is used to a limited extent which has a double air cap 
such as is found on the French wire pistol. I t  is claimed by this means that very 
much better results are obtained than with the ordinary powder nozzle, but 
even so the makers do not claim that the powder process approaches the wire 
system in technical efficiency.

Mr. J. C. B ow en  * (M em ber): W ith regard to the oxide content o f sprayed 
metal coatings and the factors influencing the percentage o f  oxide, it is stated 
that the wire pistol is not working at its maximum efficiency with a reducing 
flame. This is not quite true. When hydrogen is used the flame is always 
reducing, as there is always an excess o f  hydrogen over the amount required 
for combustion. The actual volumes consumed when spraying zinc are 72 ft .3 
o f  hydrogen and 25 ft .3 o f  oxygen. The design o f  the pistol does not permit 
any great variation between the relative pressures o f oxygen and hydrogen, 
the difference between the two pressures can only be 1 or 2 lb./in.2.

When coal-gas is used with the same pistol, the orifices through which the 
gases enter are the same and it will be seen, therefore that as the specific gravity 
o f  coal-gas is so much greater than that o f  hydrogen (coal-gas, 0-42-0-49; 
hydrogen, 0-06958; air, 1-0 ), there will be a smaller excess o f  combustible gas 
and the conditions will be less reducing. There is therefore a tendency for

* General Manager, Sletal Sprayers, Ltd., London.
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metal sprayed with coal-gas to have a higher oxide content than that sprayed 
with hydrogen.

The main factor controlling oxide content is the spraying distance; i.e. the 
period during which the hot metal particles are exposed to the oxidizing 
action o f  the compressed-air stream. Tin is particularly sensitive to oxide 
formation if  the spraying distance is more than 4 in. Up to this distance a 
clean grey deposit is obtained, but when the pistol is held at a greater distance 
a yellowish brown coating full o f  oxide is produced.

The unsatisfactory nature o f  the powder spraying deposits are obviously 
due to too great a spraying distance and an insufficient supply o f  combustible 
gas and oxygen. Until the powder pistol is redesigned so that the whole o f  the 
powder is melted in passing through the flame, it would seem that its applica
tion will be limited.

Dr, U. R . E v a n s ,*  M.A. (M em ber): Two sets o f  tests on metal-sprayed 
steel have been organized from  Cambridge, the short-time laboratory teste to 
which Mr. Rollason refers,f and some outdoor exposure tests lasting 4-6 
years.J

I  he laboratory tests included sand-blasted steel sprayed by  the wire- 
process with copper, nickel, zinc, or aluminium, applied as thick, thin, and 
discontinuous coats, some being doped with varnish, and others undoped. 
The testing conditions included partial immersion in Cambridge tap-water 
and sodium chloride solution, intermittent spraying with dilute sulphuric 
acid or sodium chloride, and exposure to air containing sulphur dioxide or 
hydrogen chloride; special attention was devoted to places where the coats 
were, o f  intention, cracked. Cathodic coatings, such as nickel and copper, 
gave no protection at cracks, and the corrosion set up by  the salt-spraying of 
porous coats produced rust below the coats, which tended to rise as blisters, 
especially on special specimens where the coating had been (intentionally) 
applied to  greasy steel. Anodic coatings (zinc or aluminium), gave different 
results, since here any corrosion at pores or cracks affected the covering metal 
(not the steel), and there was no tendency for the coating to be pushed up by 
rust formed below ; zinc spraying was much less sensitive to grease on the steel 
than copper or nickel spraying. Moreover, the steel remained immune from 
rusting even at breaks in the coat, provided that the coating metal was attacked 
sufficiently quickly to  give cathodic protection to the exposed steel. In deciding 
whether cathodic protection would occur, the size o f the gaps in the coat and 
also the nature o f  the liquid wetting the metal was important. In  salt-water, 
either zinc or aluminium coats were attacked sufficiently fast to protect the 
steel at small gaps, but zinc was destroyed much more rapidly than aluminium. 
Since protection must cease when the covering metal has disappeared, alumin
ium appears more suitable for protection against salt-water than zinc. For 
hard water, such as the Cambridge public supply o f  1928, the reverse was the 
case; aluminium was not attacked sufficiently rapidly to  give cathodic pro
tection to steel exposed at gaps and consequently rusting occurred; zinc was 
attacked sufficiently rapidly to ensure cathodic protection o f  the steel, but not 
so rapidly as to disappear prematurely. In  this hard water, therefore, zinc 
is a suitable protective, whilst aluminium, although the most suitable if  the 
coating can be made continuous, will be unsuitable if  the coating contains 
cracks.

These tests suggested that aluminium would probably be the best metal

* Cambridge.
f  U. R. Evans, J. Inst. Metals, 1928, 40, 99.
t  S. C. Britton and U. R. Evans, J. Soc. Ckem. Ind., 1932, 51, 217t ; 1936, 55,
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to protect steel against outdoor corrosion. Accordingly, in 1931, a series o f  
aluminium-sprayed specimens were exposed outdoors by  Britton and myself in :

( 1) A  marine atmosphere (Selsey),
(2) An urban atmosphere (London),
(3) A  country atmosphere (Grantchester Meadows), and
(4) A  mixed atmosphere (Cambridge).

The specimens included three different kinds o f  aluminium, applied both as 
thin and thick coatings, and with and without doping; in all 104 specimens 
were exposed. After 4—6 years, no rusting o f  the steel was observed on anv 
o f  these specimens, although in London and at Selsey there was some attaeic 
on the aluminium, whilst the specimens at London and Cambridge had become 
very black. Three specimens removed from the London rack after 5 years’ 
exposure seemed on close examination to  suggest that the corrosion o f  the 
aluminium was taking place locally between the steel and the coat, which was 
being pushed up in small blisters; evidence o f  similar changes has been found 
in some o f the specimens from Selsey, but it does not follow that the lives o f 
the coatings are approaching their ends. Since none o f  the specimens shows 
any rust at all, it is evident that even the worst form o f  coat included has given 
satisfactory results.

Since spray7ed aluminium coatings are somewhat soft, the behaviour o f  the 
steel where it has become exposed at scratches seemed to  demand study. 
Accordingly, on most o f  the specimens at Cambridge and Grantchester Meadows, 
scratches were intentionally made, penetrating through to the steel. A  little 
rusting appeared along these scratch lines at first, but it ceased to develop and 
finally the rust disappeared. Evidently cathodic protection has occurred; 
it takes a little time to develop, but has prevented any serious destruction at 
the scratch lines even after 6 years. This seems to show that the occasional 
damage o f such coatings by scratching may not be so serious a matter as is 
sometimes supposed.

In any case, it is possible to cover the metal coat with another and harder 
composition. Moreover, for decorative purposes, the painting o f  metallized 
coats may be desired. Accordingly-, at all stations, additional specimens were 
exposed which carried paint (red iron oxide and green chromic oxide) over the 
aluminium coats. These paints retained their appcarance very well during 
the period (4-6  years)— much better than paint applied direct to steel, since in 
the British climate the failure o f paint due to  under-rusting proceeds more 
quickly than the deterioration o f  the paint starting from tho outside.

Under suitable conditions, metal-spraying should be a most valuable means 
o f combating corrosion. Like all other protective processes, the method has 
its limitations as well as its uses. The proprietors o f  the various processes 
would be well advised to define their respective limitations, thus avoiding the 
real danger that the reputation o f  a good method may suffer damage through 
its application in cases to which it is unsuited.

Dr. J. C. H u d s o n ,*  A.Tt.C.S. (M em ber): This paper serves a ve iy  good 
purpose in directing attention to the possibilities o f  the metal-spraying pro
cesses, accurate data concerning which are o f  direct interest to those concerned 
with the protection o f  iron and steel. The author is correct in emphasizing 
the importance o f  the preparation o f  iron and steel surfaces, i f  the maximum 
protection is to be obtained from protective paint coatings applied to  them. 
There is no doubt that the present tendency, based alike on the results o f 
research and o f  practical experience, is to pay much more attention to the

* Investigator, Corrosion Committee of the Iron and Steel Institute and 
British Iron and Steel Federation, Birmingham.
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preparation o f  iron and steel surfaces prior to painting, generally by the 
adoption o f  some descaling process. It is, as the author suggests, a logical 
step forward to apply metallic coatings to such descaled surfaces and there is a 
distinct possibility that in the future the protective measures adopted for iron 
and steel structures exposed to corrosion will consist, in an appreciable number 
o f  cases, in the application o f a metallic coating directly to the metal, followed 
by painting.

The author’s corrosion experiments, reported in Table II , may be broadly 
interpreted, as ho points out, by the statement that the life o f  zinc coatings 
is approximately proportional to their thickness, assuming that they are cor
rectly applied. This conclusion was also reached in field tests conducted 
byr the American Society for Testing Materials. In connection with the 
increases in weight o f  the specimens after 28 days, given in Table II , it should 
perhaps be pointed out that these cannot be taken as directly proportional 
to the corrosion and it would bo o f  value if  the author could give an estimate 
o f  the amounts o f salts derived from the spray contained in the corrosion 
products.

As regards the paint tests described in Table IV, was the paint applied 
directly over the galvanized surface, or was this so prepared by weathering or 
in some other way, as to ensure a good bond for the paint ? This, o f  course, 
would materially affect the adhesion o f  paint to a hot-galvanized surface.

Mr. R . P. Lu.mb * : The subject o f  this paper has been handled with the 
utmost impartiality by Mr. Rollason, but at the same time I  must point out 
th a t : (1) The powder pistol is not restricted to the spraying o f  shallow work 
only, and tubes o f  1| in. inside diameter can be sprayed internally by this 
process. (2) In regard to the teats on the zinc coatings, it seems that too much 
importance was given to the porosity test and not enough to the corrosion 
test, which must surely be the most important. I f  the latter is studied it will 
be observed that the samples sprayed by the powder pistol compare more than 
favourably with those sprayed by other processes. (3) The results attained 
commercially have proved that zinc spraying with the powder pistol is the 
cheapest and most efficient method o f  protecting steel against ordinary 
corrosive influences. It may be mentioned that 85 per cent, o f  the powder 
pistols sold have been in replacement o f  the older methods o f  spraying.

Mr. R . A. P a r k e s  t  (M em ber): There is one small point mentioned in the 
theoretical part o f  the paper which does not appear to be substantiated in 
practice. 1 refer to the statement that the base upon which the metal is 
deposited conducts away only a small proportion o f  the heat contained therein. 
Photographs o f  sprayed particles on glass, itself a poor conductor, show 
that the metal first splashes out, but then cools instantaneously with the result 
that the splash-formation is retained in the solid metal. This surely must 
indicate that the heat contained in the particle is very rapidly transferred 
to the base, although in view o f  the microscopic dimensions o f  the sprayed 
particle the actual heat given up admittedly is very small.

The accelerated corrosion tests on zinc appear to have given a false 
impression in so far that a statement is made leading to the conclusion that 
zinc coatings o f  the same thickness give equal protection whether applied 
by wire, powder, or molten metal pistols. This does not agree with my own 
experience, deposits from the powder pistol in particular offering less resistance 
than those from the other two methods, owing no doubt to the higher degree 
o f  porosity. This is confirmed by the author’s field tests (Table III) indicating

* Schori Metallising Proccss, Ltd., London.
t  Metallurgist, Metallisation, Ltd., Dudley.
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that zinc coatings o f  approximately the same thickness applied by the powder 
and wire methods showed a wide variation in weight increase. I refer par* 
ticularly to samples 17 and W.C.

Regarding the tests on coatings resistant to high temperature oxidation, 
the method o f  quenching in  water after each heat naturally has a very drastic 
effect on the surface scale as the author states, but it is also likely to have a 
similarly drastic effect on the coating itself. Tests which I  have carried out 
indicate that it is possible to  set up cracks in the protective layer due to differ
ential expansion and contraction, thus allowing oxidation to lake place in 
the exposed underlying metal. In vie» ' o f  the severe nature o f  this test 
the coatings have behaved remarkably well, although the results from the 
powder and molten metal pistols do not compare favourably with the deposits 
obtained by  wire. This can be explained to a large extent by the high degree 
o f  porosity in the powder deposits, and the presence o f  silicon in the molten 
deposits, silicon having been found to  have a definite adverse effect on the 
penetration o f  aluminium into the steel.

1  he method o f  estimating porosity appears to  be somewhat com plex and 
open to  objection on the grounds that boiling in toluene might not expel 
all traces o f  air from the pores. I carried out a series o f  tests on porosity in 
1925, the method being to immerse weighed samples in paraffin under vacuum 
until the air ceased to  exude, and then re-weigh after lightly rubbing the 
surfaces to remove the outer film o f  paraffin. B y this method the following 
porosities were obtained:

Per cent.
Copper . . . .  11-65
Z i n c ........................................7-88
Aluminium . . . .  6-85
Tin . . . . .  0-09

All o f  these coatings were sprayed at a normal distance, but it is quite 
conceivable that changes in technique and operating conditions in the inter
vening year-; have affected the degree o f  porosity o f  the coatings.

It would be interesting i f  the author could check his results by this method, 
using the actual samples originally' employed.

Mr. A. J. S iheey,* Assoc.Met. (Member) and Mr. C. BbjuxbwjUte * :  
In connection with the corrosion tests carried out on sprayed samples, the 
author states on p. 43 that “  all the zinc coatings made under best commercial 
practice have approximately the me rate o f  corrosion.”  I t  is suggested, 
however, that the results given in Table II  indicate that, so far as zinc coatings 
are concerned, better protection is afforded by normal coatings applied by 
meaas o f  pistols employing powder or  wire than by coatings applied by the 

molten metal ”  type o f  pistoL When considered from the point o f  view o f  
weight per unit area o f  sprayed surface, coatings applied by the “  wire ”  
process would appear to hi; rather more efficient than those applied by the 

powder ”  pistol.
In our experience, better adhesion to  the basis material is exhibited by 

coatings o f  aluminium or  zinc applied by the “  wire ”  pistol than by  coatings 
applied by the “  powder ”  pistol, and this superior adhesion obtained by the 
former method has been particularly advantageous in the case o f  aluminium 
coatings under conditions involving exposure at elevated temperatures to an 
oxidizing atmosphere and exposure to  the influence o f  »ea-water spray.

Under conditions o f  exposure to  marine conditions in tropical waters over 
a period o f  200 dava, aluminium coatings sprayed by a “  wire ”  piste! gave

* Royal Aircraft Establishment, South Faroborough.
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excellent protection to samples o f  mild steel sheet, high-tensile nickel 
chromium alloy steel strip (approx. : carbon 0-3, nickcl 4-0, chromium 1 per 
cent.) and Duralumin sheet, but it was observed that no benefit was derived 
by  the application o f  supplementary organic protectives such as sto ving enamel 
or pigmented oil varnish to the metal-sprayed surfaces. Indeed, samples to 
which coatings o f  stoving enamel had been subsequently applied showed greater 
deterioration than did those carrying sprayed coatings o f  aluminium only.

On account o f  the comparatively high porosity o f  the coating, metal- 
sprayed surfaces appear to  require about twice as much enamel or varnish as 
ordinary metallic surfaces for the production o f films o f  normal appearance. 
The total weight o f the protective scheme per unit area thus becomes somewhat 
high and tends to  render the scheme less attractive in cases where weight is of 
prime importance, as, for example, on aircraft.

It appears desirablo to search for organic protectives which can improve 
the protective effect o f  sprayed coatings without unduly increasing the weight.

Has the author yet made any tests on samples carrying sprayed coatings 
o f  aluminium or zinc o f high purity, as compared with coatings o f  normal 
commercial purity 1

Mr. T . H e n r y  T u r n e r , *  M.Sc. (M em ber): The author has mentioned the 
paper which Ballard and I  read in 1924. A  still earlier paper was presented to 
the Institute bv R . K . Morcom in 1914. Between 1914 and 1924 there had been 
very7 little development, but in the period 1924 to the present year there had 
been a real practical use o f  various modifications o f  the process in a great 
number o f  industries. I t  is interesting, therefore, to recall that one o f  the 
most famous o f the Institute’s scientific members criticized the book w ritte n  
by Budgen and myself, on the grounds that metal spraying was not worth 
the trouble o f  investigation. The commercial development o f  the processes 
has justified the three papers, as well as the book.

During recent years, I  have tried to keep in touch with the three processes 
and have had test panels sprayed by each o f  them. These were exposed 
on test racks at Stratford (London, E .lo ), at the Forth Bridge, in tunnels and 
elsewhere, and it has been found that so far as the tests went, 4/1000 m. ol 
aluminium applied by the wire process has given the best results. Aluminium 
4/1000 in. thick, applied by  the powder process failed in less than a month at
the Forth Bridge. . .

Generally speaking, the wire process, with zinc and aluminium, has with
stood an industrial atmosphere for 2 years and then failed, and in each case the 
rust appeared to be following the “  strokes ”  o f  the application. This appears 
to be an important observation, as it is one which may suggest to the operator 
improvements in the method o f  application.

The testing o f  metal-sprayed coatings is in reality a very complicated 
business and one which the scientific members o f  the Institute might well 
regard as not below their dignity. For example, one must first ascertain the 
effect o f  the method o f  preparation o f  the steel base. I f  a sand blast is used, 
the optimum angle at which to hold the nozzle and the best blast pressuie, 
size o f  particle, and type o f  sand require consideration; if  shot blast is used, 
the same variables must be exam ined; if one uses a wire brush, the pressure 
on the brush, the gauge o f  the wire, and the composition o f  the wire is most 
important, as is the direction in which the brush is moved.

One then has to test a variety o f  metals, alloys, or mixtures o f  metals and 
silicates, bitumen, and other materials which may be sprayed on the metal so 
prepared, and these coatings can then vary in thickness o f  deposit and in order

* Chief Chemist and Metallurgist, London and North Eastern Railway, 
Doncaster.
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o f application. Furthermore, they may be applied by  spray guns o f  many 
ypes of construction, in that each o f  the three fundamental processes has 

minor modifications, and lastly the nature o f  the fuel, that is to sav, the 
chenncal composition o f  the gas or the type o f  electric power and the condition 

1 ^lr’ wilf™ er lt; ?s preheated and especially whether it is dried, or whether 
exhaust or other gases be used instead o f  air, are variables which anyone must 
consider who lias studied the process as now used in various countries.

Metai spraying has great possibilities, but will never be able to be used 
indiscriminately for alt types o f  surface protection. The coating required in the 
acid conditions o f  a tunnel or an industrial district will obviously have to be 
dilterent from that for a normal atmosphere, as encountered either inland or 
oy the sea. Wherever possible sprayed metal coatings should be helped with 
uopes, varnishes, or paints. Such a combination o f  base metal cleaning, 
spraying with metal and finally painting is to be widely recommended.

The A u t h o r  (in reply) : I  agree with Mr. Phipps that, owing to the attack
01 the container o f  the pistol by  the molten zinc, an iron-zine alloy will form,
D ut th e r e  w il l  b e  a  t e n d e n c y  f o r  t h i s  c o m p o u n d  t o  d i s s o lv e  in  t h e 'e x c e s s  z in c
owing to the time allowed. On the other hand, the iron abraded from the
nozzle will only have time to form a zinc compound verv rich in iron, with a
density greater than zinc, with the result that it tends to drop out o f  the
spray. A t short spraying distances a small quantity o f  this compound is
trapped in the coating, but at normal nozzle distances it is practically absent.

' ?  ?iPPS compares specimen 7 with W1 in Table II, but the spraying
conditions employed for the production o f  the former are not normally used
industrially and the statement that the life o f  the coatings is limited by their

ncKness was specified for only those made under the best commercial 
practice.

Ih e  reason w hy the thickness o f  the two layers is rarely twice that o f 
one is that 111 depositing the first layer the operator allows the “ strokes”  
01 the pistol to overlap in order to cover the base, the colour o f which 

i ers from  the sprayed metal. In making the second layer no such colour 
difference exists and the operation is accelerated, with the result that only 
a thin layer is deposited.

Mr. Ballard’s contributions are very welcome, and I  agree that the thick
ness o f  the coating should be specified in preference to the number o f  layers, 
nevertheless, there is every justification, in experiments o f  this kind, for 
including the number o f  layers in Table II , because it brings out the fact 
uiat the second layer is rarely as thick as the first owing to the faster move
ment of the pistol when the basis metal cannot be seen by  the operator, 
inere can be variations in the properties o f  the coating depending on the

*  )cr ® layers. Fig. A  (Plate V II) illustrates a copper deposit built up 
01 three layers which are separated by heavy oxide layers owing to contact 

air between the strokes o f  the pistol. This coating may behave differentlv 
irom a similar deposit o f  identical thickness made as one layer. The example 

y  ; Ballard is a special case o f  exceptional conditions used in these 
r.' lme. ,  *° stl3dy  the influence o f  nozzle distance and nozzle wear. In 

nimercial operation o f  the molten metal pistol, the operator always quickens 
¡ “ r o f  spraymg to keep the thickness un ¡form. The method o f  measur- 
flrTi ■ \ ™ ckuess o f  a deposit by micrometer readings may be misleading 
of metal deposH«Î"imentS aTemge thiokne» ’  was calculated from weights

in the coatings produced by the powder pistol arc mainly 
une to right choice o f  powder size in relation to the nozzle setting.

, V, s. contribution is interesting but does not disprove my state*
icnt that the pistol is not working at its maximum efficiency with a reducing 
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flame. To get the ideal thermal efficiency the fuel-gas should be in the correct 
ratio to the total oxygen present at the nozzle. The flame is surrounded by 
compressed air which also supplies oxygen to burn the fuel-gas. Although 
hydrogen is used apparently in excess, it is a light gas and mixes freely with 
the compressed air with the result that, in practice, the flame may not be 
reducing. According to results by  Ballard and Harris,56 the type o f  fuel- 
gas has little effect on the oxide content o f  sprayed copper. Hydrogen is 
sometimes an advantage in spraying high melting point metals since the 
flame produced is hotter than that o f  coal-gas and the speed o f  spraying can 
be increased, thus decreasing the time o f  contact o f  the metol with oxidizing 
gases. The speed o f  propagation o f  a hydrogen flame is very high, and this 
results in a tendency to back-fire. Consequently the pistol orifices are reduced 
in size, and hydrogen in excess o f  that required by  the compressed oxygen, 
is necessary to get smooth working o f  the pistol.

Dr. Evans’s contribution is particularly interesting.
In reply to Dr. Hudson, the increases in weight o f  specimens given in 

Table II  were measured after mast o f the sodium chloride had been removed 
by a short-time immersion in distilled water. In the paint tests described 
in Table IV , the paint was applied directly over the galvanized surface, and 
this procedure is the cause o f  the poor adhesion o f the paint.

In reply to Mr. Lumb I  can only state that I  havo never seen tubes sprayed 
internally by the powder process, but since the^ powder would possibly lie 
blown along the nozzle extension tube, I  anticipate that trouble may be 
expected owing to the “  packing ”  o f  the powder. In the particular corrosion 
tests recorded in this paper the porosity o f the zinc coatings does not seem to 
be a major influence in their life owing to the pores being filled with corrosion 
products. The life o f  the coatings seems to depend largely on the weight 
o f  zinc deposited, although the purity o f  the metal also effects the corrosion 
rate.

I  cannot agree with Mr. Parkes that the conduction o f  heat to the base 
is the way in which the particles are cooled. The rapidly moving air across 
the area exposed by  a “  splashed ”  particle would instantly chill the molten 
metal.

Mr. Parkes’s method o f  estimating porosity by immersing his samples 111 
paraffin under a vacuum is open to the objection that the paraffin does not 
penetrate the pores in the coatings as readily as toluene, and. the vacuum 
serves no useful purpose when used as suggested. A  more satisfactory way 
would be to enclose the specimens in a container without paraffin, evacuate, 
and then allow paraffin to flood the specimens. The pressure o f  air in the 
pores o f  the specimen would be reduced to a fraction o f  an atmosphere and, 
on flooding, the paraffin would compress the air to a negligible volume. The 
total volume o f  the specimen has still to be found experimently unless the 
shape and dimensions are such as will allow accurate computation.

The contributions o f  Messrs. A . J. Sidery and C. Braithwaite and Mr. 
T . H . Turner are valuable and bring out many interesting points.
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AN ALUMINIUM STATUE OF 1893: GILBERT’S 7 5 9  
“ EROS.” *

By P k o f e s s o k  R. S. HUTTON,t M.A., D.Sc., F e l l o w , and RICHARD 
SELIGMAN.J I’h.nat.D., P a s t -P e e s id e n t  a n d  F e l l o w .

SvNOrsis.
The freedom from serious corrosion of the “  Eros ”  statue in Piccadilly 

Circus, London, after 38 years’ exposure and the fact that it is made of 
un-alloyed aluminium aro recorded. Whether the metal used in 1893 
was produced by the old chemical or new electrolytic process is undecided, 
but the results of analyses of specified examples of old aluminium are 
reported.

Those who took part in the Annual Dinner o f the Institute in March,
1935, will T e m e m b e r  the jocular suggestion o f one speaker that a statue 
of a distinguished and popular member should b e  cast in aluminium 
and erected in Piccadilly Circus. The speaker was unaware that a 
statue in aluminium of “  Eros ”  had formed part of the Shaftesbury 
Memorial in Piccadilly Circus for over 40 years!

In June, 1893, the memorial to the great philanthropist was un
veiled— “  the only aluminium monument erected in England . . . the 
work of a young, but already rising sculptor, Mr. Alfred Gilbert, R .A.,”  
as Mr. H. R . Williams described it at the unveiling. At the same cere
mony the Duke of Westminster spoke of “  This beautiful work of art, 
which will not soon perish.”  It may 'well be asked how many metal
lurgists, with the knowledge o f atmospheric corrosion phenomena 
available to-day, would have endorsed the opinion of the Duke of 
Westminster. Indeed, even before the year was out there were not 
wanting those who foresaw' disaster, and in September, 1893, the late 
Edmund Gosse wrote that “  the monument already looks dingy and 
decayed.”  We knowT now, however, that the Duke was right, and the 
imaginary metallurgists o f 1893 would have been at fault.

During the building of the present Underground Station at Picca
dilly Circus the statue was removed to, and subjected to cleansing at the 
foundry of Mr. A. B. Burton in Thames Ditton. Almost immediately

* Manuscript received October 12, 1936. Presented at the Annual General 
Meeting, London, March 10, 1937.

t  Professor of Metallurgy, Cambridge University.
i  Managing Director, Aluminium Plant and Vessel Company, Ltd., London.
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after its re-erection the statue was damaged in a revel during the night 
o f December 31, 1931, and had to be dismantled once more for repair.

The present authors thought that such an opportunity to inspect 
the metal should not be missed, and after considerable difficulty received 
permission to visit the foundry.

Although the cleansing operations had been completed it was quite 
evident that nothing in the nature of deep-seated corrosion had taken 
place during the 40 years which had elapsed since the statue was cast. 
The surface, Mr. Burton stated, had been covered with a layer o f corro
sion products about -fa in. thick. This had been removed with scrapers, 
leaving a perfectly smooth surface, only discoloured by the subsequent 
exposure to the smoke and other atmospheric contamination of Picca
dilly Circus.*

It appeared to be of considerable interest to ascertain the composition 
o f the metal. The intricacy of the casting made it appear that an alloy 
must have been used, but the evident resistance to corrosion seemed to 
contradict this view. As no massive piece o f the statue was then 
available for chemical analysis, some minute drillings, resulting from the 
repair work, were examined spectrographically by Mr. D. M. Smith,
B.Sc., o f the British Non-Ferrous Metals Research Association, after 
they had been carefully washed in very dilute hydrochloric acid. Mr. 
Smith subsequently re-examined the plates secured in 1932 in the 
light of his later knowledge of the spectrographic analysis of aluminium 1 
and reported the figures given in col. 1 o f Table I.

Mr. Smith emphasized that the numerical estimates arc, in all cases, 
only approximate and should not be regarded as accurate to more than 
one significant figure. Subsequently, Mr. Pitts kindly supplied a small 
piece cut, many years before, from the skirt of the figure, which Mr. 
Smith analyzed with the result given in col. II, Table I.

Whilst these analyses do not show perfect agreement, they do show 
that no alloy had been used, and it is certainly remarkable that such a 
casting, reproducing the fine details of Gilbert’s work, had been made in 
“  pure ”  aluminium at so early a date. The bow, Mr. Pitts informed the 
authors, was re-cast in an alloy at a later date.

Most of those familiar with the metal will also be surprized at the 
small amount of the impurities revealed, and it was very desirable, 
therefore, to ascertain the origin of the metal and, particularly, whether 
it was made by the electrolytic or by a purely chemical process. In this

* Mr. F. E. Pitts who, in 1918, acquired the firm of Broad, Salmon & Company, 
Ltd., by whom the statue was originally cast, informed the authors that a similar 
amount of corrosion products had been removed by electrically driven wire brushes, 
when the statue had been removed from Piccadilly Circus for safety durin" the 
war of 1914-1918. °
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the authors have been entirely unsuccessful, but in the course of their 
searches they have been fortunate enough to locate several specimens 
o f chemically prepared aluminium, and it seems desirable to place on 
record the composition of these, as determined by modern methods.

The specimens, the results of the spectrograpliic examination of 
which, by Mr. D. M. Smith, are given in Table I, were :

III. A very small amount of metal obtained on loan from Mr.
0 . E. Sims, through tlie good offices of Mr. W . Murray Morrison. 
This metal had been in the possession of Mr. Sims’s grandfather 
(1800-1857) and had, therefore, been made before 1857.

IV. A very small specimen, made over 50 years before, by 
Alexander Sutherland, probably from Antrim bauxite. This was 
obtained on loan from Mr. James Sutherland, through Mr. Murray 
Morrison.

V. A medal o f aluminium made by the Aluminium Company, 
Ltd., by the Deville-Castner process, prior to 1889, and given by 
Professor F. Soddy, F.R.S.

VI. A small ingot of metal made in 1863 by Bell Brothers of 
Washington, Co. Durham, and given by Professor Alexander Scott, 
F.R.S. The manufacture of aluminium was commenced at "Washing
ton about 1860 by the firm of Bell Brothers, o f which Sir Lowtliian 
Bell was the moving spirit. J. W. Mellor 2 states that the Deville 
process was used. It is, perhaps, not without significance that Sir 
Lowthian Bell’s son, Sir Hugh Bell, an original member o f this In
stitute was, for a time, a pupil o f H. St. Claire Deville.3

VII. A small ingot of metal, obtained by the good offices of Mr.
C. E. Pearson, M.Met., which was made at Wallsend by the Netto 
process in which cryolite was reduced by sodium.4

Of No. VI a chemical analysis was made in Dr. A. G. C. Gwyer’s 
laboratory, and of No. V II a partial analysis by Mr. G. B. Brook. 
Their results are given in Table I as Nos. V ia and V ila , respectively. 
Mr. Brook also made a partial analysis of the fragment of the statue 
which is recorded as No. Ila.

Unfortunately the authors have no sample available of the earliest 
electrolytic metal for examination by modern methods, but in col. VIII 
are given H. Moissan’s figures for metal produced electrolytically at 
Pittsburg in 1895, iu col. IX  for Neuhausen metal o f the same year, and 
in col. X  for another sample of electrolytically produced aluminium of 
1896.5- 11

It will be noted that the composition of the samples taken from the 
statue is very similar to that of metal of known chemical origin, Nos. V,
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VI, and VII. It differs rather more from that of metal produced by 
electrolysis at about the same time, to judge by Moissan’s analyses. On 
the other hand, metal of composition very similar to that o f the statue, 
as shown by col. II, is frequently produced electrolytically to-day.

It was hoped that a determination of the sodium content would throw 
light on the problem, since it has been generally assumed that chemically 
prepared aluminium contained much more sodium than that made by 
electrolysis. Analyses kindly made by Mr. G. B. Brook revealed, how
ever, 0002-0'004- per cent, o f sodium in the sample o f metal made by 
the Bell process (No. VI) whilst the small piece o f the statue (No. 11«), 
gave 0-001 per cent., figures which are similar to those found in pure 
metal to-day (0’001-0'002 per cent.). Mr. Brook used a modification 
of Scheuer’s method of analysis,12 which he intends to describe shortly, 
and on which he places absolute reliance* These figures suggest once 
more that the metal used for the statue was produced chemically, since 
Moissan found 0-1-042 per cent, sodium in metal from the three main 
electrolytic sources of his day (La Praz, Neuhausen, and Pittsburg). 
His determinations were made, however, by the nitrate method 
(according to a private communication from Mr. P. Williams, who 
was working in Moissan’s laboratory at the time), and this process, 
though the best available then, is not held to be reliable to-day.
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D ISC U S S IO N .
Mb. W . F r e e m a n  H o r n  * (M em ber): I  am interested in this subject, 

bccause when Eros was taken down for the reconstruction o f  Piccadilly Circus 
I  investigated the history o f  it fairly thoroughly, but I  am sorry to  say that I 
found almost nothing on the technical side. I  came to the same conclusion as 
the authors, that it M as probably pure metal and not alloy, and that, o f  course, 
has now been proved; it was difficult to believe, because o f  the intricate 
casting. W e also concluded that it was probably a chemically-produced metal. 
Against that is the recorded fact that Gilbert chose aluminium instead of 
copper because it was cheaper, and I find it difficult to  believe that chemically- 
produced aluminium was at that time cheaper than copper. I t  is said that 
Gilbert undertook to  produce this statue at a certain price, and afterwards 
discovered that he could not do so, cither because the price o f  coppcr had 
increased or for some other reason. He became rather annoyed and very 
nearly did not finish it at a ll; in the end he said that he would use some 
cheapcr metal. I  do not know whether he was thinking o f  some other metal, 
and then finally decided on aluminium, but it is on record that he did use 
aluminium in place o f  copper because it was cheaper.

Sincc that time I  have had some discussions with various people who were 
concerned with the industry in those days, and particularly with Messrs. 
Johnson, Mat they and Company, with whom I believe Dr. Seligman himself ■ 
has had some dealings. They are quite positive that they produced the metal. 
They cannot produce any documentary evidence, but it is an accepted dictum 
among their older employees that they produced it, and they showed me a 
small medal made out o f chemically-produced metal which was struck for 
the Paris Exhibition o f  1878 and which is probably, therefore, the oldest 
aluminium medal in existence in this country. I t  is in an extraordinarily 
good state o f  preservation. I t  has probably been locked up, wrapped in 
tissue paper. Eor comparison, I  have brought with me certain other aluminium 
medals. The first is made from the very first lot o f  electrolytically-produced 
aluminium in this country, made at Foyers in 1896, the second is from the 
first aluminium produced at Kinlochleven in 1907, and the third is from the 
last stage in the history o f  The British Aluminium Company at Lochaber in
1929. I f  the Institute o f  Metals ever makes an historical collection o f  this 
kind, I  can produce several interesting things; I  have a piece o f  the very 
first Zeppelin ever built, given to me by Graf Zeppelin himself.

Professor H u t t o n  (in, reply) referred to the disappointment w'hich he and 
Dr. Seligman had felt in failing to trace in the newspapers and technical 
journals o f  the time any useful infonnation about the composition and 
founding o f  this statue. Even Gilbert himself, in his later references to  it, 
seemed to have forgotten that the statue was made o f  aluminium, although 
the basin and pedestal are o f  bronze.

Some reference should be made to an even earlier use o f  aluminium as 
part o f  a public monument. Mr. E. H . D ix, Jr., Chief Metallurgist o f  the 
Aluminum Research Laboratories in America had recently published f  a 
report on the 100-ounce cap-piece o f  the Washington Monument which had 
been in service since December 6, 1884. Although the top had been fused by 
a lightning stroke, the corrosion-resistance had been remarkably good. 
Spectroscopic analysis in this case gave iron 1, silicon 0-75, manganese 0 -3, 
copper 0'05, tin 0'02, sodium O'Ol, and aluminium (by  difference) 97'87 per 
cent.

* Intelligence Department, The British Aluminium Company, Ltd., London.
t  Melal Progress, 1934, 26, (6), 32-34.
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Gilbert’s “  Eros,”  Piccadilly Circus, London.
The fountain itself is in bronze with the lower, central, and upper basins sur

mounted by a life-size figure in aluminium. The whole is 36 ft. high from the ground 
line and 17 ft. 6 in. in width at the base.
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The evidence given in a paper by A. E. Hunt, President o f  the Pittsburg 
Reduction Company (now Aluminum Company o f  Amcrica), whilst not 
directly bearing on this case, is worthy o f  notice. In April, 1892,* Mr. Hunt 
refers to the close similarity and high purity o f  chemical and electrolytic 
aluminium and states that this metal was at that time only being manu
factured by electrolysis and that a branch o f  the American company, under 
the name Metal Reduction Syndicate, Ltd., was producing the metal at 
l ’atricroft, Lancashire.

C O R R E S P O N D E N C E .
Mb . G. B. B rook ,f  F.R .S.E . (M ember): The question o f  the sodium 

content o f  the metal from which the statue o f  Eros was made, was fairly well 
dealt with in the paper; making use o f  the information that I communicated 
to them, the authors point out that remelting always reduces the amount of 
sodium, and i f  earned out at a high temperature, the loss o f  such sodium 
would be very rapid.

I  have before mo the results o f  two typical tests carried out on an alloy 
in which it was dcsirablo to reduce a certain amount o f  sodium. 1 he figuies 
given in Table A  show that sodium decreases rapidly if  the metal is held at 
temperatures even as low as 710° and 685° C., respectively. From the 1 able 
it will be seen that both samples rapidly lost sodium until at the end oi

T a b le  A .— Typical Examples of the Loss of Sodium from Molten Aluminium
(Silicon Alloy).

No. 1.
Period Held Sodium

Molten, Minutes. Per Cent.
0 0-007-1
5 0-000

10 0-006
16 0-006
21 0-005
25 0-003J

No.
0 0 -012 -

6 0-008
11 0-007
18 0-008
24 0-006
28 0-005.

Average Temperature, 
' 710° C.

Average Temperature, 
685° C.

approximately half an hour the original sodium content had decreased more 
than 50 per cent. I f  such loss o f  sodium occurred at a temperature just above 
the melting point, how much more rapidly would this lass occur when this 
procedure was carried out in a rough and ready manner, in which case the 
temperature would reach say 800° C., and it may be that the aluminium 
constituent would be remelted during the life o f  the metal or alloy. This, 
think satisfies the point at issue.

A t any rate, the fact that the statue o f  "  Eros ”  is low m sodium confirms 
the facts o f  the ease to  which attention is being directed, i.e. that metal with

* .7. Franklin Inst., 1892, 133, 241-271.t Chief Chemist, Tho British Aluminium Company, Ltd., Km lochlcren.
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low sodium content will resist corrosion better than one containing a con
siderable amount o f this impurity.

Dr. S e l ig m a n  (in reply) : Mr. G. B. Brook has raised an interesting point 
in directing attention to the loss o f  sodium from aluminium when maintained 
at temperatures above the melting point. I t  does not appear, however, that 
his final conclusion is completely justified, since no comparison between metal 
low in sodium and metal high in sodium has been possible on this occasion. 
All that can be concluded from the information presented is that the metal 
used for the statue o f  Eros was very low in sodium, and has shown remarkable 
resistance to corrosion.
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THE EFFECT OF THE ADDITION OF SMALL 7 6 3  
PERCENTAGES OF IRON AND SILICON 
TO A HIGII-PURITY 4 PER CENT. 
COPPER-ALUMINIUM ALLOY.*

By MARIE L. V. GAYLER.t D.Sc. (Mrs. Hauohton), Member.

Synopsis.
It has not been possible to attain a state approaching equilibrium in 

4 per cent, copper-aluminium alloys containing up to 0-6 per cent, iron 
and 1-0 per cent, silicon, under the conditions of casting and subsequent 
working and heat-treatment described.

The phases CuA12, aFeSi, jSFeSi, and silicon have been identified in 
the alloys, but FeAla was not observed. Silicon is held in solid solution 
to a limited amount at r>00° C., and is precipitated during slow cooling 
to 190° C. together with CuAl2.

The addition o£ 0-1 per cent, iron inhibits the age-hardening o£ a 
4 per cent, copper alloy at room temperature but not at high tempera
tures, while the addition oi 0-6 per cent, iron reduces, to a marked 
extent, ageing at high temperatures. The addition of 1-0 per cent, 
silicon does not inhibit the effect of 0-6 per cent. iron. It would appear 
that the age-hardening which takes place at high temperatures may be 
attributed to the precipitation of silicon as well as of CuAlj.

T h is  paper forms part of a research carried out for the Metallurgy 
Research Board of the Department of Scientific and Industrial Research.

I .  C o n s t i t u t i o n  o f  t h e  A l l o y s .

The constitution of the ternary alloys of iron-silicon-aluminium 
has been studied by various investigators,1 but the equilibrium diagram 
of the aluminium corner of the system is still uncertain. Gwyer and 
Phillips have studied the constitution of alloys containing up to 2 per 
cent, iron and silicon, respectively, and have given the “  phase boun
daries after annealing for 100 hrs. at a temperature of 500° C.”  Gwyer, 
Phillips, and Mann * also studied the effect of the addition of copper on 
the constitution of these alloys, and have drawn diagrams representing 
the changes occurring during the process o f freezing for particular rates 
of cooling. They examined the constitution of chill-cast 4 per cent.

* Manuscript received November 24, 1936. Presented at the Annual General 
Meeting, London, March 10,1937.

t  Scientific Officer, Department of Metallurgy, National Physical Laboratory, 
Teddington.



copper alloys containing up to 1'5 per cent, iron and 5-0 per cent, silicon, 
and constructed the diagram shown in Fig. 1. In the quaternary 
system, Gwyer, Phillips, and Mann identified a compound which they 
found to be the product o f a peritectic reaction between FeAl3 and 
liquid. They identified this with the “  N ”  and “  X  ”  constituent of the 
ternary systems aluminium-copper-iron and aluminium-silicon-iron, 
respectively, and deduced that these two ternary constituents were 
isomorphous in the quaternary system aluminium-copper-iron-silicon. 
Dix and Heath1 also recognized the existence of two phases in the ternary 
system aluminium-silicon-iron which they termed a(FeSi) and p(FeSi); 
the former being identical with the “  Chinese script,”  or p phase, of 
Gwyer and Phillips, and the latter with their “  X  ”  compound.

* PER CEHT. COPPL R
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By means of X-ray analysis, Fink and Van Horn 3 concluded that 
«(FeSi) was a solid solution of silicon in FcAl3, but they state that “ there 
is information which does not seem to be entirely consistent with this 
conclusion.”  The X-ray diffraction pattern of {3(FeSi) indicated either 
a definite compound or a constituent in which the parameters are a 
function of the aluminium content. The authors remark : “  It would 
seem, therefore, that |3(FeSi) is a ternary compound which may have 
excess of aluminium in solid solution, which causes an expansion of the 
lattice.”

Fuss,4 by means of the microscopic examination of series of alloys of 
iron and silicon with aluminium, deduced the existence of a ternary 
compound, formed by a reaction between liquid and FeAl3, to which he 
assigned the formula Al6Fe2Si3. This compound was characterized 
by its “  Chinese script ”  form. Fuss found that FeAl3 and Si formed 
a quasi-binary system, but Dix and Heath1 concluded that it was not 
real, since they found two ternary bodies which existed in the vicinity 
o f the section FeAl3-Si.
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In the preseat investigation no attempt has been made to deal with 
the above-mentioned problem, since it is beyond the range of the alloys 
investigated; the constitution and age-hardening o f the quaternary 
aluminium alloys containing 4 per cent, copper and up to 0'6 per cent, 
iron and 1 per cent, silicon have been studied.

The identification of the constituents present in the alloys is of chief 
importance; Dix and Heath1 have remarked in the case of aluminium- 
silicon-iron alloys, “ . . . the work o f comparison and differentiation 
of the micro-constituents proved to be the most difficult o f the entire 
investigation.”  A search was made for etching reagents suitable for 
distinguishing the constituents when present in small quantities. It is 
comparatively easy to distinguish large amounts of the different phases, 
either separately or together, by their characteristic form or colour, but 
when very small particles in the annealed state have to be distinguished, 
colour and form are seldom reliable indicators.

Experimental Procedure.
The compositions of the alloys investigated embrace a small corner 

o f the 4 per cent, copper section of the quaternary system copper- 
silicon-iron-aluminium, containing up to 0 6  per cent, iron and TO per 
cent, silicon. The alloys were made from the purest material available 
at the time (see Appendix I, Tables IX  and X).

When this research was started several years ago, the supply of 
Hoopes’ aluminium was only sufficient for A in. sand- or chill-castings. 
In a previous investigation5 it was found that Brinell hardness impres
sions made on either end of forged and heat-treated bars were sometimes 
variable. Kempf and Dean6 suggested that this might be due to grain- 
size, while the authors suggested inverse segregation as a possible cause. 
Half-inch sand-castings were therefore made in the present investigation 
in order to reduce such segregation. Chemical analysis o f four alloys 
showed, however, that though reduced, this was not prevented (Appen
dix I, Table X I, A). It was evident that the rate o f cooling in the I in. 
sand mould approximated to that in a chill mould of larger diameter. 
Additional hardness measurements made later on a forged and heat- 
treated 1 in. diameter sand-casting showed that little or no irregularity 
in hardness was present, and chemical analysis of two alloys showed that 
no inverse segregation was present (Appendix I, Table X I, B). Dix and 
Heath,1 as well as Gwyer and Phillips,1 have noted the remarkable 
sensitivity of these alloys to the rate of cooling. Table I shows the phases 
present in J in. and 1 in. sand-castings. It is possible that the crystal
lization o f different phases may account for irregularities in Brinell 
hardness which have been found in forged and heat-treated castings.



From Table I it is seen that the P(FeSi) phase tends to be formed in the 
the 1 in. sand-casting, while, comparing the structures o f both, there is 
appreciably more CuAla and silicon in the 1 in. than in the \ in. casting.

The materials were melted in an alumina, or Salamander crucible, 
according to the composition o f the alloy, and cast at about 720°-740° C. 
in warm sand moulds. The castings were then soaked for about 5 hrs.

T a b l e  I.
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Alloy, Per Cent.

Copper. Iron, Silicon.

4 0-6 0-1

4 0-6 0-24

4 0-0 0-6

4 0-3 0-8

4 0-1 0-8

AI +  CuA12 -{- a(FeSi) 4- 
jß(FeSi)

Al -f- CuAlj -f- a(FeSi)

A1 -j~ CuAl3 -f- a(FeSi) +  
Si

A! -f- CuAlj -}- a(FeSi) -}- 
Si

A1 - f  CuA13 - f  Si +  
a(FeSi) ?

1 in. Sand-Casting.

A1 -j- CuA 12 -f- a(FeSi) -1- 
/S(FeSi)

A1 -j- CuA12 -J- a(FeSi) +  
^(FcSi) ?

A1 CuAl, +  o(FeSi) +  
Si

A1 -f- CuAlj -f- a(FeSi) -f- 
Si +  /3(FeSi)

AI -f- CuAlj -f- a(FeSi) -]- 
Si +  /3(FeSi)

at 450- C., and foTged at that temperature clown to a thickness of in. 
and in. for J in. or 1 in. castings, respectively. The surfaces o f the 
bars were than prepared for hardness measurement before heat-treat- 
ment.

I'or determining the constitution of the alloys, small specimens were 
cut from these bars and heat-treated.

In Appendix II, A , is given the heat-treatment o f the bars, and in B, 
that given to the specimens for determining the constitution of the 
alloys.

II. T h e  C o n s t i t u t i o n  o f  t h e  Q u a t e r n a r y  A l l o y s .

(a) Micrography.
Throughout this paper the nomenclature of Dix and Heath has been 

adopted for the iron-rich constituents, the ¡3 and “  X  ”  phases of the 
iron-silicon-aluminium ternary system being designated a(FeSi) and 
,.(FeSi), respectively. These phases occur also in the quaternary system 
with copper, and therefore are given the same notation.

As already mentioned, great difficulty has been experienced in identi
fying small particles of the constituents which appear singly or together 
in the alloys. Several etching reagents were tried, with varying success, 
and the three described below were found the most satisfactory. It was 
not possible, however, to superimpose these etching reagents on each



other; it was necessary to re-polish, and generally to re-grind, the speci
men after using any of the reagents before using another, consequently 
the difficulty of identifying small particles was greatly enhanced.

Dix and Heath1 found that swabbing a specimen for a second or two 
with | per cent, hydrofluoric acid before etching ensured a true surface. 
This method was adopted throughout, and found to be most satisfactory.

Etching Reagents Employed.
(a) For CuA U only.— 30 seconds’ immersion in cold aqueous 10 per

cent, ferric nitrate. (Gwyer, Phillips, and Mann,2)
(b) For o.(FeSi) only.— 5 to 10 seconds in 20 per cent, aqueous sul

phuric acid at 70° C. (Dix and Keith.7)
(c) General etching reagent.—5 to 15 seconds in Vilella’s reagent: 

3 parts glycerol, 2 parts hydrofluoric acid, 1 part nitric acid.
A preliminary series of alloys was made containing higher percentage 

of silicon and iron than was used for constitutional work. These alloys 
were very slowly cooled from the molten state in the furnace and their 
structures examined microscopically. The phases present were therefore 
easily identified by their colour and characteristic form; on etching 
with the three reagents mentioned above, the results in Table II were 
obtained.-
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T a b l e  II.

Etching Reagent. CuA I,. FeAl,. a(FeSi). ßCFeS). Si.
i. 20 per 

cent. 
H.SO, 

at 70° C.

outlined black, but 
uncoloured 

in the 
presence of 

a(FeSi)

very dark 
brown

untouched outlined

ii. 10 per 
cent. 

Fe(N0 3)s

blackened untouched untouched untouchcd untouched

in. Vilella’s
reagent

untouched roughened
and

perhaps
darkened

rich brown uncoloured,
but

definite
outline

uncoloured, 
but out
lined not 
as deeply 
as £(FeSi)

The composition of, and the phases in, the alloys examined are given 
in Table III.

Alloys A, B, C, F contained aFeSi in the characteristic script form 
in a greater or less degree, whilst FeAl3 was only found in E. In no 
other specimen were there any indications of FeAI3, which was rather
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DESCRIPTIONS OF PHOTOMICROGRAPHS.

P late  IX . Fig. 2.— Cu 5, Si 1, Fe 1 % . Slowly cooled in furnace. CuAl, light;
Si, half-tone; a(FeSi) dark.

F ig . 3.— Cu 5, Si 3, Fe 1% . Slowly coolcd in furnace. CuAl, light;
Si half-tone; needles o f ¿(FeSi).

F ig . 4.— }  in. Sand-casting. Fe 0-6, Si 0-1, Cu 4% . CuAl, light;
a(FeSi) dark; needles o f 0{FeSi).

F ig . 5.— 1 in. Sand-casting. Same alloy as Fig. 4. CuAl, light; 
a(FeSi) dark; needles o f p(FeSi).

P l a t e  X . F ig .  6.— Same alloy as Fig. 5. CuAl, light; n(FeSi) dark.
F ig .  7.— 1 in. Sand-casting. Si 0-8, F e  01 , Cu 4% . CuAl, light;

Si half-tone; a(FcSi) dark; needles o f £(FeSi).
F ig .  8.— Fe 0-3, Si 1-0, Cu 4% . Annealed at 500° C. a(FeSi) dark;

3{FeSi) light; Si half-tone.
F ig .  9.— Fe 0-3, Cu 4% . «(FeSi) dark; fl(FeSi) light; Si half-tone.

P late  XT. Fig. 1 0 —  Fe 0 1 , Si 1-0, Cu 4 % . Annealed at 500° C. CuAl, light;
/¡(FeSi) half-tone; a(FeSi) dark streaks; Si black and 
round.

F ig . 11.— Fe 0-3, Si 0-9, Cu 4% . Annealed at 500° C. a(FeSi) dark;
Si dark grey; £(FeSi) light.

F ig . 12.— Same field as Fig. 10. CuAl, black; Si dark grey; a(FeSi) 
and j3(FeSi) light.

F ig .  13.— Fe 0-6, Si 0-45, Cu 4% . Annealed at 475° C. a(FeSi) dark; 
/3(FeSi) and probably some CuAl, light.

P late  X II. Fig. 14.— Fe 0-6, Si 0-45, Cu 4 % . Annealed at 475° C. CuAl, black;
o(FeSi) +  0(FeSi) light.

F ig . 15— Fe 0-6, Si 0-45, Cu 4% . Annealed at 475° C. a(FeSi) black; 
CuAl, light.

F ig .  16.— Fe 0-6, Si 0-45, Cu 4% . Annealed at 475° C. a(FeSi) dark;
CuAl, light; (3(FeSi) light streaks.

F ig .  17.— Fe 0-1, Si 0-5, Cu 4% . Annealed at 475° C.

Plate X III . Fig . 18— Same as Fig. 17. CuAl, dark; a(FeSi) +  0(FeSi) light.
Fig . 19.— Fe 0-12,Si 0-007,Cu 4% . Slowly cooled to 190° C. CuAl, dark;

/3(FeSi) half-tone.
F ig . 20.— Fe 0-12, Si 0-14, Cu 4% . Slowly cooled  to 190° C. CuAl, 

d ark ; Si half-tone; /3{FeSi) light.
F ig. 21.— Fe 0-1, Si 0-12, Cu 4% . Slowly cooled to 190° C. CuAl, 

precipitated.

P late X IV . F ig. 22.— Fc 0-6, Si 0-20, Cu 4% . Slowly cooled to 190° C. CuAl, 
black; Si half-tone; a(FeSi) +  /3(FeSi) light.

F ig . 23.— Same field as above. CuAl, light; Si half-tone; o(FeSi) 
black; /3(FeSi) light.



P l a t e  IX.

(POLITcCHNiKl

Figs. 2 and 3.— Etched with Vilella’s Reagent, x  300-
Figs. 4 and 5.— Etched with 20% H2S 04 at 70° C. x  600.

[To face p. 80 .



P l a t e  X .

Fics. 6, 7, and 8.— Etched with 20% H..SO, at 70“ C. x  &00.
F ig. 9.— Etched with 20% H.SO, at 70“ C. x  1250.
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Fig. 10.— Etched with 20% H,SO, at 70° C. X 1250. / Ć ^ O T & s .  
F ig. 11.— Etched with 20% H2SO, at 70° C. X 1000. A s ' '  U \
Fig. 12.— Etched with 10% Fe(NO,)a. X 1000. f  >
F ig. 13.— Etched with 20% H2SO, at 70° C. X 750. jp Q j  ¡TECHNIKI
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P l a t e  XII.

F ig . 16.— Etched with 20% H.SO, at 70° C. x  1000.
F ig. 17.— Unetched, x  750.

l ie.. 14.—-Etched with 10% Fe(NO,),. X 1000.
Fin. 15.—Etched with 20% H,SO, at 70° C. X 1000.
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F ig .  18-— Etched with 10% Fe(N03)3. X 750.
F ig . 19.— Etched with 10% Fe(NOa)s. x  1250.
F ig . 20.— Etched with 10% Fe(XO,),. x  1000.
F ig .  21.— Unetched, x  150.
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P l a t e  X I V .

T ic .  2 2 .— E tch e d  w ith  1 0 %  F « (N O ,) , .  . X  1 00 0 .
F ig. 23.— Same field as Fig. 22, Etched with 20% H,SO( at 70° C. x  1000.



surprising considering their composition and rate of cooling (cf. Gwyer, 
Phillips, and Mann 2).

T a b l e  I I I .

Iron and Silicon to a Copper—Aluminiiwi Alloy 81

Alloy, Copper, 
Per Cent.

Silicon, 
Per Cent.

Iron, 
Per Cent.

A 5 0 '3 1
B 5 1-0 1
C 5 3 0 1
D 5 10-0 1
E 5 < 0 - 1 2
F 5 5-0 2

Constituents Identified on Etching.

a(FeSi) +  0(FeSi) +  CuAl,
a(FcSi) +  Si +  CuA12
a(FeSi) +  )3(FcSi) +  Si +  CuA12
0(FeSi) +  Si +  CuAU
FeAt3 -f- a(FcSi) +  /3(FeSi) Î +  CuAl2
a(FeSi) +  /!(FeSi) +  Si +  CuA12

Dix and Heath1 used 20 per cent, sulphuric acid at 70° C. to identify 
Fe Al3; they found, however, that “  «(FeSi) and p(FeSi) w e r e  attacked 
about equally, both being roughened, but not darkened much. 1 ie 
alloys examined by these authors contained much higher percentages 
of iron and silicon than used in the present research, and also 110 copper. 
These facts may account for the difference between the results obtained 
by the present author with the same etch, for a(FeSi) appears in its 
characteristic script form in alloys A, B, C, and I , and when ctche v it 1 
20 per cent, sulpuric acid at 70° C., this phase always coloured a beautiful 
rich brown. Alloy E contained a slate grey constituent surrounded by a 
lighter phase forming an irregular jagged outline, also patches of long 
bent needles sheathed (or not sheathed) with the lighter phase. n 
etching, the phase surrounding the darker grey constituent ctched dar 
brown whilst the surrounded phase remained uncoloured : of the thin 
needles some remained uncoloured, others were blackened. It was 
deduced that these two constituents must be FeAl3 +  a(FeSi) for the 
following reasons: The a(FeSi) and p(FeSi) phases are both light col
oured, and are very difficult to identify when existing in small quantity; 
FeAL, on the other hand is a very definite slate grey. The centre core 
above must, therefore, be FeAl3 and the surrounding jagged phase 
a(FeSi) or ,B(FeSi), both of which may be formed as reaction products. 
Since this phase etched black, it must be a(Febi), and not P( e 1). 
The long dark needles must primarily have separated as FeAl3, but, as a 
result of reaction with the liquid, must have changed to a(FeSi).

It appears, therefore, that contrary to the findings of Dix and Heath,
in the presence of «(FeSi), FeAi3 remains uncoloured by the sulphuric
acid etching reagent. On etching alloy C, needles of p(FeSi) remained
uncoloured, while the characteristic a(FeSi) script etched a rich brown.
Similarly, Yilella’s reagent also colours a(FeSi) a dark red-brown, ¿(1’ eoi),
however, becomes outlined with a black line and consequently, if t ie

F
V O L. L X .
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2, the half tone is silicon, whilst the needles are |3(FeSi).

(b) Ik e  Constitution o f the Alloys

silicon-iron-alununium system™“ 7  ^  the ternary

i. A1 +  FeAI., +  a(FeSi)
11. AI - f  a(FeSi) -f- (3(FeSi) 

lii. Al +  p(FeSi) +  Si.

t h a f i 7 er’ Pbllips’ and Mann2 disagreed with this deduction and said

T a b le  IV.

Alloy. Iron, 
Per Cent. Silicon, 

Per Cent
Constituents in Saud-Castings.

i in. Diameter. 1 1 ¡„. Diamctcr.
D-l

02

C-t

A4

B3

0-6

0-0

0-6

0-1

0-3

0-1

0-25

0-75

0-70

0-5

Al +  CuAlg +  a(FeSi)

Al - f  CuAlj - f  a(FeSi) - f  
fca

Al - f  CuAJj - f  o(FeSi) ? 
+  Si

CuAlj a(FeSi) ■}-
Si

Al +  CuAl, - f  a(FeSi) +  
/S(ioSi)
n r  ^'”  2 +  a(FeSi) -f- 
(S(FeSi) ?

A 1 +  Cu Al, +  a(FeSi) +
Ol

A 1 +  C,iAJ2 +  a(FeSi) 4 - 
/S(FeSi) +  Si 

Al +  CuA12 +  «(FeSi) +  
0(FeSi) +  Si



From this table it is seen that in contrast with Gwyer and Phillips’ 
results with chill cast alloys, a(FeSi) rather than p(FeSi) was formed in 
the sand-cast alloys. None of these alloys contained FeAI3, but all 
contained a(FeSi) generally in “  Chinese script ”  form. Fig. 4 (Plate IX ) 
shows the etched structure of the I in. sand-casting, o f the alloy con
taining 0'6 per cent, iron, and 0'1 per cent, silicon; whilst Figs. 5 and 6 
(Plates IX  and X ) show structures observed in the 1 in. sand-casting 
of the same alloy. The black phase is a(FeSi), CuA12 is light, whilst 
needles of P(FeSi) are seen associated with the CuA12. Fig. 6 is o f in
terest since a(FeSi) appears in a form other than .the typical binary- 
complex form; the black, irregularly-shaped needles must originally have 
been FeAl3 at the beginning of crystallization, but have reacted with 
liquid to form «(FeSi). Hence the irregular outline and unusual form of 
this constituent. In Fig. 7 (Plate X ), small quantities of a(FeSi) etched 
black, can be seen together with a few needles o f p(FeSi), CuA12 (light), 
and silicon (half-tone) in the sand-cast structure of the alloy containing 
0 8 per cent, silicon and 0'1 per cent. iron. It was deduced, therefore, 
since a(I<eSi), and not FeAl3, existed in the sand-castings, that the phase 
etching a dark red-brown with Dix and Heath’s, as well as Vilella’s, 
reagent in both forged and annealed alloys must be a(FeSi).

If present, P(FeSi) was generally in needle form associated with CuAl2 
(ternary complex separation); in a few instances it was seen associated 
with a(FeSi) as the result of reaction in the solid state. In these cases, 
the p(FeSi) appeared as “  streaks ”  in the «(FeSi) phase. Figs. 8 and 9 
(Plate X ) show the microstructures of alloys containing 0-3 per cent, 
iron, 1'0 per cent, silicon; and 0'3 per cent, iron only, respectively, which 
have been annealed for 8 weeks at 500° C., and etched with 20 per cent, 
sulphuric acid at 70° C. The a(FeSi) phase is etched dark, p(I’eSi) (light) 
is unattacked, whilst silicon appears as dark grey in the photomicro
graph. In order to determine whether no CuA 12 was present, the speci
men was re-polished and etched with 10 per cent, ferric nitrate; no 
CuA12 was found.

The structure of the annealed alloy containing 0'1 per cent, iron, 
10 per cent, silicon, etched with 20 per cent, sulphuric acid at 70° C., is 
given in Fig. 10 (Plate X I). The large black rounded particles are sili
con, the lightest constituent, CuA12, the half-tone p(FcSi), whilst the 
. ark 'etching streaky ”  phase is a(FeSi). The same phases are present 
m different amounts, in an alloy etched as above containing 0'3 
per cent, iron, 0 9  per cent, silicon (see Fig. 11), but when etched with
0 per cent, ferric nitrate, however, a very small amount of dark etching 

CuA12 is observed as shown in Fig. 12 (Plate X I), which is the same field 
as seen in Fig. 11.

Iron and Silicon to a Copper—Aluminium Alloy 83
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cent, silicon is o f X Î T i n

T a b l e  V .
No. Alloy.

Constituents Present.

Seríes A :  0 per ceni. Silicon

1 : : : p" “ '- s .+ ä »  - —
C“JU,+ ' h W y  » ' “ • 

Al Ź  rU‘}]'-1" ai£ cSi) +  ÄfeSi) ? ?ví t  + a(ics¡)
Al +  Cu Al, - f  a(Fefji) +  ß(FeSi) ?

3
4

0-06

0-1
0-32

rO-06í 0'1 -
j 10-08 „  silicon 

Series B  :  0-1 per cent. Silicon
1
o
3
4

0 per cent, ¡ron

0-34 ”
0-62 „

Al +  GuAl.

+  2 -r  a(ieSi) +  yS(FcSi)
S en esC : 0-24 per c m . Silicon.

2 [ £ i 2 Pe rc<at.iron I A l+ C u A l,
3 I 0-32 ”  ”  I f { t  h +  +  0(FeSi) 11
4 iO-58 ” I Al -J- CuAlj -j- o(FeSi)

Series D :  0-5 per cent. Silicon 
I 0-12 per ccnt. iron | Al +  a(FeSi) +  ^(i’eSi)

0-6 ” a i  r” ai t  a(i>Si)1 A1 +  CuA12 4- a(FeSi) - f  Si
Series E  : 0*75 per cent. Silicon

1 [ 0-3 P:  Cent- 11011 j I  +  C^U, +  a(FeSi) +  Si
! 0-6 ” f i tI Al - f  a(FcSi) - f  Si

2
3

Series F  : 1-0 per rent. Silicon
0-1
0-3
0-58

per ccnt. iron
Al t  P’Ua!2 t  a(I’cSi) +  ß(FeSi) +  Si
ü i ä ü ; i S ü + « RS‘i'

probib°y,omfcuA]' n ' ’sht WIeSi) *ud
nitrate L d  q r i t i w ,  L  « 1, t l  ™  T7- l a '  be' ”  *“ “ > " th *>'“
black. In certain parts the CuAl li^113 piec,es’ o f CuAi2 have etched
pieces, such as shown in Fig. 16* w h e i X X f  h C°hmparati^ large 
with 20 per cent. H,SO, at 70° o ’ FiV is  i  S. ecn ctched black ^ a t w o  O. Fig. 16 shows a similar place, where



there is evidence that g(FeSi) has been formed from «(FeSi) by the 
streaky appearancc of the latter.
. 17 (P§ H X H) showa the un°tched structure of the alloy contain
ing 0-1 per cent, iron and 0-5 per cent, silicon ; if this alloy be etched with
0 per cent, ferric nitrate, the presence of a small amount of CuAl, is

„ 7 5 ?  “  Sh0™  “  18. Etching with 20 per cent, sulphuric add
at IV o . colours the constituent present in greater amount, dark brown, 
winch indicates that it is a(FeSi).

475^-500° C8IVeS a HSt ° f  th° PlmSeS f° Und iU the all°yS heat' treated at
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T a b l e  VI.

No. Alloy.

Series G : 
0-07

Constituents Present.

1 107 per cent. iron-f* 0-08 per cent, 
silicon

0 (H r, per cent, iron -f- 0*013 per cent, 
silicon

0 per cent, iron -J- 0-16 per cent, silicon 
Series II : 0-1 -per cent. Iran :

1 i 0
0-12

I 0-14

per cent, silicon

Series K  : 0'32 per cent. Iron 
0-10 per cent, silicon
O'1** „
° '5

Series L  : 0-6 per cent. Iron
0-11 per cent, silicon 
0-20 „

A l- f  CuAlj +  /J(FcSi) ? 

A] +  CuAl,

A1 - f  CuAl, - f  Si

Al-f- CuAl, -j- /S(FeSi)
A 1+  CuAl, +  /?(FeSi)
A I + C u A l ,+  £(FeSi)-f- Si

Al-f- CuAl,-(- a(FeSi)
A1 -j- CuAl, -j- a(FeSi) -f- Si 
Al-f- CuAl,-j- a(FeSi)-j- Si

A 1+  CuAl,-f- o(FeSi)
A1 -f- CuAl, -f- a(FeSi) -j- Si

It is seen from Table V that equilibrium has by no means been 
ainec m the alloys; it is improbable that they would reach a stable 

state even after prolonged heat-treatment.
Comparing these results with those obtained by Gwyer and Phillips, 

an 1X and Heath, the conclusion must be reached that the constitution
oi Heat-treated alloys, whose compositions lie within the range investi-
m * i f 'en̂ S ° n P^ases winch separate during casting. Since the 

t as a e constituents formed can only revert at infinitely slow speed
(Hr.*0 ^  state’ j* follows that the constitution o f the alloys will 

. ' 1 ^ sma^ variati°ns in the condition o f casting. This probably 
unt* or the difference in the results obtained by these investigators



mentioned above, and also for the feet that the results of the present 
investigation differ from both.

The effect of slowly cooling the alloys to 190° C. has been studied by 
heat-treating h a lfo f each specimen heat-treated at 500° G. (Appendix
I, Table X I\ ). CuA12 is precipitated from solid solution, and the limit 

of .solid solubility of silicon is reduced to a value o f about 0T per cent 
this value being only very slightly affected by the addition of iron.
above S1VCS COnstituents l>resenfc in alloys heat-treated as

VTv?7plCal microstructures arc 8ivou in Figs. 19-23 (Plates X III  and A l  V).
Fig 19 shows the microstructure of the alloy containing 012  per cent, 

iron arid no added silicon; the black phase is CuA12 (etched with 10 per 
cen t, ferric nitrate), the half tone is the fi(FcSi) phase. The addition of 

per (f ufc' slllcon to such an alloy results in the presence of free sili
con, as shown in Fig. 20, etched as above. Fig. 21 shows ( x  150) 
t ie  precipitation of CuAl, in the alloy containing 0-1 per cent, iron and 

’ -  per cent, silicon. The alloy containing 0'6 per cent, iron, 0-20 per 
cent, silicon etched with 10 per cent, ferric nitrate is shown in Fig. 22 • 
the same field re-polished and etched with 20 per cent, sulphuric acid at

T a b l e  VII.

8G Gayler : A ddition of Small Percentages of

Temperature. Iron, 
Per Cent.

Silicon, 
Per Cent.

500° C. 0 0 0-5
0-3 0-0
0-i 0-67

190° C. 0-0 0-J
0-3 0-12
0-1 0-13

70 C. is seen in Fig. 23. CuAI, has etched black in Fig. 22, but remains 
uncoloured m Fig. 23; silicon is the half-tone constituent in both photo
micrographs while the «(FeSi) phase is the light unattacked constituent 
■m r -S’ oq 111S coloured black with tLe sulphuric acid etch as shownin i3i?, zo .

The limits of solid solubility o f silicon in the alloys at 500° and 190° C 
are approximately as given in Table VII.

Conclusions.
(1) Under the conditions of casting and subsequent working and 

ea rcatment, as described, o f 4 per cent, copper-aluminium alloys



containing up to O'G and TO per cent, iron and silicon, respectively.it lias 
not been found possible to attain a state approaching equilibrium, and 
consequently no diagram can be submitted. Neither has a constitutional 
diagram been given, since it is clear from the results o f this investigation 
and those of previous workers that a “  constitutional ”  diagram depends 
on factors which must be very carefully controlled if similar results are 
to be obtained by others.

(2) The a(IeSi) and 2(FeSi) phases have been identified in the alloys 
examined, together with CuA12 and Si.

(3) FeAl3 was not seen in any of the microsections examined.
(4) Silicon is held in solid solution to a limited amount at 500° C., 

and is precipitated during slow cooling to 190° C.
(5) CuAl2 was present in some o f the alloys heat-treated at the higher 

temperature, but was precipitated in large amount on slowly cooling to 
190 0.

Iron and Silicon to a Copper-Aluminium Alloy 87

III. T h e  A g e - H a r d e n i n g  o f  t h e  Q u a t e r n a r y  A l l o y s .

The age-hardening of four quaternary alloys has been studied by 
means of Brinell hardness measurements. The alloys were chosen in 
order to demonstrate the effect of small additions of iron and silicon 
independently or together on the age-hardening of the high-purity 4 per 
cent, copper-aluminium alloy. The age-hardening of this alloy (made 
with Hoopes’ aluminium) has been already studied,5 and these results 
form the basis of comparison. Table VIII gives the compositions of the 
alloys.

T a b l e  VIII.
Per Cent. Per Cent. Per Cent.
Copper. Silicon. Iron.

4 ... 0-1
4 1-0 0-1
4 0 1
4 0-1 0-0

I he alloys were cast into 1 in. sand moulds, and forged to a thickness 
of about in. after 5 hrs.’ annealing at 450° C. After preparing the sur
face for hardness measurements, the forged bars were heat-treated for 
‘ days at 500° C. before quenching. The bars were aged at room 
^ r a t u r e  and then heat-treated for periods up to 8 days at 50°, 
■W , 150 , 200° G. ; the results are embodied in Figs. 24-27 inclusive, 

an the heat-treatments are given in Appendix II, A. It will be seen, 
hat the first effect of heat-treating the alloys is to cause softening to a 

greater or less degree.

A l lo y  1
2 . 

„  3 .
„  4  .
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little from each other, in contrast respectivel>’ ’ differ
I f  1-0 per cent l  i f ,  agemg at room temperature,

iron, an i i r e L e  i n t a X  ^  ̂  contai^ g  0-1 per cent,
at the same temperatures (see F it  25) “ 3 ° bservcd 011 treating 
0-6 per cent, iron on the a g e S e S  ^  * " *  ° f
cent, silicon is very marked 1 7 1  alloy containing 0-1 per 
temperature or heat-treating at ^  PlaC6 at r° °m
150° C. causes a very much , agemg at 100° and
when only 0-1 per cent of iron r, .. .graduaI lncrease m hardness than 
and 150° C. the hardness is lco” ls Present- After 8 days at 100°
silicon only i8 present (cf. F i g f  ̂ d ^ t f  Th“  ^  ^
obtained at 200° C is -,1c.,, i ,, maximum hardness
time. ’ 13 ak0 less> thou8h attained in about the same

0-6 p „  cent; i ™  t o “ »  “ f * “ “ ® ‘  “ P P »
Tables XV and XVI tp- f  ! ’ the results arc given in Appendix II,
ageing p S ^ ’r o o T t  7  i * *  a“ °  * *  ^  No ^ i a b h  
attained at 200° C incre emperat" ro> whlle tlle maximum hardness 
content. ' slightly with increase of the silicon

The effect o f the addition o f 0-6 per cent iron *
copper alloy is thewfr,™ , on to the 4 per cent.
silicon; furthermore the ‘ rem°V C °.r reduced by the addition of
material in the unetched ° f  forSed and heat-treated
constituent in the alloys containing O-1 0 2 ^ 0 ^  °f  | grey
excess silicon (above tW  ™i,- 1 • \  ■ . 0 5, 0 95 per cent, silicon;
or which is in solution in tfi ̂  1S 6 S° S0 Q̂ti°n in the aluminium
tional phase! ° ” ° n C0Ilstltuent), shows itself as an addi-

" ' T  ”  o ' » ™ “ '  precipitation 
that the age-hardenin'c . , COpper. as wcl1 as Slllc°n is precipitated so

f e lH 1' to b o a  IJXpSJabov' 'oom
properties of  “ » £ ‘  f ° f  “ “  ° " tbo " » o b a n ic l 
ture, and concluded f] t ' a f  g tile quenching tempera-
aluniininn, o“ * Et o S e  r "  ?  “ ? ,  f ” *°“  < * « * £  »
but that it docs not h L d S  ,1 .  “ mpl“  m U U h ’  ^ # 0 " ) ,
saturated solid solution 1 • 16 precipitatlon of CuALj from the super- 

SOlutl0n dunnS agemg. Koch and N othing« rea(£ ed

D2 Gayle, : Addition of Small Percentages of



the same conclusion with regard to the effect of iron on the ageing of a 
high-purity -1 per cent, copper-aluminium alloy. These latter authors 
ound that the identification o f the constituents present in their heat- 

treated material was not at all simple, but the examination of alloys 
cooled m the crucible showed that the amount o f CuAl, present decreases 
with increasing iron content. A t the same time an iron phase appeared, 
w ich they identified as Gwyer, Phillips, and Mann’s “  N ”  constituent, 
t.c.aluminium-iron-copper phase; and on the basis that this has the 
definite composition Cu2FeAl7, Koch and Nothing calculated that in an 
alloy containing 4 per cent, copper all the copper is removed from the 
so 1 solution in the presence of 1 '75 per cent. iron. Hence, both these 
investigators consider that the effect o f added iron on these alloys is due 
to the removal of copper from the solid solution by the formation o f a 
ternary compound.

During the course of this investigation, anomalous results were con
tinually appearing. A t first no cause could be found, but it has since 
een proved that the purity o f aluminium was responsible; its effect on 

copper-aluminium alloys is now being studied in detail. The result« will 
be communicated shortly.

Sum m ary .

The results of the present investigation into the age-hardening of 4 
per cent, copper-aluminium alloys containing up to 0'6 per cent, iron 
aT folio ^Cr Cen^' Ŝ COn independently or together may be summed up

(1) The addition of 0-1 per cent, iron inhibits ageing at room tem
perature, but not at higher temperatures; while the addition of 0-6 per 
CC1\owm ,re<̂ c®s,’ a marked degree, ageing at higher temperatures.

( ) I  he addition of up to 1-0 per cent, silicon does not inhibit the 
e eet of 0’6 per cent, iron; from a study of the constitution o f alloys 

■w ou t appear that the age-hardening which takes place at high tem- 
peratures, may be attributed to precipitation of silicon as well as some 

*’ *2 from the solid solution.

Iron and Silicon to a Copper-Aluminium Alloy 93

A cknow ledgm ents.

0, ,]?le f u*h?r would acknowledge with thanks the valuable assistance 
v nrt, a ':‘ d ,fror“  Mr- E - P - Garner (now of Messrs. I.C.I. (Alkali), Ltd., 
p  , 7  '  m  the ear|ler stages o f the research, and also from Mr.
m, , ouse’ "  i10se skill in metallogiaphic technique is much appreciated.

of X  alloys M l‘ ^  Camilgt0n f0r LcIP in the Photographing



94 Gayler : Addition of Small Percentages of

K e fe b e n c e s .

1 Archbutt> and D - Hanson, n th  Hep. Alloys lies. Ctlec., Inst.

E H <1ń iv " r er an<î ?•  P,hilliI>s- J - IntL Metah, 1927, 38, 29.
"iÜ l E^ '. f  i ’928’,104 ’  ’  Pr0C- ImL Me,ah Div-  Amcr■ Insl- M i*

2 A G c ' Z v Æ ' w f  ^«r/.Ayofo Imp. Univ., 1933, 7, 285.
3 W. L Fink and K R V ™ TfPS’ “ 5 ?  L " “ ü™’ J‘ I m ' 3UtaU> 1928> 40< m -

M e m  Div “ 193Î ' '383. ’ ' IntU Min‘ MeL En* -  I,,sl-
4 V. Fuss, 7j .  Metallkunde. 10-il o i  ooi

317.
* ^ 7 'Frf L'nkcl, Z. Metallkunde, 1930, 22, 84
a TO v  G.a>’ler and G- D - Preston.5 

io tJt J)rof n|g> Metallkunde, 1931, 23, 245.
• Koch and ï 1- W. Nothing, Aluminium, 1935, 17, 535.

APPENDIX I.

Ma t e r ia l  U s e d .

(1) High-purity silicon and iron, prepared at the National Physical 
Laboratory.

(2) Electrolytic copper.
(3) Three grades o f aluminium.
Aluminium hardeners containing about 8 per cent, iron and 10 per 

cen . silicon were made up. The less pure aluminium was only used 
when the compositions o f the alloys were high in iron and silicon.

T a b le  IX .— Chemical Analyses.

Silicon :
, ,  . . Per Cenfc.

A lum inium  . . . .  q .q^

Calcium : : : : : : :
I n s o l u b l e s .................................................... ; 0.068

French aluminium :
I r o n .........................................................................trace

Iloopca’ aluminium :
Î ™ ........................................................................ 0-015
S, l , c o n ........................................................................ ......
CoPPe r .........................................................................0-019

Sample from the British Aluminium Co., Ltd, :
^ .°.n .........................................................................0-09
J1.1'00? .........................................................................0-081
.1 itanium  tra-c©
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T a b le  X .— Composition of Alloys.

Calculated, Per Cent. By Analysis, Per Cent.

Silicon. Iron. Copper. Silicon. Iron. Copper.

o-i'o
0-24
0-5
0-7 ß
1-0

0-1
0-1
0-1
0-1
0-1
0-1

4
4
4
4
4
4

0-007
0-11
0-27
0-53
0-84
105

0-12
0-12
0-13
0-12
0-11
0-12

3-98
4-01 
4 06 
3-77 
3-62 
3-87

o’i'o
0-24
0-5
0-75
1-0

0-3
0-3
0-3
0-3
0-3
0-3

4
4
4
4
4
4

0-008
0-13
0-24
0-85
0-78
0-91

0-32
0-33
0-32
0-30
0-27
0-29

4 0 9
4-05
3-89
3-98
3-98
4-00

0-10
0-24
0-5
0-7G
1-0

0-6
0-fi
0-G
0-6
0-0

4
4
4
4
4

0-10
0-24
0-43
0-61
0-95

0-02
0-C8
0-60
0-G!
0-56

3-60
4-05 
4-20 
4-00 
4-00

B.A. Co.’s A1 
0-10

0-3
0-G

N o additions

_____ ________

4
4
4
4

0-Ö8
011

0-032
0-058
0-06
0-01

4-Ö8
3-53

T a b l e  X I.

Silicon, 
Ter Cent.

Iron, 
Per Cent..

Outside Layer, 
Cop;**, Per 

Cent.
Intermediate 

Layer, Copper, 
Per Cent.

Centre, 
Copper, 

Per Cent.

1 iw. Sand-Castiyujs
A 0-11 0-01 4-00 3-92 3-92

0-10 0-G2 3-79 3-69 3-32
0-007 0-12 4-02 3-97 3-951-05 0-12 3-99 3-79 3-91

1 ira. Sand-Castings
B 0-09 ... 3-80 3-88 3-81

— ------- —
0-98 ... j 4-08 4-00 4-02
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APPENDIX II. 

A. Age-Hardening Experiments.

Forged sand-castings were heat-treated for 4 days at 500° C

a s s i s t  i",pe,aiure' " d ”-'d ** £Delore heat-treating at higher temperatures.

the imprCSSi0nS in duPlicatc werc “ ade at either end of
usins a 2 mm j  ^  during theSe Periods of heat-treatmentusing a 2 mm. ball under a load of 40 kg. for 30 seconds

respectiveiyferatUrC3 ° f  heat' treatment were 50°> 100°, 150°, and 200° C.,

Constitution o f the Alloys.

* S iS £ £ ? from fors" i “  *bov” “ d »

T a b l e  X II.



Some of the alloys, listed in Table X II, were reduced by § in 
thickness by hammering in the cold, and then further heat-treated as 
stated in Table X III.
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T a b le  X III.

TTcat-Treatment.
Calculated Composition, I>er Cent.

Silicon. Iron. Copper.
G weeks - f  1 day at -187° C. 4

0-08 0-00 4
0-5 0-32 4

C weeks -)- ] day at 475° C. 0-24 0-6 4
0-5 0-6 4
0-75 0-6 4
1-0 0 6 4

v  ,J''°{dTf Tcrminhv£ ^ e  limits of solubility at 190° C. the alloys shown in 
, X l V > neat-treated as noted in Tables X II  and X III, were given 

the treatment stated in Table XIV.

T a b le  XIV.

Heat-Trcatment.
Calculated Composition, Per Cent.

Silicon, Iron. Copper.
1 day at 492° C. then slowly 

cooled in 20 days to 190° C. 
and quenched.

oT
0-24

0-1
0-1
0-1

4
4
4

!  Table X II

008
0-1

0-06 4
4

Table X III 
„  X II

1 day at 494° C. then slowly 
cooled in 20 days to 195° C. 
and quenched.

0-1
0-24
0-5

0-6
0-6
0-6

4
4
4

Table X II 
„  X III 
»» fi

0-1 0-3 4 Table X II0-24 0-3 4
---------------------------------- ----------

0-5 0-3 4
- . „  X III

vol. l x .
G



B rinell H ardness N umbers op Series containing  0 6  Per 
Cen t . Iron .
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T a b le  X V .—Forged Bars Heat-Treated as in Appendix II , A.

Silicon, Calculât«! Per Cent.

Aged at Room Temperature. O'2-í. 0-5. 0-75. 1-0.

Brinell HardnesB Number.
Immediately alter quenching 

from 500° C. .
6 hrs.
1 day
2 days
4 „
5 „

15 „
lo o  „  ;

58
54
55
54 
5G 
58
55 
5S

55
57 
CO 
60
58 
GO 
Cl
59

5C
58
56
58
59 
58
60 
CO

50
57
58
56
57
57
58 
60

T a b le  X M .— Alloys Heat-Treated Immediately at 200° C. after 
Quenching from  500° C.

Silicon, Calculated Per Cent.

Time at 200“ C. 0-24. 0-5. 0-75. 1-0.

Brinell Hardness Number.
Immediately after quenching . 

i  hr. at 200° C. . . 
1 i  hrs.
4 i ..................................

20 „
25} ...................................;
43 „
66 „

117 
8 days 

17
32 ,, ;
6 4 ..............................................

53
53
52
64
80
74
78
76
7G
72
72
71

..... ! L

57
58 
58 
C4 
74 
78 
80 
80 
78 
80 
76 
71 
67

CO
CO
61
71
78
76
80
78
74
69
65
64
61

62 
60 
62 
09 
70 
76 
SO 
78 
72 
G 9 
69 
65 
59



P l a t e  XV.

Fig. A.— Alloy "  A ”  (Cu 5, Si 0-3, Fe 1 Per Cent.) Slowly Cooled in Furnace. Etched 
with NaOH. x  300.

I ic. B.— Alloy “  B ”  (Cu 5, Si 1, Fe 1 Per Cent.) Slowly Cooled in Furnace. Un- 
“ • x  300- <Csp [To face p. 98.

'V '
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CORRESPONDENCE.

Mit. H. W. L. Phillips * (Member) : I fully endorse all that the author
lias written regarding the difficulty o f  identifying constituents in the ternary 
and quaternary alloys o f  aluminium with silicon, iron, and copper. In our 
work f  we preferred to base our identification o f  the constituents on their 
form and colour rather than on their etching properties, but, as the author has 
rightly pointed out, these means become difficult o f  application where only 
small quantities o f  a constituent are present and almost insuperably so in the 
case o f  worked or annealed metal.

I  was particularly interested to note the author’s findings in the case o f  the 
alloys listed in Table III , which, as she points out, differ in some respects from 
our own. Our views as to the constitution o f  alloys A , B, C, and D are sum
marized in Fig. 26 (a) o f  our 1928 paper, and may be tabulated as follows :

Alloy.
Constituents Identified.

Gay 1er. Gwyer, Phillips, and Mann.

Cu Si Fo
A S 0-3 1 
B 5 1-0 1

C r, 3-0 1 
I) 5 100 I

a(FeSi), /3(FeSi), CuAI„ 
a(FeSi), Si, CuAl2

a(FeSi), /?(FeSi), Si, CuAl„ 
ß(FeSi), Si, CuAl,

FeAljo, (FeSi), /3(FcSi), CuAI2 
Traces FeAl,, a(FeSi), 

£(FeSi), Si, CuAl, 
a(FeSi), /3(FeSi), Si, CuAl, 
jS(FeSi), Si, CuAlj

The most remarkable points o f  difference are the occurrence o f  FcAI, in A 
and o f  p(FeSi) in B. I t  is true that the temperature o f  separation o f  FeAl, 
in alloy A  is only about 5° higher than that o f  a(FeSi) and that its occurrence 
or otherwise would therefore be governed by  conditions o f  cooling; neverthe
less wc should expect some to be present in a furnace cooled sample. I t  is 
difficult to account for the absence o f  J3(FeSi) in alloy B, as the author had 
found it to occur in alloys o f  lower and o f  higher silicon content.

In order to verify our original conclusions, we have prepared fresh specimens 
o f alloys A  and B. Figs. A  and B  (Plato X V ) show their structures as slowly 
cooled. FeAl3 occurs in alloy A, enveloped in a(FeSi), and the photomicro
graph also includes a typical “  Chinese script ”  formation o f  a(FeSi) and an 
area in which ^(FeSi) occurs associated with CuA 12. W e have also confirmed 
the occurrence o f  p(FeSi) in alloy B : typical needles o f  this constituent are 
visible in the area photographed. W e did not, however, confirm the presence 
o f FeAlj in this alloy.

The A u t h o r  (in reply ) : Mr. Phillips’ remarks and photomicrographs are 
very interesting, and in consequence I have re-examined the microstructures 
o f the two alloys o f  similar composition in a direction at right angles to that 
which had been originally polished. I  could not find evidence, however, o f  
any FeAl3 in A lloy A , even after a most careful examination, and I  would 
suggest that the absence o f  FeAI3, contrary to Mr. Phillips’ results, may bo 
due to  difference in the rates o f  cooling in the furnace o f  the alloj's respectively.

In the case o f  A lloy B, examination o f  the fresh surface showed a few needles 
o f  e(FeSi) in association with more or less isolated patches o f  CuAl2 but no 
I'eAlj ; this fact confirms Mr. Phillips’ result. The small amount o f  S(FeSi) 
was not observed, however, in the surface first examined.

* Metallurgist, The British Aluminium Company, Ltd., Warrington.
t  A. G. C. Gwyer and H. W. L. Phillips, J. Inst. Metals, 1927,38, 29“  and A. G C 

Gwyer, H. W. L. Phillips, and L. Mann, ¡&W./1928, 40, 297.
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NOTE ON TI-IE INFLUENCE OF SMALL 7 6 5  
AMOUNTS OF TITANIUM ON THE
MECHANICAL PROPERTIES OF SOME
ALUMINIUM CASTING ALLOYS*

By T. H. SCHOFIELD,t M.Sc., M e m b e r , and C. E. PHILLIPS,t 
A.C.G.I., D.I.C.

S y n o p s is .
A summary is given of the results of an investigation on the influence 

of small amounts of titanium on the mechanical properties of some com
mercial aluminium casting alloys. This influence is found to be small 
with amounts of titanium up to 0-l per cent.

The work described below Las been carricd out at the National Physical 
Laboratory for the Metallurgy Research Board of the Department of 
Scientific and Industrial Research.

At the time this work was undertaken certain processes for removing 
dissolved gases from molten aluminium casting alloys introduced small 
amounts o f titanium into the metal; also, it had been observed that 
small additions of that element to molten aluminium alloys caused 
gram refinement in castings. It became desirable, therefore, to 
investigate the effect, if any, o f titanium on mechanical properties of 
cast alloys for which British Standard Specifications were in use.

The present note deals with the influence of titanium up to about 
0'1 per cent, on the mechanical properties o f “  Y ,”  7 per cent, copper- 
aluminium (L ll) and copper-zmc-aluminium (L5), alloys, in the 
form of 1 in. diameter bars chill- and sand-cast, respectively. The 
materials used in the preparation of the alloys were aluminium con
taining 99‘6 per cent, aluminium, copper and nickel-aluminium 
hardeners containing about 47 per cent, copper and 20 per cent, nickel, 
respectively, and high-purity magnesium and zinc. Titanium was 
introduced by bubbling the vapour of titanium tetrachloride through 
the melt.

* Manuscript received November 26, 1936.
Teddin°ton^ °  ^®*cer’ Metallurgy Department, National Physical Laboratory,

.Scientific Officer, Engineering Department, Xational Physical Laboratory,
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Y -ALLOY

t> nY- ALLOY
sand-cast chill-cast

U'T 'I '  Ü  Ultimate Tensile Stress, tons/in * 
p  s  I  o ?  p  r- EIf sticity. 10« lb./in.*.

p , - ; :  «idurance Fatigue Limit (20 x  10« cycles) +

• TV, 01 J on Med
ical Properties of “  Y  ”  Alloy.

t.*.
,  n i 

tons/in.’



of Some Aluminium Casting Alloys 1 0 3

Owing to practical limitations, it was not possible to prepare from 
one melt the whole of the bars required for a complete series of mechanical 
tests, and as it was necessary that the composition of each alloy should 
be uniform the following procedure was adopted. Three melts of 
each alloy each of 27 lb. were prepared in a Salamander pot in a gas-

" l s " a l l o y  "l s "a l l o y
SAND-CAST CHILL-CAST

AS CAST AS CAST

TITA N IU M  CONTENT,PERCENT  
Fiq. 3.—Effect of Titanium on Mechanical Properties of L5 Alloy.

{See key to Figs. 1 and 2.)

fired furnace; no titanium was introduced into the first melt, but about
0 05 per cent, and 0'1 per cent, was introduced into the second and third 
melts, respectively. The melts were cast in the form of notched ingots. 
Each batch of ingots was divided into two equal parts; each part was 
remelted in an iron (Silal) pot, dressed with a mixture of china clay 
and silicate of soda, in an electric (metal resistor) furnace. The molten 
alloys were treated for removal o f gas by a method similar to that
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developed by the British Non-Ferrous MpHU .

s s i & r ia ”itl ̂ T ^ S S S i

d J r  £ “r  * ? si* * *-
were available for tests 12 chill »  j  ™  i composition there 
were open-ended L d  made n 12 T * " “ 8* ^  The cMIawdi «2*«. t,p„,ogit i r\n&in74 “• ire ”a •
T h ey w o „

lu”alloy
s a n d - cast

¿ . ----------

E
0 ....

3 ------ -

F

—------RS------ -—

Ft
L>
IZOD

‘ l iT’ a l l o y
chill-cast
a s  CAST

o o s-  -  V/ V ,

t i t a n i u m  c o n t e n t , p e r c e n t
013

< £ lS C S , C S r Æ  • »  I ”

" , f d heb‘ “  n f j ' T  G  “, ; d “ ,ed “  * •  * °  “ • »  »  dry
' Specification T  Î “ COI<linS t0 th“ E* “ kuaius opecincation for aluminium casting allova Tt,„ j

o f casting was briefly as follows: The c h a r j  o f J,he method
retained in the furnace and -, i j  -g , treated allo7  was
alloy ™ rem(md fore “td * ™h bfri Z ” "S  *? of “ *»
pouring was mkihłAinori +1 °  ‘ slow and uniform rate of

casting being 1 2 - l S n t  ‘ 7 f  f°r °ne chi11’ 01 sand“
but tlfe castfngs were fed The c . t " ,  ^  ^  f° r the chills>
for the chill- and 675° ±  5 ° C L  ib t,emperature was 725° ±  5° C. T},„ A D‘ D ±  £> o . for the sand-cast bars.

-  densities o f the cropped bars were determined, and one sand-



cast bar from each melt was sectioned longitudinally through the 
middle and carefully machined. I f  the machined section was free 
from visual porosity and the densities of the batch of bars were con
sistent, it was assumed that the whole were satisfactory for the pre
paration of test-pieces. The median sections were etched; the grain- 
size of all the bars examined was small, consequently the influence 
of titanium was not easily detected but appeared to be slight.

Tensile, standard notched-bar (Izod) impact, and rotating bending 
fatigue tests (on a basis of 20 million cycles) were carried out on each 
of the three alloys in the “  sand-cast, as cast,”  and “  chill-cast, as 
cast ”  conditions. In the case o f “  Y  ”  alloy similar tests were also 
made on material in the “  heat-treated and aged ”  condition. This 
treatment consisted of soaking at 520° C. for 6 hrs. and quenching in 
boiling water, followed by ageing at least 7 days at room temperature.

Figs. 1-4 show the variation in mechanical properties of each alloy 
with change in titanium content. In general, the variation in mechanical 
properties due to change o f titanium content is small, and is in no case 
marked. Bars in the “  sand cast, as cast ”  condition tend to show 
improvement in mechanical properties with increase o f titanium 
content. The variations in mechanical properties with change of 
titanium content o f heat-treated “  Y ”  alloy, chill-cast L5 and LI 1 
are not o f significant magnitude. The mechanical properties o f chill- 
cast bars are superior to those sand-cast.

A ck n o w le d g m e n ts .
The authors desire to acknowledge the .lielp and encouragement 

given by Dr. C. H. Desch, F.R.S. (Superintendent, Metallurgy Depart
ment) and Dr. II. J. Gough, F.R.S. (Superintendent, Engineering 
Department), and the assistance of Mr. A. E. Bacon and Mr. R. C. A. 
Thurston, B.Sc.
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CORRESPONDENCE.
Mr . G. P. Comstock,* A .B ., Met.E. (Member) : Although it is interesting 

to note that a general improvement in properties was found from the treat
ment o f the sand-cast alloys with titanium tetrachloride, it should be kept 
|n mind that the paper really shows the results o f  the use o f  this compound, 
including both chlorine and titanium, instead o f the effect, o f  titanium alone, 
as is implied by both the title and the conclusions. I t  would have been still 
more interesting had the effect o f  titanium alone been reported, in amounts 
between 0 1  and 0-2 per cent. Perhaps some results on these lines, from 
American practice, may appropriately be submitted in this discussion. The 
effect o f  titanium was segregated from other influences in this work by 
using a master alloy known as “  TAM W ebbite ”  as the source o f  the 
element, this alloy being composed o f  aluminium and 6-7  per cent, titanium, 
■g g Metallurgist, Titanium Alloy Manufacturing Company, Niagara Falls, N.Y.,



6-36, iron *0-7^sLcon”0-4 ^oppcr^OT' A"  avcraS° nnalysis is : titanium 
factors, such as sizo^f cartinc^imm'ni^i n,anganesc 0-11 per cent. Other 
similar as possible in this work^nd i!16’ ’ T ™  kfipt as closcl-v
cast bars, ¿ost of thorn I ci a f ,’,  , ^  rC8ults wero obtained from sand-lln, average from two to four tests.

mium on an 
manganese
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T a b l e  A .

TAM W cbbitc 
Added,

Per Coat.
Titanium 
Content, 
Per Cent.

Tield-Point,
Lb./in.*.

Tensile 
Strength, 
Lb./in ,>,

Elongation 
on 2 in.. 

Per Cent.
N o n e

1-5
2-5

r

0-015
0-105
0-14-t
0-182
0-224
0-243

13,000
13,400
14,300
14,130
13,480
13,420

17.700 
19,950 
20,150 
21,630 
22,350
21.700

2-1
3-0
2-5
2-8
2-8
2-8

Grains 
Per mm.*.

2-4
6-25
8-2

156
156
156

23 per c e n t ! which w o u w L ^ n  t o t e  f  ® w ts increased about
and the grain-size was deerea«wl n.v easonably well marked improvement, 
W ith the larger additions o f  TAM  '  a* am°unt o f  titanium,
did not increase proportionj^eiv^ content o f  the alloy
temperature not more than about 0-25 . mcreasing the pouring
. Tests on another alloy be absorbed,
iron0-5,manganese0-3 n L n n ^  m l?  T 11? copper 6, silicon 1-2,
the results shown in Table .13 This <¡1 ’ ?  V f l  nic^c* ^  P°r cent., gave
strength, with P r « « “ • ¡ ¿ p r o v e n ^ t  in
on the amount added. 0 titanium content, rather than

TAM  Webbitc 
Added,

-Per Cent.
Titanium 
Content 

Per Cent.
Tiold-Point,

Lb./in.1.
Tensile

Strength,
Lb./in.».

Elongation 
on 2 in., 

P ercen t.
Grains j

I ‘er mm.*.
None
2-5
2-5

0-02
0-095
0-138

19,120
21,300
21,050

19,600
22,800
22,300

0-8
0-9
1-0

0-08
1-1
3-3

have been checked in reguia? foundry j" th° ,ilboratory> they
results aro given in Table C the ■ /.ancef1 o f  s«ch  practical
casting alloy containing a b o u t | ^ f c c L  c o p j « " 8 ^  ' ° * n aIu“ iniull‘

TAM Web- 
bite Added, 
Per Cent.

Titanium 
Content, 
Per Cent.

Yield-Polnt,
Lb./in.1.

Tensile
Strength,
Lb./in.*,

Elongation 
on 2 in., 

Per Cent.
Brinell

Hardness.
Grains J 

Per mm.*.
None

2-5
None

2-5
0-075
0-183

14.000 
15,300
18.000 
18,550

16,800
22,500
19,800
22,600

1-5
2-2 
2-fi 
2-5

47-5
52-5

6-25
44-35
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In some instances in the laboratory an advantage has been derived from 

the },sefOf a little titanium tetrachloride, probably as a degasifier, in addition 
to the TAM Webbite for refining the grain ; in regular foundry practice in 
America, however, the latter form o f  titanium is much more widely 
used because o f  its convenience and the consistent and definite benefits 
obtained with it in soundness and strength.

It may be mentioned in this connection that a patent on aluminium- 
eopper-titanium alloys, which expires in September 1937, has disclosed numer
ous other advantages due to the small titanium content, namely low crystalliza
tion shrinkage, high resistance to wear, fine grain, and good bearing qualities.

The A u t h o r s  (in rep ly ): Some o f  the results given by Mr. Comstock 
relate to an alloy very similar in composition to L l l  (Table A ) : the values 
obtained for ultimate tensile stress and elongation o f  castings containing 
titanium additions agree substantially with the authors’ results.

The effects o f  titanium tetrachloride and flux in assisting the removal o f  
gas lead to the production o f  sound castings and a reliable indication o f  the 
influence o f  varying titanium content on the properties. Titanium tetra
chloride was used by the authors mainly because it does not contain impurities 
which are generally present in titanium-bearing hardeners, and is especially 
convenient for the addition o f  small amounts o f  titanium.

* U.S. Pat. 1,352,322.
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STRESS-STRAIN CHARACTERISTICS OF 
COPPER, SILVER, AND GOLD.*

By J. McKKOWN,i M .Sc., Ph.D., M e m b e r , and
0 . F. HUDSON, J A.It.C.S., D.Sc., M em b e r .

S y n o p sis .
A study Las been made of the stress-strain characteristics of gold 

and silver of a very high degree of purity, and also of two coppers, one 
oxygen-free but containing a small amount of silver (about 0-003 per 
cent.), the other containing 0-016 per cent, oxygen but free from silver, 
both having little more than traces of other impurities. Stress-strain 
curves were obtained to determine limit of proportionality, 0-01 per cent, 
proof stress, and Young’s modulus. The materials were tested in tho 
fully-softened condition, after slight tensile overstrain (less than 1 per 
cent.) and after definite larger amounts of tensile overstrain (5-15 per 
cent.), and after re-heating tho overstrained specimens at different 
temperatures.

It is generally considered that copper in the fully-annealed condition 
has no elastic limit, and tho present tests have shown, as was expected, 
that pure gold and pure silver, when fully annealed, also show no pro
portionality of stress to strain in any part of tho stress-strain diagram.

The elastic properties induced by cold-working were retained in 
large measure in all three metals after re-heating for short periods at 
moderately elevated temperatures, when the amount of cold-working 
(tensile overstrain) had been small. Low-tempcraturo annealing, as 
used in the tests described, did not, however, result in raising tho limit 
of proportionality of puro gold and silver and of oxygen-free and oxygen- 
containing coppers, to the same extent as in other cases, e.g. other kinds 
of copper.1' 3 Tho tests have shown that, when any of the metals, fino 
gold, fine silver, oxygen-freo and oxygen-containing coppers, has been- 
subjected to a small tensile overstrain, the effect of this small overstrain 
is evident in tho stress-strain characteristics, even after re-heating to 
relatively high temperatures.

The tests have shown that the value of Young’s modulus (E) for 
this oxygen-free copper is decreased by a small (5 per cent.) tensilo 
overstrain to 15-7 X 10s lb./in.8 (mean value). Larger amounts of over
strain appear to result in a recovery in the value of E, with 15 per 
cent, overstrain the value of E  found being 17-6 X 10* lb./inA This is 
m agreement with the results of Kawai’s previous work.

Annealing of the overstrained copper tended to restore tho value of 
E lowered by previous overstrain, and bv suitablo treatment a value of 
18-2 x  10* lb./in.2 was obtained. Similar effects of re-heating after 
overstrain wero found in the cases of fino gold and of fine silver, although 
the raising of the modulus by hcat-treatment was less marked than in 
the case of copper. Gold, which had a value of E  of 10-3 X 10' lb./in.2 
when overstrained 5 per cent., gave 11-3 X 10* lb./in.2 when re-heated 
for J hr. at 300° C.

* Manuscript received June 27,1936. Presented at the Annual General Meeting, 
London, March 10, 1937,
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Som e time ago the authors had the opportunity to carry out tensile 
tests on standard 0-564 in. test-pieces of fine gold and fine silver, the 
materials being very kindly lent for this purpose by Messrs. Johnson, 
fatthey and Co., Ltd., at the suggestion of Professor R. S. Hutton 

The original object of the tests was to obtain full load-extension diagrams

oLl Z  Tf“  Su  i n “  "  State ° l  high and in t h *  «nLalcd
Z  w \ rWa!  ’ howevcr>that while the specimens were available

loId ¿ S  ‘I °  " i erCSfc t0 CXamm° tllC stress_strain characteristics of 
gold and silver after overstrain and after overstrain followed by heat-
treatment. Later the tests were extended to include copper, and for 

SamP n ° f CT , Cr ° f hf  Purit>r ( o W ^ r e e  was kindly
X w i  7  T '  T, ° !t0a & S°nS’ Ltd-  Wt0 also sl'PPlicdotherwise exceptionally pure copper containing 0-016 per cent, oxygen.

I. P r e v io u s  W o r k . 

n .  < g g t  of cold-work alone .« 1  folloged I,y h eat-S .tm en t on the ■

M l Z Z . 7  rt. “  » « » « „ , „  investi-
fr  ’ only the more recent work is reviewed. In 1929 Hudson
Herbert, Ball, and Bucknall i dealt at some length with t £ e S e T t oi
heat-treatment on the hardness and on the elastic properties, particularly

. ^  Proportionality, of copper containing small percentages of

S e S  :  T T ;  ?  1931 j0nes’ Pfeil* atld ¿ i f f i th s ^ d e a ltth the effect of heat-treatment on the elastic limit of nickel-copper 
afioys, while m 1932 the present authors 3 in a paper dealing U h ? h c  
effect on copper at low stresses of cold-work, heat-treatment and 
composition referred particularly to the influence on the stress-rtrain 
characteristics of these variables.

All these investigations showed that cold-work produces in most 
materials a definite range of proportionality of stress to strain where

ranee is eencral 1 ^  state, and that thisrange is generally increased by suitable low-temperature heat-treatment.

of p r o p T t t S  t°“ S T  C° nfiUOd t0 thc deternli^ tion  of limitproportionality and proof stress, the determination of Younc’s
modulus being as a rule considered as a subsidiary matter.

On the other hand, W. Kuntae 1 in 1929 gave evidence to show that
the ̂ alue of 1  oung s modulus was dependent on the previous history
f c « ' , - e l u d e d  that co ld -w orlig  d e c r ie d  S

i n c r l i e d t  heat-treatment subsequent to cold-working

Batson and Hyde »  state that if the limit of proportionality is
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exceeded the value of Young’s modulus (E) for steel may be decreased, 
in some cases by as much as 20 per cent. Recovery, however, is effected 
by rest or immersion in boiling water. The same authors quote the 
results of tests made at the National Physical Laboratory to determine 
the effect of heat-treatment on the value of E. The maximum effect 
due to heat-treatment alone (4 per cent.), was found in the case of the 
2-75 per cent, nickel, 0-25 per cent, carbon steel.

An example of cold-work followed by precipitation-hardening as 
effecting a change in the value of E  is given by beryllium-copper.c 
Fully-annealed (water-quenched) sheet containing 2 per cent, beryllium 
has a value of E  of 15-2 X  106 lb./in.2, for the same sheet rolled G Nos.* 
hard E  =  16-0 X  108 lb./in .2 and heat-treated after rolling E — 
17'9 x  106 lb./in.2. With 2-5 per cent, beryllium the sheet rolled 6 Nos. 
hard gave E  == 16-3 X  10s lb./in.2, and when heat-treated E  =  19-0 X 
10« lb./in.2.

Kawai 0 carried out an investigation on Armco iron, mild steel, 
nickel steel, copper, aluminium, and nickel to determine the effect 
produced on the modulus by cold-working with and without subsequent 
heat-treatment. He found that in iron and steel the modulus always 
decreases with cold-working and that in the other metals it decreases 
for a small degree of working, but increases for a large degree of working, 
fhe effect of annealing iron and steel subsequent to cold-working 
was to increase the modulus again; thus, in the case of mild steel drawn 
with 3G per cent, reduction annealing at 900° C, returned the modulus 
to the original value of the soft material.

In the case of copper, aluminium, and nickel, previously cold-worked, 
the modulus increased rapidly as the annealing temperature was 
increased, a maximum being reached at 300°, 200°, and 350° C., 
respectively, at which temperatures recrystallization began to become 
noticeable; from this point the modulus decreased up to about 650°, 
500°, and 900° C., respectively, where it had returned to the initial value 
before cold-working.

In the 1911 May Lecture to the Institute of Metals, Beilby 7 quoted 
the results of acoustical tests on the changes in elasticity due to annealing 
at various temperatures, the test being carried out on vibrating tongues 
of gold, silver, copper, and iron. The pitches of the hardened tongues 
were raised by annealing treatments, the increase being of the order 
of 5 per cent, by annealing at the crystallizing temperature. Since the 
frequency of vibration is proportional to the Young’s modulus, it follows 
that the modulus was increased by the heat-treatments.

* 50 per cent, reduction.
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II. E xperim ental .

A. Materials.

The gold, assayed by the makers, was 999-999 fine and the silver 
1000-000 fine. In each case the metals were cast in lj-in . diameter 
bars and then rolled to a diameter of 0-8 in. in steel rolls. The bars 
were then annealed for 10 minutes at 500° C„ and standard British 
.Standard 0-564-in. diameter specimens were machined from them. 
- fter the machining operation, the finished specimens were given another 
anneal for 10 minutes at 500° C.

The oxygen-free copper was of high purity, the oxygen content being 
less than 0-0005 per cent. A spectrographic analysis gave the following

Per Cent.
. less than 0-0001

,, „  0-001 (if any)
. 0-001 (approx.)
. 0-005 
. 0-0005 
. 0-003
. not detected (less than 0-002 if any)

>j >> (less than 0-005 if any) 
ii

m is material was supplied in the form of hard-drawn -'-in. diameter 
<ir. It had been hot-rolled in the ordinary way to (nominal) l^ r  in. 

diameter from an imported, vertically cast, 250-lb. wire-bar of O.F.H.C. 
(non-guaranteed) quality, and drawn to | in. diameter on a draw- 
bench, Jaeing given an intermediate annealing of approximately I hr. 
art 650° C. at 1-0 in. diameter. Specimens were machined to" the 
.British Standard 0*564 in. size.

The oxygen-containing copper was supplied in the hard condition 
m the form of machined bar 7 mm. in diameter. It was made from 
copper of unusual purity, hot-rolled from an ordinary horizontally-cast 
250 lb. wire-bar to in. diameter, annealed, pickled, cold-drawn on a 
block to No. 000 S.W.G. approximately, and finished on a draw-bench 
without intermediate annealing to &  in. diameter; it was finally 
machined to 7 mm. in diameter. Specimens having a diameter of
0-178'i in. (area ,',j- sq. in.) on the 2-in. gauge-length were machined from 
the bar. This copper contained 0-016 per cent, oxygen, and in a careful 
spectrographic analysis the only other impurities detected were iron 
(0 001 per cent.) and lead (00002 per cent.). It should be borne in

results:

Bismuth .
Arsenic
Lead
Iron .
Nickel
Silver
Antimony . 
Tin . .
Silicon
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mind throughout the subsequent discussion of results that, whereas 
the oxygen-free copper contained about 0-003 per cent, silver, this 
specially pure copper, while containing a small amount of oxygen, was 
apparently entirely silver-free; several independent spectrographic 
and chemical analyses, carried out to detect silver, completely failed to 
do so.

B. Testing Methods.
Two different testing machines were used in this investigation, 

a 5-ton Avery lever machine and the 5-ton range of a 20-ton Amsler 
hydraulic machine. The Amsler machine was calibrated against 
standards before the tests were made, and a cross-check of the two 
machines was made using a standard steel specimen, elastic to loads 
greater than 5 tons, and an extensometer. The test showed that 
the calibration of the machines agreed to within less than 0-5 per 
cent.

The extensometer used in the determination of the elastic properties 
of the materials was a Lamb’s roller extensometer designed for a gauge- 
length of 2 in. The scale distance used was such that 1 cm. on the scale 
represented a strain of 1 X 10’4 on the specimen. The scale was 
graduated in mm., and a reading could be estimated to 0-2 mm. with an 
accuracy of at least i  0-2 mm., i.e. the strain was estimated to 
i  2 X 10-°. With such a high sensitivity as this, it is important, of 
course, that temperature variations should be very small. The tests 
were made in a basement laboratory where temperature was constant 
to i  1° C. during the period of the test. In addition, the specimen 
and extensometer were left for at least 1 hr. after being assembled in the 
testing machine, to allow them to attain a steady temperature before 
any testing was proceeded with.

For accurate testing of elastic properties the greatest care is 
necessary to ensure axial loading of the specimen, and this was secured 
by using grips of the Robertson type. These grips were made on the 
lathe that was used to produce the copper specimens.

All the determinations of elastic properties w'ere made on the Avery 
machine, on which the load could be read directly to 0-01 ton and by 
vernier to 0-001 ton. In most of the tests on gold and silver, the load 
"as increased in increments of 0-025 ton, and this increment could be 
read to i  0-001 ton. Thus, for an increment of stress on the specimen 
of 0-100 ton/in.2, the probable error was i  0-001 ton/in.2. Taking a 
mean value of E  for gold and silver as 10-5 X 10® lb./in.2, then the strain

corresponding to ±  0-001 ton/in.2 =  ±  =  ±  0-85 X  10-',

a measurement approximately half the sensitivity of the strain measure-
V O L . L X . rr



ment. It follows from this that the measurement of stress was about 
twice as sensitive as the measurement of strain. Attempts were made 
to increase the sensitivity of strain measurements by reading the scale
o ±  0-1 mm., but it was considered after experience of this that the 

increase in sensitivity was not fully justified in all cases, and it was 
decided to adhere to the former method where the strain was measured 
to a sensitivity of 2 X  10-6.

Where the value of Young’s modulus is calculated from a stress- 
strain curve showing a very low limit of proportionality of stress to 
strain, the sensitivity of strain measurement becomes important. As 
an example, take the case of a specimen having a limit of proportionality 
of 0-4 ton/m. and a modulus of 10-0 X  10« lb./inA  The calculated 
strain at 0 4  ton/in .2 is 90 X  10~«, and this may be read as 92 or 88 X  10**.
1 he former value would give E  =  9-74 X  10«, while the latter would 
give E  — 10-18 x  10“ lb./in.2, i.e. a total variation of 0-44 X  10s 
on a mean value of 10 X  10« =  4-4 per cent. On this account the 
values of E  given in this paper and derived from specimens having a 
limit of proportionality of only about 0-4 ton/in .2 and a value of E  of 
the order of 10 X  10« lb./in .2 may be in error by about ±  2J- per cent. 
When the lirmt of proportionality is 1 ton/in.2, on the other hand 
the value of E will vary only by ±  1 per cent., and as the limit of 
proportionality increases the probable error in E will decrease.

C. Annealing.

Annealings at temperatures of 500° C. and over were carried out in 
an electric muffle furnace, and heat-treatments at 250°-400° C. in an 
electric tubular furnace in air. Heat-treatment at 200° 0 was "iven 
in an oil-bath. ' D

D. Stress-Strain Curves.

The stress-strain curves were plotted to a strain scale such that 
1 mm. on the paper represented a strain of 2 x  10-« on the specimen.
1- rom the straight-hne portions of the curves, the limit of proportionality 
and Youngs modulus were determined. The proof stress was 
determined by drawing, parallel to the elastic line, a line distant from it 

X 10 strain or 0-01 per cent, and noting the stress at which it cut 
the stress-stram curve.

In a number of cases the early part of the stress-strain curve con
sisted of two straight-line portions having different slopes. The first 
part up to a stress of about 0-3 ton/in .2 was followed by a much longer 
straight length on which the experimental points lay very well. In 
such cases the limit of proportionality and E  were determined from the

114 McKeown and Hudson: Stress-Strain



second straight-line portion and the first part was ignored. The reason 
for this peculiar form of stress-strain relationship, present in some cases 
and absent in others, is not known, but it is interesting to compare 
t íe finding with that of Chalmers 8 on lead specimens using an inter
ference extensometer by which strain was read to 10- 7. Chalmers 
obtained from lead specimens a new type of closed stress-strain loop.

earv  Part of the loading line was curved, and that was followed 
by a straight portion which was found to persist up to the elastic limit.

the elastic limit was not exceeded, the unloading line was an exact 
reproduction of the loading line starting with a curve and continuing 
on a straight line.  ̂ It  may be mentioned that in the loops obtained by 
thalmers the straight lines were parallel.

In practically every case in the present work, the return line from the 
maximum stress down to the initial stress was determined, the rate 
of unloading being the same as the rate of loading. Except for the case 
of the severely worked materials, which had been overstrained during 
the test by only a small amount, the return line was curved for all of 
its length (see typical stress-strain curves in Figs. 1 and 2). This 
resulted in the permanent set being less than the apparent inelastic 
extension at the maximum load. In all three materials, and particularly 
in t e silver, the limit of restitution or elastic limit was much greater 
than the limit of proportionality ; in some cases it was observed to be 
greater by as mucli as 100 per cent.

A study was made of the effect of rate of stressing in the case of the 
fully-annealed materials by increasing the stress in equal increments 
each 10 minutes and taking readings of the scale at I minute, 5 minutes, 
and 10 minutes after each stress was applied. The creep occurring at 
the higher stresses was clearly shown by the curves obtained. The 
curves were plotted in such a way that the creep occurring during the 
period 1-10 minutes at any stress was eliminated from the strain reading 
for 1 minute after stressing at the next higher stress and similarly for
o minutes. This enabled curves to be obtained on the one specimen as 
if it had been subjected to three separate tests simultaneously—in 

the stress_ was increased at 1-, 5-, and 10-minute intervals, 
respectively. It is, of course, possible that the curves obtained in this 
way for the I- and 5-minute intervals are affected slightly by the strain - 
ardening due to the small amount of creep occurring during the 
-minute interval. A very interesting feature of the curves obtained 

"  “8 at ^ e  return lines, while curved, were parallel for the three
rates of stressing. This appears to indicate that the curvature of the 
un oading liiie is not a time effect; in other words, is not a phenomenon 
connected with negative creep.
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E. Load-Extension Diagrams to Fracture.

Most of these tests were made at a slow rate on the 5-ton range of 
the 20-ton Amsler machine. In a test on the Avery machine“  the 
gauge-length, 2 in., was marked on the specimen using small centre 
punch marks, and the machine was operated at its lowest speed. 
Dividers were set to 2-05 in., and when the gauge-length had extended 
to this amount the load was read off the beam and the time noted. The 
dividers were now set to 2*10 in., and the load corresponding to this 
gauge-length noted as before. This process was continued until just 
past the maximum load. It should be noted that the pulling of the 
specimen was continuous, not a series of steps, movement of the poise 
on the beam being stopped only for the short time necessary to read the 
load.

In the ease of the tests on the Amsler machine, the gauge-length 
was measured by dividers at intervals of time, and the corresponding 
loads noted.

In each case the rate of testing (given in the tables) was calculated 
by dividing the final extension per in. of original gauge-length at 
fracture by the time taken for the test.

III. R e s u l t s  o p  t h e  T e s t s .

The results of the tests are given in Tables I-X V II , and typical 
stress-strain curves obtained are illustrated in Figs. 1 and 2.

A. Gold.
(1) Annealed (as received) material (Table / ) .— None of the specimens 

gave a limit of proportionality, but from the figures given in Table I 
for strain at maximum stress applied in the test and for permanent 
strain it would appear that there was some variation in initial condition 
of the specimens, although they were received in a nominally fully- 
annealed condition.

(2) Effect o f overstrain on the annealed material (Table 7 /).— The
overstrain in these tests was produced by pulling the specimens in the 
testing machine until the gauge-length had increased by the desired 
amount. The effect of 5 per cent, overstrain was to give the material 
a defimte limit of proportionality of 1-3 ton/in.2 and a O'Ol per cent, 
proof stress of 3’6 tons/in.2, the value of Young’s modulus being 
10-3 x  10« lb./inA  b

(3) Effect o f heat-treatment after 5 per cent, overstrain (Table II).— 
The effect of heat-treatment following 5 per cent, overstrain is set out 
in Table II, from which it is seen that annealing at 200° and 300° 0.

116 McKeown and Hudson: Stress-Strain



Characteristics of Copper, Silver, and Gold 117

P ig . 1.— Typical Stress-Strain Curves for Silver and Gold.
Curve 1. Silver specimen No. 3, annealed (as received). Curves for 0-1 and 0-01 

ton/in.2/mmute rates of stressing.
Curve 2. Silver specimen No. 3, annealed (as received) 4- 5 per cent, tensile 

overstrain.
Curve 3. Silver specimen No. 3, annealed (as received) -f* 5 per cent, tensile 

overstrain +  \ hr. at 350° C. 
urve 4. Gold specimen No. 4, annealed (as received). Curves for 0-1 and 0-01 

ton/m.2/minute rates of stressing. 
urvc 5. Gold specimen No. 4, annealed (as received) -f- 5 per cent, tensile 

overstrain.
Curve 6. Gold specimen No. 5, annealed (as received) 4- 5 per cent, tensile 

overstrain - f  £ hr. at 300° C.

(®) Effect o f overstrain and heat-ireatmcni on the ultimate tensile 
strength and elongation (Table IV).— The effect of 5 per cent, tensile 
overstrain was to increase the ultimate tensile strength slightly and to 
reduce the elongation slightly. The effect of 5 per cent, overstrain 
followed by treatment for hr. at 200° C. was to give a further increase 
m the ultimate tensile strength, the effect on the elongation being very
slight.

reduced the limit of proportionality and the proof stress but increased 
the modulus.

(4) Effect o f speed of testing on ultimate tensile strength and elongation 
of annealed specimens.— The results of these tests are given in Table III, 
where it is seen that reducing the speed of testing causes a reduction in 
ultimate tensile strength.

U M lTQ P
PROPORTIONALITY

I I I I 1 ! I t



118 McICeown and Hudson: Stress-Strain

B. Silver.

m ad? t m“ aUd {a\ recf : :̂  maienal CTable F ).-E rS isom efcer tests ade on as reCeiyed specimens showed some variation. Two

J J l ? T meUS gaTC a P0SSiWe Sma11 Iimifc of Proportionality, while 
other four gave no proportionality of stress to strain. As in the case

Fio. 2. Typical Stresa-Strain Curves for Oxygen-Free Copper.

Curve 1. Hard-rolled and annealed 1 hr. at 500° C. (Specimen No 15 1
anneaIed 1 *  “  6000 0. +  5 ^ r t c n ^ U c r s t r a i n .

° " i  1 . 2 8 ? g ? s 2 Z i  f c * ;  + 1 ■ » - * •  +

' " i  t  s - r i s s  k ?-.* ; 6o° " c - + 5 ■” - * ■  +
" i  to. 8 S ? o l ? ( E £ £  f c l m  c - + 5 “  »«»> »■ »  +

i  | f > " c - + » I »  ” "*• ¡ j | +

Of the gold specimens, the greatest diiferences between the specimens 
were s own 7  the strain at 1 ton/in.2 and the permanent set. From 
the resuits of the tests it would appear that the final heat-treatment
?  ^ mi'U‘tICS at 50f  8iven h7  the makers did not produce material 

the fully-annealed condition, this treatment being insufficient 
completely to remove all effect of the slight overstrain, which may have 
occurred in machining. To investigate this matter further, specimen
i o. was given two further treatments, first 1 hr. at 500° C., and
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secondly 1 hr. at 700° C. The first treatment failed to remove the small 
limit of proportionality induced by the overstrain produced in the 
initial testing, while the second treatment appeared to produce full 
annealing.

(2) Effect o f overstrain on the annealed (as received) material (Table VI). 
—The effect of 5 per cent, overstrain was to give the material a limit of 
proportionality of the order of I f  tons/in.2, a O'Ol per cent, proof stress 
of 3£ tons/in.2, and a Young’s modulus of 10‘1 X 106 lb./in.2.

(3) Effect o f heat-lreatment after 5 per cent, overstrain (Table VII).—  
After 5 per cent, overstrain \ hr. at 200° C. had little effect on the limit 
of proportionality and left the value of E  unaltered, while £ hr. at 350° C. 
decreased the limit of proportionality and increased E  slightly. A 
specimen which had been overstrained 5 per cent, in tension and 
subsequently heated for 1 hr. at 700° C. still gave a small limit of 
proportionality on the stress-strain diagram, with the much higher 
value of E  =  11-3 x  10s lb./in.2.

W  Effect of speed o f testing on. the ultimate tensile strength and 
elongation o f annealed specimens (Table V II I ).— The effect of reducing 
the speed of testing was to reduce the ultimate tensile strength slightly.

C. Oxygen-Free Copper.

(1) Effect o f annealing the (as received) hard material.— The results 
of different annealing treatments are given in Table IX . Annealing 
for 1 hr. at 500° C., although giving material which would be considered 
as fully annealed, did not completely remove all traces of elasticity, 
and it was possible to determine the value of Young's modulus after 
this treatment. Annealing the material for -I hr. at 650° C. did not 
appear to produce any further annealing effect. The effect of a treat
ment of 1 hr. at 200° C. was to increase the limit of proportionality and 
the proof stress of the “  as received ”  material. It may be noted that 
the effect of the higher temperatures of annealing was to produce a 
decrease in the value of the modulus.

(2) Effect of overstrain on the annealed material.— The annealed 
material was that which had received 1 hr. at 500° C., and the results 
of the overstrain tests are shown in Table X . The effect of 5 per cent, 
overstrain was to give the material a definite limit of proportionality 
of the order of 2'5 tons/in.2 and a proof stress of the order of 5*5-
0 tons/in.2. An overstrain of 10 per cent, gave a slightly lower limit 
of proportionality but a high proof stress of the order of 8 tons/in.2. 
An overstrain of 15 per cent, gave a limit of proportionality of 2 tons/in.2 
and a proof stress of about 8 "4 tons/in.2, a value higher than that of the 
original hard material. The effect of overstrain on Young’s modulus
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T Z  ' ? % * *  material in tllc hard condition had a value
r o 8 3 X  10 Ib./in.*, while for the annealed material, overstrained
0 per cent.., h was 15-7 X 10° lb./inA Overstrain of 10 and 15 per ccnt. 
gave values of E  of I(r5 x  10« lb./in.’  and 17-5 X 10« lb./in.2 
respectiv e y . I he value for the fully-annealed material could not be
ia °C £  ctcrn’1I1“d>_bufc ir°m the evidence given by specimens 15 and 

m -iable IX, it is of the order of 17'5 to 18 X 10« lb./in.2. The 
results seem to point to the conclusion that a small amount of overstrain 
produces a considerable decrease in the value of Young's modulus, while 
a arger overstrain gives a value which is higher than that produced by 
the small overstrain but lower than that of the annealed material. This,
1 s ouid be noted, is in complete agreement with the results of Kawai,6
w lo showed that for copper with increasing amounts of cold-work
produced by stretching, the value of E  at first decreased, reached a
minimum at approximately 5 per cent, elongation and tlien increased 
again.

(3) Effect o f Tieat-treatment after over strain.— The effect of heat- 
treatment after overstrain is shown in Table XI. The effect after 
o per cent, overstrain may be summarized as follows :

(a) Limit o f proportionality.— Treatments for 1 hr. at various
temperatures up to 500° C. produced at first a slight increase, 
iollowed by a gradual decrease of the limit with increasing 
temperature of treatment. Treatment for 1 hr. at 500° C. 
left a limit of about l'O ton/in.2.

(b) Proof stress. The changes in proof stress corresponded with the
changes in the limit of proportionality.

(c) Young’s Tnodtdus.— Treatments for 1 hr. at 100°, 200°, and
300° C. produced little effect on the modulus, but such effect 
as there was appeared to indicate a definite small increase; 
while treatments for 1 hr. at 400° and 500° C. produced a 
further and decided increase.

V irJ p 5 Cf COtfr,°f treatmcnts for 1 hr. at various temperatures up to 
U  O. after 15 per cent, overstrain was to decrease gradually the limit 

of proportionality, the last treatment removing all traces of pro
portionality o f stress to strain. The value of Young’s modulus was 
°  1 increased by increasing temperature of treatment.

(4) Load-exteimon diagrams to fracture.— The results of the tests 
on the copper specimens are given in Table XIII, and typical curvcs 
o stress and extension are shown for this material (and also for the gold 
and silver) in Fig. 3. It should be noted that, in accordance with usual 
practice, m these curves the stress in each case is the load divided by 

le area of cross-section of the specimen at the commencement of the
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test, 111 other words the “ nominal stress.” Attention may be directed 
to the tendency for slight increase of the ultimate tensile strength by 
ow-temperaturc annealing after the 5 per cent, overstrain in the copper 

specimens.

Ihe load-extension curves for the materials in the fully-annealed 
condition have been re-plotted as curves of true stress and strain, the

Fia. 3.— Typical Load-Extension Curves.
Cu™ L  Oxygen-free copper specimen. Hard rolled and annealed 1 hr. at 

ooO C.
Curve 2. Silver specimen. Annealed (as received).
Curve 3. Gold Bpeeimen. Annealed (as received).
Carre 4. Oxygen-free copper specimen. Hard rolled, annealed J hr. at 650“ C. +

6 per cent, tensile overstrain - f  2 hrs. at 350° C. 
turves. Gold specimen. Annealed (as received) - f  5 per cent, tensile over

strain +  i  hr. at 200° C.

cross-sectional area of the specimen at any extension being determined 
by assuming constant volume of the gauge-length portion of the 
specimen. Attempts have been made in the manner indicated by 
&• I. laylor !> to determine suitable parabolas to fit these curves, but 
no true fits were obtained. The equations of the parabolas which fitted 
the curves best in the region of 0 'l-0 '2  strain were as follows, S being 
the stress in tons per sq. in. and s the strain.

Pure gold . . S =  191 V s
Pure silver . . S — 19'4 V s
Oxygen-free copper . S — 33'6 Vs

D. Higk-Purily Silver-Free Cojrper Containing 0016 Per Cent.
Oxygen.

(1) Fjject o f annealing the (as received) hard material (Table X IV ).—  
he eilect of annealing the “ as received ”  material at 500° or 600° C. 

"as to remove completely all traces of proportionality of stress to 
strain. The effect of heat-treatment of the “ as received ” material
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for 1 Iir. at 200 0. was to reduce the limit of proportionality from about
2 to 1-27 tons/in.2, the proof stress from 9 to 7 tons/in.2, and to increase 
the modulus very slightly.

(2) Effect o f overstrain on annealed, material (Table AT).— The 
effect of 5 per cent, overstrain on the annealed material was to give it 
a limit of proportionality of 1 to 125 tons/in.2 and a modulus of 
16-6 X 10s lb./in.2, compared with 19-9 x 10« lb./in.2 in the original 
material in the hard state. The effect of 15 per cent, overstrain on the 
annealed material was to give a limit of proportionality of 1-4 tons/in.2 
and a modulus of 18T X 10« lb./in.2.

(3) Effect o f heat-treatment after 5 per cent, overstrain (Table XVI) .— 
The effect of heat-treatment at 200° C. after 5 per cent, overstrain was 
to increase slightly the limit of proportionality and the Young’s modulus. 
Treatments at 300° and 400° C. decreased the limit of proportionality 
and increased the modulus, treatment at 500° O. removing all traces 
of proportionality of stress to strain,

(4) Effect of heat-treatment on ultimate tensile strength (Table XVII ) .— 
The effect of overstraining the annealed material 5 per cent, was to 
increase the ultimate tensile strength slightly, and annealing treatments 
up to 400 C. did not reduce the value appreciably. 1 hr. at 500° C., 
however, caused a considerable reduction in ultimate tensile strength! 
The effect of 15 per cent, overstrain on the annealed material was to 
increase the ultimate tensile strength from 15 to 17-25 tons/in.2.

A large number of specimens broke at or close to the gauge-mark, 
and consequently it is not possible to reach very definite conclusions 
as to the effect of overstrain and heat-treatment on the elongation.

I \ . Co m pariso n  of t o e  Ox y g e n -F r e e  a n d  Ox y g e n -C o n tain in g

Co pper s .

A. Elastic Properties.

In the annealed condition (up to 650° C.) the oxygen-free copper 
tended to retain some small range of proportionality of stress to strain, 
whereas the oxygen-containing copper showed no such range.

The effect of 5 per cent, overstrain in the case of the oxygen-free 
copper was to give it a limit of proportionality of the order of 2-5 tons /in.2, 
whereas in the case of the oxygen-containing copper the limit was only 
of the order of 1 ton/in.2. On the other hand, the Young’s modulus 
was higher in the case of the oxygen-containing copper than the oxygen-' 
free copper after this amount of overstrain. After 15 per cent, 
overstrain, the oxygen-frce copper had a limit of proportionality of
2 tons/m.2 and a modulus of 17-65 X 10» lb./in.2, the corresponding
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figures for the oxygen-containing copper being 1-4 tons/in.2 and 
18T x  106 lb./in.2.

In both coppers heat-treatment following overstrain produced a 
lowering in the limit of proportionality and an increase in the Young’s 
modulus. In the case of the oxygen-free copper, however, treatment 
for 1 hr. at 500° C. following 5 per cent, overstrain produced a limit of 
proportionality of the order of 1 ton/in.2, whereas similar treatment 
m the case of the oxygen-containing copper removed all traces of 
proportionality of stress to strain.

B. Ultimate Tensile Strength.

In the fully-annealed condition the ultimate tensile strength of the 
oxygen-containing copper was more than 1 ton/in.2 higher than that of 
the oxygen-free copper, and throughout the various treatments this 
difference in the strength was approximately maintained. It may be 
noted that the reduction in area is greater for the oxygen-free than for 
the oxygen-containing copper.

The effect of oxygen in slightly increasing the ultimate tensile 
strength of copper is well known, but its effect on the elastic properties 
of the copper has not been very fully investigated. In the present work 
it is not clear, however, whether the superior elastic properties of the 
° W i - f r e e  copper are due to the absence of oxygen alone or in part to 
t e presence of the small amounts of other impurities, e.q. silver (0'003 
per cent.).

V. T h e  E f f e c t  o f  V ery  S m a l l  A m o u n t s  o f  O v e r s t r a in .

Ihe effect of a very small amount of overstrain on the stress-strain 
characteristics of the materials tested has been considered for the two 
cases:

(1) When the specimen is re-tested without any intermediate
treatment.

(2) W hen the specimen is re-tested after treatment.

. case of the oxygen-free copper the results of some tests are
given in Table X II, and from these it will bo seen that the application 
o a very small overstrain produced a considerable increase in the 
unit of proportionality. If such overstrain is now followed by a heat-
rnatment at 500° or 600° C., the limit of proportionality is reduced but 
s sti 1 higher than the original limit. The effect on the modulus is

e reverse, the small overstrain producing a small, but apparently
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definite, decrease of the value of E, which is more or less completely 
restored by the subsequent heat-treatment.

A  specimen of gold in the “  as received ”  annealed condition which 
had been slightly overstrained to the extent of 0147 per cent., and then 
heat-treated for 10 minutes at 500° C., had a limit of proportionality 
of 0 4  ton/in.2, the value of E  being 10-7 X  10° lb./in.2. A similar 
silver specimen which had been overstrained 0'0368 per cent, and heated 
for 1 hr. at 500° C. gave a limit of proportionality of 0‘4 ton/in.2 and a 
Young’s modulus (E) of 10-7 X  10» lb./in.2 .

'lhese results illustrate the importance of slight overstrains in their 
effect on the stress-strain characteristics and also the retention of some 
of the effects of the overstrain after treatment at comparatively high 
temperatures.
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APPENDIX.

T a b le  I.— Gold. Properties o f Annealed ( /is  Received) Material 
(Extensometer Tests).

Specimen
No.

Rate of 
Stressing, 

Tons/in.'/minute.

Lim it of Pro
portionality, 
Tons/in.s.

Maximum 
Stress Applied, 

Tons/in.*.

Strain x  10* 
at Maximum 

Stress.
Permanent 

Strain, X 10*.

1 00 n il 10 30-20 28-4
2 01 n il 0-8 22-40 20-80
6 0-1 n il 1-0 18-30 16-32
3 001 n il 0-8 16-30 14-704 001 n il 101 8-98 6-905 001 n il 10 26-14 24-10

I a b le  II.— Gold. Effect o f Heat-Treatment after 5 per Cent. Over
strain (Extensometer Tests).

Speci
men
No.

Heat-Treatment.
Lim it of 
Propor

tionality, 
Tons/in.*.

0 0 1 %
Proof

Stress,
Tons/in.*.

Young's 
Modulus, 
Lb./in.* 
- -  10*.

Maximum
Stress

Applied,
Tons/in.*.

Strain 
x  104 at 

Maximum 
Stress.

Per
manent 
Strain, 
X 10*,

4 1-30 3-60 10-3 4-03 10-36 1*126 i  hr. at 200° C. 0-75 2-C5 10-7 3-365 9-02 1-405 i  hr. at 300° C. 0-60 2-85 11-3 4-045 12-60 3-40

T a b le  III.— Gold. Effect o f Speed of Testing (Tests to Fracture).

Speci
men
No. Condition.

Rate of 
Pulling, 
In ./in ./ 
minute.

Ultimate
Tensile

Strength,
Tons/in.*.

Elongation, 
on 2 in., 

Per Cent.

Reduction 
in Area, 

Per Cent.

1 Annealed as received 0-05 7-89 73 90
- „  „  „ 0-05 7-88 72-5 903

+  10 minutes at 500° C.
0-009 7*56 68 92

T a b le  IV.— Gold. Effect o f Overstrain and Heat-Treatment (Tests 
to Fracture) Rate o f Pulling in all tests 0'05 in.¡in.¡minute.

Speci
men
No. Condition.

Ulti
mate

Tensile
Strength,
Tons/in.*.

Elonga
tion, 
on 2 

in., Per 
Cent.

Reduc
tion in 
Area, 
Per 

Cent.

1 Annealed as received . . . . . . 7-89 73 904 »* „  „  - f  5 per cent, tensile overstrain 7-97 65 876 »  »  ,, +  5 per cent, tensile overstrain 
+  i  hr. at 200° C.2

8-20 64-5 93-5
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T a b l e  \ . Silver. Properties of Annealed (As Received) Material 
(Extensomeler Tests).

Speci
men
No.

Condition.

Bate of 
Stress

ing, 
Ton/ 
in.*/ 

minute.

Lim it 
of Pro
portion

ality, 
Tons/ 
in.*.

0-01% 
Proof 

Stress, 
Tons /  
in.*.

Young’s
Modu

lus,
Lb./in.*
-r 10*.

M axi
mum
Stress

Ap-
plied,
Tons/
in.*.

Strain 
X 10* 

at 
M axi
mum 

Stress.

Per
manent 
Strain, 
X 10*.

1 Annealed as received 01 0-3 0-7 10-3 10 14-16 12-065 »  »  » 0-1 nil 10 11 '50 9-406 ” 01 0-3 0-65 11-1 10 22-02 10-90
2 Annealed as received 0-01 nil 1-0 5-76 3-683 » »  a  j j 001 nil 10 8-42 6-404 »* *> »» 001 nil 10 5-28 3-30
2 1 hour at 500° C. 001 0-4 0-9 10*7 1-0 3-70 1-702 1 hour at 700° C. 001 nil 10 23-38 21-40

T a b l e  \ I .  Silver. Effect o f 5  per Cent. Overstrain on Annealed 
Material (Extensomeler Tests).

Specimen
No.

Limit of Pro
portionality, 

Tons/in.*.

0-01% Proof 
Stress, 

Tons/in.*.

Young’s
Modulus,
Lb./in.*
-r 10«.

Maximum
Stress

Applied,
Tons/in.*.

Strain 
X 10« at 

Maximum 
Stress.

Permanent 
Strain, 
x  10*.

2
3

1-90
1*30

3-70
3-30

10-1
10-1

3-76
3*76

912
1000

0-80
1-34

T a b l e  VII.—Silver. Effect o f  lleat-Trealment after 5  per Cent. 
Overstrain (Extensomeler Tests).

Speci
men
No.

Heat-
Treatment.

Lim it of 
Propor

tionality, 
T ons/inX

0-01%
Proof

Stress,
Tons/in.*.

Young’s
Modulus,
Lb./in.»

10».

Maximum
Stress

Applied,
Tons/in.*.

Strain 
X 10‘  at 

Maximum 
Stress.

Per
manent 
Strain, 
X 104.

2 1 hr. at 200° C. 1-80 3*5 10*1 3*34 7*70 0-481 hr. at 350° C. 1-20 3-15 10-3 3*76 11*24 2-625 1 hr. at 700° C. 0-30 0-5 11*3 0-63 6*12 502

T a b l e  V III.—Silver. Effect of Speed of Testing (Tests to Fracture).

Speci
men
No.

Condition.
Itate of 
Pulling, 

In./in./minute.

Ultimate
Tensile

Strength,
Tons/in.*.

Elongation on 
2 in., Per 

Cent.

Reduction 
in Area, 

Per Cent.

1 Annealed as received 005 9*61 65 91*54 »> >* >» 001 9-19 60 900 »  «» tf 001 9*16 67*5 91
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T a b le  IX .— Oxygen-Free Copper. Effect o f Annealing (Extensometer

Tests).

¿

ao
S
'S
yj

Condition.

Li
m

it 
of 

P
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po
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na
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y,
 

T
on

s/
in

.*
.*

£  -.s
a î l ï
s i eo

CJr<
. +

f l 4

1
a

| l l

3 1

s em Pe
rm

an
en

t 
St

ra
in

, 
x 

10
*.

0 As received (hard) 2-2 8-1 1S-3 8-0 10-4 0-6214 „  +  1 hr. at 200° C. 3-4 9 -0 18-7 9-2 11-78 0 -55
0-2 „  + 1  hr. at 500° G. A.C. 0 6 1-4 15-3 2 -0 7-80 5 -260-3 „  -{- i  hr. at 650° C. A.C. 0-6 1-3 15-7 2 -0 7-40 fi-00
7 „  +  1 hr. at 500° G. F.C. 0-6 1-4 16-4 2 -0 6-85 4 -5815 „  +  1 hr. at 500° C. F.C. 0-36 1-5 17-3 1-6 3-36 1 -2016 „  H- è hr. at 650° G. F.C. 0-37 1-48 17-9 1-625 3 -40 1-40

A.C. =  Air-coolcd. F.C. =  Furnace cooled.

T a b le  X .— Oxygen-Free Copper. Effect o f Overstrain on Material 
Annealed I Hr. at 500° C.F.C. (Extensometer Tests).

Bpeci-
men
No.

Amount of 
Overstrain, 
Per Cent.

Limit of 
Propor

tionality, 
Tons/in.*.

0-01%
Proof
Stress,

Tons/in.*.

Young’s 
Modulus, 
Lb./in.« 
4- 10*.

Maximum
Stress

Applied,
Tons/in.*.

Strain 
X 10* at 

Maximum 
Stress.

Per
manent 
Strain, 
x  10*.

1 5 2 -6 4 5*7 15-8 6-08 9 -60 1*20
17 5 2 -2 0 5 -9 5 15-7 6-00 9 -20 0-68

8 10 2 -16 7-9 16-5 9*54 14-32 1-06
9 15 2 -0 0 8-4 17-7 10-20 14-42 0-78

T a b le  X I.— Oxygen-Free Copper. Effect o f Heat-Treatment after 
Overstrain (Extensometer Tests).
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5 2-42 5-8 15-7
2 5 1 hr. at 100° C. 2-62 6-1 16-2 6-84 10-76 1-443 6 1 hr. at 200° C. 2-44 5-7 16-2 6-49 10-12 1-16
4 5 1 hr. at 300° C. 1-80 5-2 16-5 6-04 9-94 1-765 5 1 hr. at 400° C. 1-80 5-1 17-3 6-42 12-42 3-5S
6 5 1 hr. at 500° C. 1-00 4-7 17-8 5-62 10-00 2-22

24 a 1 hr. at 500° C. 0-73 4-2 18-2 5-36 12-32 4-42
9 15 2-00 8-4 17-7 10-20 14-42 0-78

12 15 1 hr. at 200° C. 1-88 8-5 17-7 9-36 13-04 0-64
18 15 1 hr. at 300° C. 1-55 7-2 17-9 8-82 12-32 0-5619 15 1 hr. at 400° C. 0-88 6-2 18-5 8-76 12-46 0-70
13 15 1 hr. at 500° C. nil . . . 1-975 5-88 3-60
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T a b le  X II .— Oxygen-Free Copper. Effect o f Very Small Amounts 
o f Overstrain (Extensomeler Tests).

Speci
men
No.

Overstrain, Per Cent. Treatment after 
Overstrain.

Lim it of 
Propor

tionality, 
Tong/inX

Young's 
Modulus. 
Lb./in.« 
~  10*.

Per
manent 
Set, Per 

Cent.

20 nil
0 033 
0 0358
0-0358 +  0-0412 
0-0358 +  0-0452 
0-0358 +  0-0452 +  0 0420

nil
nil

1 hr. at 500° C. 
nil

1 hr. at 600° C. 
nil

0-37
1-24 
0-62 
1-03 
0-54 
0-86

18*4
17-7
18-3 
17-3 
18*1 
17-6

0033
00358
0*0412
0-0452
0-0420
0-0468

I a b l e  X III. Oxygen-Free Copper. Effect o f Overstrain and Heat- 
Treatment (Tests to Fracture).

(Rate of Pulling in all Testa 0-05 in./in./minute.)

Speci UltLmate Elonga- Reductionmen Condition. Tensile tion, on in Area,
No. Strength, 2 in .. Per Per

Tons/in.*. Cent. Cent.

Ü
7

As r c e e iv c d  
1 h r. at 200° C. P.C. . 
1 hr. at 500° C. F.C. .

18-5
18-2
13-65

29
28-5
58

85-5
86
8615 1 h r. a t  500° C. P.C. . 13-73 62 9010 i  h r. at 650° C. P.C. . 13-68 62 S8-516 1 hr. at 050° C. P.C.................................. 13-76 63 901 1 hr. at 500 C. 1< .C. ! - 5 per cent, overstrain 

1 hr, at 500° G. 1* ,C. -f- 5 per cent, overstrain
14-15 58 8717 13-S2 58-5 889 1 hr. at 500° C. P.C. -f- 5 per cent-, overstrain

+  1 hr. at 100“ C. . . . . 14-47 58-5 883 1 hr. at 500° C. P.C. -f- 5 per cent, overstrain
+  1 hr. at 200° C........................................... 14*55 60 86-54 1 hr. at 500° C. I1 .C. 4* 5 per cent, overstrain
+  1 hr. at 300“ C........................................... 14-40 59 85-55 1 hr. at 500° C. P.C. ~ 5 per cent, overstrain

6
+  1 hr. at 400° C........................................... 14-25 60-5 87-51 hr. at 500° C. P.C. -f  5 per cent, overstrain
+  1 hr. at 500“ C........................................... 14-48 63 8729 1 hr. at 500° C. P.C, -j- 5 per cent, overstrain

8
+  1 hr. at 500“ C........................................... 14-3 61 891 hr. at 500° C. P.C. - f  10 per cent, overstrain 14-75 54 860 1 hr. at 500° C. P.C. -f- 15 percent, overstrain 15-43 46 85-512 1 hr. at 500° C. F.C. +  15 per cent, overstrain

18
+  1 hr. at 200° C........................................... 15-72 49 8S1 hr. at 500° C. P.C. - f  15 per cent, overstrain

19
+  1 hr. at 300“ C........................................... 15-18 * S7-51 hr. at o00° C. P.C. 15 per cent, overstrain

13
+  1 hr. at 400° C...........................................

1 hr. at 500“ C. ï  .C. -f- 15 per cent, overstrain
14-SO 48-5 88

———
+  1 hr. at 500“ C............................................ 13-70 66-5 91

* Broke at gauge-mark.
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T a b le  XIV.— Oxygen-Containing Copper o f Very High Purity. 
Effect o f Annealing {Extensomeler Tests).
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1 Aa received . . . . 1-97 9-2 i o n 12-5 15-84 0-9G10 »» „  +  1 hr.  at 2 0 0 ’  C.  . 1-27 6-9 20-4 907 10-92 0-41
99 „  +  1 hr. at 500° C. P.C. nil 2-68 8-48 5- OS
99 nil 1-21 4-00 2-70

3 „  +  1 hr. at 600" C. P.C. nil ... 2-98 5-17 1-50

T a b le  X V .— Oxygen-Containing Copper. Effect of Overstrain on 
Annealed Material (Extensomeler Tests).
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T a b le  X V II,— Oxygen-Containing Copper. (Tests to Fracture.)
(Rato of Pulling in all Tests 0-05 in./in./minute.)

Speci
men
No.

Condition.
Ultimate
Tcnsilo

Strength,
Ton/in.*.

Elonga
tion, ou 2 
in ., Per 
Cent.

Reduc
tion in 

Aren, Per 
Cent.

1 As received (hard) . . . . . 23*8 * 58-5
10 „  +  1 hr. at 200° C. 23-6 9t 64-7
2 „ + 1  hr. at 500° C. F.C. 15-0 50-5 83-6
8 >» i> »» jj >» »» m 150 43t 80-5
3 „  „  600° C.

As received - f  1 hr. at 600° C. F.C. 4- 5 per 
cent, overstrain . . . . .

15-05 42-5 83-3
9

15-55 38f 77
4 As received +  1 hr. at 000° C. F.C. -|- 5 per 

cent, overstrain +  1 hr. at 200° C. 15-6 40-5 82-7
5 As received +  1 hr. at 600° C. F.C. 4- 5 per 

cent, overstrain 4- 1 hr. at 300° C. 15-5 41-0 79-8
6 As received 4- 1 hr. at 600° C. F.C. -f- 5 per 

cent, overstrain 4- 1 hr. at 400“ C. 15-4 36-0 79-8
7 As received - f  1 hr. at 600° C. F.C. 4- 5 per 

cent, overstrain 4- 1 hr. at 500° C. 13-8 43-5 79-2
11 As received 4- 1 hr. at 500° C. F.C. 4- 5 per 

cent, overstrain . . . . . 15-75 * 77
12 As received 4-  1 hr. at 500° C. F.C. 4- 5 per 

cent, overstrain 4- 1 hr. at 300° C. 15-8 * 80
13 As received - f  1 hr. at 500° C. F.C. 4- 15 per 

cent, overstrain . . . . . 17-25 22 74-5

* Fractured at gauge-mark. -f Fractured closo to gauge-mark.
. F.G.—Furnace cooled.

D ISC U S S IO N .
M r. J. C. C h a s t o n ,*  B.Sc., A.R.S.M. (M em ber): Table IV  records the 

interesting result that, after tensile overstrain and re-annealing, the tensile 
strength o f the gold annealed “  as received ”  increased from 7'89 to 8-2 tons/ 
in.2. Have any observations been made on grain-size and was it different 
after the second anneal'! Such observations as these become o f  much greater 
interest if  mechanical results can be correlated with microscopic structure.

Dr. H u d s o n  ( in  reply) : W ith regard to the precise definition o f  sensitivity 
o f  measurements o f  properties such as the limit o f  proportionality, it should 
be realized that the limit o f  proportionality in non-ferrous metals is, after all, 
an arbitrary value and must be defined very closely in the way suggested in 
this paper.

In reply to Mr. Chaston, I would say that the specimens o f  gold and 
silver, which were sent to us already machined, were lent for the purpose of 
tensile testing, and we did not feel at liberty to cut them up and make an 
extensive general examination. W e agree, however, that the correlation of 
mechanical test results with structure is an extension o f  the work which 
should be undertaken.

* Lecturer in Metallurgy, Royal Technical College, Glasgow.
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CORRESPONDENCE.
Dr. E, W. F e l l ,*  M.Sc. (M em ber): I wish that the authors had given 

more information about the specimens they describe.
I desire to discuss the question o f  the interpretation o f  stress-strain 

characteristics, that is, why the curves have the shape they do. In general, 
a stress-strain curve may be compared to a function o f  several independent 
variables, thus:

x Jt the chemical analysis o f  the specimen;
the metallographic structure o f  the specimen;

x3, the temperature o f  the specimen;
■t4’ &o., stress conditions, in which, for brevity, the rate o f  stress applica

tion may be included.

Whereas chemical analysis and rate o f  Btress application have been care
fully determined and recorded in the paper, as is very desirable, there is no 
reierence to the dimensions o f  the individual crystals o f  which the specimens 
are comprised (x2)- This is unfortunate, as I  believe that the study o f stress- 
strain characteristics would be much assisted if  such data were given in 
papers of this kind. The characteristics for the same metal may differ owing 
to variation o f  crystal size alone. This may have a remarkable influence in 
he ease o f zinc and iron. Zinc is an extreme example, however, as the stress- 

strain curve for the single crystal may lie very near the strain axis, whilst that 
lor the annealed polycrystalline metal lies near the stress axis. Thus, for zinc 
and other metals, it. should be possible to construct a family o f  curves, each 
curve being defined by a corresponding crystal size, other conditions being

Another illustration is the well-known and general relation, resembling a 
parabolic one, between grain-size (in crystals per mm.2) and hardness, which 

° f  electrolytic copper subsequently cast, rolled, and annealed, is 
shown by Angus, and Summers.f Thus, i f  the hardness varies, as measured 
i  ball-penetration methods, it may lie concluded that the stress-strain 

characteristics will vary also.
,, ^ e  working and heat-treatments used by  the authors may have influenced 
he crystalline structure, and the crystal size o f  the original material used 

niay modify the effects o f  the subsequent working and heat-treatments to 
some extent.

On p. .110, the authors refer to some variation in initial condition o f  the 
gold specimens, although they were received in a nominally fully-annealed 
■ondition. To what is this to be attributed ?
, , r the oxygen-free copper, the curves 1, 5, and 6 o f  Fig. 2 differ remark- 

a y, and the annealing temperature and time seem considerable. What is the 
Mneal° d ' ^  seems that the material may be also largely recrystallized and

I wished to compare curve 1 o f Fig. 3 with Taylor’s curve for polycrys- 
line copper referred to subsequently. Can data be given for crystal size* in 

e specimens ? In view o f  the fundamental nature o f the curves in Fig. 3, it 
seems desirable and necessary to give the actual stress and strain figures from 
t k* . y  are derived, for avoidable error may result if an attempt were made 

obtain the figures direct from the curves, due partly no doubt to reduction 
reproduction. Several o f  the dots on the curves, which represent actual 

^ ™ ° ns, are rather indistinct.
reference is made on p. 121 to work o f Taj’lor in finding parabolas to fit

* Lecturer in Metallurgy, Manchester University, 
t  J- Inst. Metals, 1925, 33, Fig. 7 on p. 124.
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similar curves. On p. 389 o f  his paper, a stress-strain curve o f  “  polycrys- 
talline copper ”  is given and a parabola fits it very well in the lower part of 
the curve. Unfortunately, no other details o f  the copper are given. Varia
tions introduced by omission o f  these details m ay bo considerable and may 
affect the choice o f  his parabola.

Regarding the authors’ equations o f  the parabolas given on p. 121, the 
coefficient in front o f  the square root sign may, for any one o f  the metals in 
the pure and annealed state, bo regarded to some extent as dependent on 
crystal size, that is, as a variable parameter for an associated group o f  stress- 
strain curves, provided that tho equation does not alter otherwise. This is 
quite general as a similar comment would apply to temperature (x3), for 
example, i f  it alone were allowed to vary instead o f  crystal Bize.

I do not wish to give undue prominence to  the effect o f  crystal dimensions 
in the interpretation o f  stress-strain characteristics, because I feel that other 
considerations such as the nature o f  the metal itself will be o f  more significance 
ultimately.

The A u t h o r s  (in rep ly ): The work has shown that the presence o f  very 
small amounts o f  cold-ivorking can be detected by  examination o f  tho stress- 
strain relationship for tho material. In the preliminary preparation o f  the 
gold specimens, as described on p. 112, it is probable that some slight working 
produced in the machining operations was not completely removed during the 
final anneal o f  10 minutes at 500° C. The probability o f  this is indicated hv 
the test recorded on p. 124, where a specimen o f  gold overstrained by only 
0-147 per cent, was found to have a limit o f  proportionality o f  0-4 ton in.2 after 
a treatment o f  10 minutes at 500° C.

The difference between the curves 1, 5, and 6 o f  Fig. 2 for oxygen-free 
copper may be explained in a similar manner. The effect o f  annealing is more 
pronounced after a largo amount o f  cold-work than after a small amount. 
Curvo No. 6 o f  Fig. 2 suggests that annealing for 1 In-, at 500° C. after only 
5 per cent, overstrain is insufficient to give fully-annealed material.

It is not possible, nor in fact desirable, in a paper o f  this description to give 
all the details o f  data from which the results are obtained. In order to meet 
Dr. Fell’s wish for the actual stress and strain figures used in plotting the curves 
in Fig. 3 the authors have forwarded to the Institute tables giving these figures.*

Although no detailed metallographio examination has been carried out and 
no grain-size determination made, some idea o f  the structure o f  the materials 
examined is given by  the photographs shown in Figs. A -E  (Plates X V I-X V II).

* These tables will be preserved in tho Institute’s archives and may be consulted 
on application to tho Librarian.
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THE EFFECT OF MANGANESE ON THE “ AN- 7 6 8  
NEALING BRITTLENESS ” OF CUPRO
NICKEL.*

By B. K. BOSE,t M.Sc., D.I.C.

Sy n o p s is .
An investigation has been made of the effect of manganese on the 

brittleness which may appear in the eupro-nickel alloy (copper 75 : nickel 
25 per cent.) when annealed at temperatures exceeding 700° C. .Previous 
observations that this brittleness, in the absence of manganese, is caused 
by the precipitation of graphitic carbon at the grain boundaries have been 
confirmed.

The elimination of this tendency to brittleness by the addition of man
ganese has been investigated by measurements of its effect on the physical 
properties as determined by elongation, tensile strength, and impact tests.
These tests have been supplemented by chemical analyses and by an 
examination of the microstructure.

I n t r o d u c tio n .

The phenom enon of “  annealing brittleness ”  in certain nickel-copper 
alloys has long been observed, and attempts have been made from time 
to time to explain it and to discover the best remedy. It is now accepted 
that the cause of this peculiar behaviour lies in the fact that nickel 
absorbs a considerable amount of carbon, which under certain con
ditions separates out in such a manner as to cause brittleness. F. C. 
Thompson and W . R . Barclay 1 were probably the first to offer an 
explanation of this phenom enon, from a study o f the microstructure and 
from the analysis which, indicates the presence of free carbon in the alloy 
after annealing. They showed that this brittleness was due to precipita
tion of free carbon at the grain boundaries, forming an intercrystalline 
network, which took place on annealing within a certain range of 
temperatures. A  total carbon content of less than 0'04 per cent, was 
found to be rarely harmful. The exact conditions for this absorption 
and precipitation o f carbon will not be clearly understood, however, until 
the equilibrium diagram o f the nickel-copper-carbon system has been 
established. T. Mishima 2 claimed to have established this diagram, 
but, apart from this statement, unfortunately no further information 
about his work is available in the English language. This brittleness 
ippears in the cupro-nickel alloys only when they are annealed at a

* Manuscript received November 25, 1936. t  The Mint, Bombay.



temperature above 700° C., and reaches a maximum at about 800° C., 
provided, of course, that there is present in the alloy a certain minimum 
percentage of total carbon.

P r e l im in a r y  I n v e stig a t io n s .

Several instances of such “  annealing brittleness ”  in the case of 
75 : 25 cupro-nickel coinage alloy came to the author’s notice. In all 
these cases the cast bars rolled well, but the blanks developed extreme 
brittleness after annealing. It was found on analysis that all the brittle 
blanks contained large amounts of graphitic carbon, although none or 
little was present before annealing. Other blanks which were annealed 
at the same time, but which were not brittle, were found to be free from 
graphite. The brittleness was thus assumed to be due to the presence of 
free graphitic carbon in the metal. It should be noted that although 
the annealing temperature for cupro-nickel blanks is normally kept 
below 700° C., in the several instances under review it was certainly 
increased accidentally to much above 700° C. The good blanks were 
re-annealed at 800° C., but still showed no evidence of brittleness, and 
no separation of free graphite. The total carbon content of these 
blanks was 0052 per cent, and, therefore, that amount of carbon must 
be within the safe limit.

The brittle blanks were re-melted with twice the usual amount of 
cupro-manganese, which is always added as a deoxidizer in ah amount 
corresponding to about 01  per cent, manganese. Annealed blanks 
from this re-melt showed a distinct improvement as regards brittleness, 
although they were still not satisfactory. The total and the free carbon 
in these were less than before, as will be seen from Table I. It was 
thought at the time that the extra amount of manganese added might 
have helped to eliminate some of the harmful carbon and thus improved 
the metal, and it was argued that a sufficient amount o f manganese 
might eliminate all the carbon. Although subsequent investigation 
belied this assumption, as will be seen later, it led to some interesting 
observations. Fig. 1 (Plate X V III) shows the microstructure of a brittle 
blank without etching.

T a b le  I.
Total Graphitic

Carbon, Carbon,
Description, Ter Cent. Per Cent.

Good blank . . . . . . .  0-052 nil
Brittle b l a n k .............................................................. 0104 0-084
Remelted brittle blanks (annealed) , . . 0-079 0-038

P r e s e n t  I n v e s t i g a t i o n .
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The present investigation was undertaken to discover whether 
manganese has any influence on the absorption of carbon by cupro
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nickel alloy and on the subsequent deterioration of the alloy on annealing 
at a moderately high temperature. The investigation was confined 
to the 75 :25  copper-nickcl alloy. The scheme of the work con
sisted in preparing a number of alloys o f copper and nickel in the 
exact proportion of 75 : 25 containing about OT per cent, carbon and 
varying amounts of manganese from 0 to 1 per cent. Some specimens 
containing 5 per cent, manganese were also prepared. The alloys so 
prepared were annealed at 800° C., the temperature at which the 
maximum brittleness takes place, and the carbon contents and the 
physical properties o f the alloys before and after annealing were then 
determined and compared.

The influence of manganese on the absorption of carbon and on the 
precipitation of free graphite on annealing was found by estimating the 
amounts of the total carbon and of the free graphitic carbon before and 
after annealing for each of the alloys.

As regards the degree o f deterioration or brittleness suffered by the 
specimen after annealing, some difficulty arose about the best method of 
comparison. Thompson and Barclay1 took the number of bends 
endured by a strip as the measure of its brittleness. Although that 
method was perfectly satisfactory in giving comparative results when 
performed under strictly identical conditions, it has the disadvantage 
that it is not a standardized method. The Brinell hardness number was 
found to give no indication of the degree of brittleness. The Izod impact 
test, which is in fact a measure of toughness, may, under certain 
conditions, be also a measure o f brittleness, but it gives misleading 
results under others. Thus, although a work-hardened material does 
not become more brittle on annealing, it may sometimes show a lower 
Izod impact value. The percentage elongation in the tensile strength 
test was considered to be the best available measure for the kind of 
brittleness under investigation. A further advantage of the test was 
that the tensile strength was also obtained at the same time, thus giving 
further important data for comparison. Izod impact tests were carried 
out, however, in the case of a number of specimens, and gave valuable 
results.

Finally, the structure of the alloys was examined microscopically in 
an endeavour to correlate their physical properties with the structural 
constituents, and if possible to find a plausible explanat ion for the results 
of the observations.

Experiments and Their Results.
The purest materials obtainable in large quantities were used in 

making up the alloys. Pure electrolytic copper and small pellets of



136 Bose : The Effect of Manganese on the

Mond nickel (004 per cent, carbon) were used; the manganese was 
98 per cent, pure, the rest being mostly iron. The small amount of iron 
thus introduced with the manganese was not likely to have any 
appreciable effect on the properties of the alloy. Carbon was introduced 
in the form of finely powdered graphite. A sufficient amount of carbon 
-—about OT per cent.— which would ordinarily cause the alloy to become 
brittle on annealing was introduced in the alloys. Difficulties were at 
first encountered in always introducing the desired amount of carbon 
simply by melting the metals mixed up with graphite powder. It was 
found necessary to prepare an alloy of nickel and carbon and to use this 
carboniferous alloy in making up the cupro-nickel alloy in requisite 
amounts. This nickel-carbon alloy was prepared by melting nickel 
pellets mixed with a large excess of graphite powder in a high-frequency 
induction furnace. The alloy thus prepared contained about 2 per cent, 
carbon.

Attempts were made at first to melt the cupro-nickel alloys in the 
high-frequency induction furnace, but these were unsuccessful. The 
failure was due to the large differences in the electrical resistivity of the 
different materials in the charge, and it was found that one spot might 
be intensely hot while some metal remained unmelted at another, It 
was also found difficult to control the temperature of the melt and the 
pouring temperature, thus giving unsound castings. A  gas-fired furnace 
with an air blower was also tried, but was subsequently abandoned in 
favour of the ordinary coke-fired wind furnace. By using good-quality 
coke there is less danger of contamination with undesirable furnace gases 
in a coke furnace than in a gas-fired furnace. The coke-fired furnace, 
when once properly heated, gave a more evenly distributed heat and was 
more reliable, amply compensating for the extra care in manipulation.

Deep piping running through a great length of the castings was at first 
a great source o f trouble, but it was overcome by very careful regulation 
in the rate of pouring, a too rapid rate giving the maximum piping and a 
too slow one giving a discontinuity in the metal. The alloys were 
melted in Salamander crucibles, well covered with charcoal, and were 
poured through a jet of flame in order to prevent oxidation while 
pouring. Manganese was added, shortly before pouring, in the form 
of a coarse powder wrapped in copper foil; the molten alloy was 
thoroughly stirred with a graphite rod. The alloys were chill-cast in 
an iron mould dressed with graphite powder and heated to about 200° C. 
before pouring. The pouring temperature was kept at about 1250° C. 
The castings were in the form of cylindrical bars 16 in. long and of about 
1J in. diameter

Each cast bar was cut into two, one half was kept in the “  as cast ”
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condition, and the other was annealed. In order to obtain strictly 
comparable results, test-pieees were made from the saíne bar for 
“  before annealing ”  and “  after annealing ”  tests. The annealing was 
at first carried out in an electric tube furnace in an atmosphere of 
nitrogen, to avoid any oxidation. Nitrogen from a cylinder, which often 
contains traces of oxygen, wras purified by passing over a heated coil of 
copper and was then passed through the annealing furnace. It wa3 
feared that on annealing under charcoal the bars would absorb carbon 
and thus vitiate the results, but on careful analysis no such absorption 
of carbon was detected, at least not beyond the outer slcin, which was 
always removed before taking a sample for analysis. The bars were, 
therefore, later annealed in an ordinary furnace after being tightly packed 
in powdered charcoal. The annealing temperature was maintained at 
800° C. for 2J hrs. and the bars were allowed to cool slowly with the 
furnace.

British standard tensile test-pieees of 2 in. gauge-length were 
prepared from the annealed and unannealed portions o f the bars. 
The ease or difficulty wúth which the specimens were machined was 
exactly in accordance with their degree of brittleness as subsequently 
revealed—those which were later found to be brittle required an extra 
amount of care in machining, especially at the finishing stages. The 
turnings from the brittle bars crumbled up into small pieces, whereas 
those from the good ones were in the form of spirals several inches long.

The ultimate tensile strength and elongation are given in Table II.

T a b le  II.

Specimen
No.

Man
ganese,

Per
Cent.

Elongation on 
2 in ., Per Cent.

Los 8 in 
Elong

ation on 
An

nealing, 
Per 

Cent.

Ultimate Tensile 
Strength, 
Tons/in.*.

Loss 
in Ulti
mate 

Tensile 
Strength 
on An
nealing, 

Per 
Cent.

Izod Value, 
Ft.-lb.

Brinell 
Number 
(2 mm. 
Ball, 30 

kg. 
Load).As

Cast.
An

nealed.
As

Cast.
An

nealed.
As

Cast.
An

nealed.

1 nil 21*5 19*32 24 106
1A n 8-5 130 11*36 7*96 5 88
2 0-1 30-5 19*84 24 100
2A 17-5 130 14-52 5*32 14*5 94
3 0-25 30*5 19*80 100
3A 13-5 17-0 13*60 6*20 97
4 0-5 29-5 18*50 104
4A 26-5 30 16*44 2*12 101
5 1-0 30-5 16*84 34 100
5A 30-0 0-5 16*76 0*08 53 96
6 5'0 38 104
6A »» 42 97
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Several round standard test-pieces (045 in, diam.) for notched-bar Izod 
impact test were also prepared. The results of the Izod tests are given 
in the same table. Brinell hardness numbers, using a 2 mm. ball and 
30 kg. load in a Firth’s Hardometer, are also included.

Samples for analysis were taken from the turnings from the specimen 
and were thoroughly washed with ether to remove any trace of oil, &c. 
The total carbon content was estimated by combustion in a stream of 
oxygen. Asbestos impregnated with ferric oxide was introduced into 
the combustion tube next to the boat to ensure complete oxidation of any 
carbon monoxide formed. For the determination of free graphitic 
carbon, weighed quantities of samples were dissolved in warm dilute 
nitric acid (1 :4 ). The separated carbon was filtered and washed 
through asbestos in a platinum filtering boat, dried at 110° C. and the 
carbon estimated by combustion. The carbon contents found by 
analysis are shown in Table III.

T a b le  III.

Specimen
No. Manganese, 

Per Cent.
Total Carbon, 

Per Cent.

Graphitic Carbon, Per Cent. Combined 
Carbon, Per 

Cent. (By 
Difference).As Cast. Annealed.

1 nil 0 -108 0 -0 0 4
1A „ „ 0 -0 4 4 0 -0 6 42 01 0 -109 t r a c e
2A „ y> 0 -0 5 4 0 -0 5 5
3 0 -2 5 0 -081 tra ce
3A „ it 0 -0 6 0 0-021
4 0 -5 0 -139 tra ce
4A ,, » 0 -087 0 -0 5 2
5 1-0 0-111 nil
5A „ M 0 -0 7 9 0 -032
G 5-0 0-121 0 -0 0 7
6A ” 0 -0 5 2 0 -069

Discussion of Results.
From Table II it will be seen that the addition o f manganese to the 

extent of 1 per cent, had no marked effect on the physical properties of 
the alloy in the “ as cast ”  condition, except that there was an improve
ment in the elongation on the first addition of 0-l  per cent, manganese. 
This was most probably due to the deoxidizing effect of manganese. 
The remarkable effect of the addition o f manganese is at once apparent, 
however, when the physical properties of the annealed specimens are 
considered. Specimen 1A containing no manganese became extremely 
brittle on annealing, the percentage of elongation being only 8'5, the



“ Annealing Brittleness ” of Cupro—Nickel 139
actual loss in ductility as compared with that in the unannealcd condition 
being 13'0 per cent. There was no great improvement in the metal 
until about 0"5 per cent, of manganese had been added. Beyond that 
there was a rapid increase in ductility, the maximum improvement 
being reached with a manganese content of 1 per cent, at which stage 
the percentage of elongation after annealing is practically the same 
as that before annealing. The beneficial effect of manganese on the 
alloy in the annealed state is also reflected in the ultimate tensile 
strength which increases with increasing content of manganese. The 
effect is more pronounced in the loss in strength caused by anneal
ing, the loss being practically nil with TO per cent, manganese. In the 
case of impact tests also there was a very marked improvement on the 
addition of manganese. One rather interesting observation was that 
with 1 per cent, manganese the toughness of the alloy was actually 
increased on annealing, the Izod value being increased from 34 to 53 ft.- 
lb. There was also a similar increase in Izod value with 5 per cent, 
manganese, but to a smaller extent. The Brinell hardness numbers 
show a remarkable uniformity and are not much affected by annealing 
or addition of manganese.

Table III shows that the total amount of carbon taken up by the 
alloy bears no relation to the amount of manganese added; thus, 
contrary to the original assumption that it inhibits the absorption of 
carbon, it was found that manganese had no effect on the total amount, 
of carbon present in the alloy. In spite, however, of the fact that all 
the alloys were melted under precisely the same conditions, excepting 
that different amounts of manganese were added, carbon was taken 
up by the alloys in variable quantities, the reason for which could not 
be ascertained. In each case, however, the amount of carbon was well 
above that which wTould, in ordinary circumstances, cause brittleness 
on annealing.

The specimens before annealing contained either little or no free 
graphitic caTbon, but after annealing all the specimens contained varying 
amounts of free carbon. Here again, no relation could be established 
between the amount of manganese added and the amount or proportion 
of free carbon separated on annealing. Thus, there w’as the difficulty 
that although by the addition of manganese in a sufficient amount there 
was a remarkable decrease in the harmful effect produced by  the carbon 
precipitated on annealing the copper-nickel alloy, there was no change 
in the amounts of either the total carbon absorbed or the free carbon 
precipitated on annealing.
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Microslructure.
The explanation, therefore, must lie in the way in which this 

separation of carbon takes place in the alloy on annealing. A micro
scopic study was made to elucidate this point. Samples were examined 
in the polished condition without etching, to endeavour to get evidence 
of the mode of separation of carbon. Great care had to be taken in 
preparing and polishing the specimens for microscopical examination, 
owing not only to the softness of the alloy but also to the smallness of 
the amount of carbon looked fo r ; both factors increased the danger of 
the metal flowing over and effectively masking the minute particles 
or plates of graphite, i f  any. »The unannealed specimen showed no 
structure on the polished surface, but on etching showed the usual 
cored structure. Fig. 2 (Plate X V III) shows the microstructure of the 
annealed specimen containing no manganese (No, 1A unetched) and is 
similar to that obtained by Thompson and Barclay1 with brittle strips. 
The grains are very large owing to the prolonged annealing at a high 
temperature. The dark lines round the polygonal grains show the 
separation of graphite at the crystal boundaries. Specimen 2A also 
showed a similar structure. Specimen 5A, however, failed to show any 
structure whatsoever on the polished surface. No microscopical 
evidence could be obtained of the presence of free graphite either at the 
grain boundaries or elsewhere, even after repeated and careful polishing 
and under a 2 mm. oil-immersion lens. The absence of graphite at the 
grain boundaries explained the freedom from brittleness of the metal, 
but the presence o f a laTge amount o f free carbon in the metal, as 
revealed by analysis, still remained unsolved. Thompson and Barclay 
found that a brittle strip regained its ductility if reheated to about 
1000° C., and in an excellent photomicrograph they showed that this 
regeneration was due to the carbon which was previously round the 
grains being now present in isolated patches. No such patches of carbon 
could be detected in the present case.

S u m m a r y  a n d  C o n c l u s i o n s .

(1) It has been confirmed that the “  annealing brittleness ”  of 
75 : 25 cupro-nickel is due to the precipitation of free graphite at the 
grain boundaries.

(2) About 1 per cent, manganese cures this “  annealing brittleness ”  
in 75 : 25 eopper-nickel alloys containing about 0'1 per cent, o f earbon.

(3) Manganese, up to I per cent., has little effect on the amount of 
carbon absorbed by the alloy or on the amount of graphite subsequently 
precipitated on annealing.



“ Annealing Brittleness ” of Cupro-Nickel 1 4 1
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R e f e r e n c e s .
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C O R R E S P O N D E N C E .
Me. G e o . F. C o m s t o c k ,*  A.B., Met.E. (M ember): Although the author has 

confined hia paper to the effect o f  manganese on cupro-mckel, c may c 
interested in another method o f  overcoming the trouble which he describes as 
due to the formation o f  graphitic carbon. This other method involves the 
addition o f titanium, either as low-carbon ferro-titamum, or if iron is not per
missible, as niekel-titanium or cupro-titanium. Titanium is .not only a de
oxidizer, but has a strong affinity for carbon, and is used effectively for eliminat
ing the influence o f  carbon on stainless and chromium steels. Titanium 
carbide is very stable and does not break down nor dissolve m  s ee or c 
alloys at ordinary heat-treating temperatures. It requires four times as muc 
titanium as carbon to form the compound, and if titanium is added in a 
equal to about six times the carbon content o f the melt, and not lost by oxida
tion, practically all the carbon is held in combination with titanium and neither 
free carbon nor other carbides can be formed in the alloy. „ ,

This effect o f  titanium on Monel metal and cupro-nickel is described by 
J. A. D u n m f who reported not only the absence o f  graphite m * ^m um - 
treated nickel alloys, but also an improvement in strength and machmability 
compared to the alloys without titanium. I  itanium, therefore, n }  .
to eliminate free carbon from nickel alloys, instead o f merely ca u sin g  a better 
distribution o f  the graphite as is shown by the author to be the eifcct ot 
manganese.

The A u t h o r  (in rep ly ): I  thank Mr. Comstock for the information regard
ing the effect o f  titanium on the elimination o f  the influence o f  carbon on nickel 
alloys. I  shall await with interest the publication o f  Mr. Duma s paper on

- the subject.
* Metallurgist, Titanium Alloy Manufacturing Company, Niagara tails, N .\ ., 

U S A
t j . A. Duma, “  Effect of Titanium on Some Cast Ferrous and Non-Ferrous 

•Metals,”  Amer. Soc. Metals Preprint, 1936 (Oct.).
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THE RESISTANCE OF SOME SPECIAL BRONZES 7 5 0  
TO FATIGUE AND CORROSION-FATIGUE *

By H. J. GOUGH,t D.So., F .B .SI M em be k  o f  Co u n c il ,
and D. G. S0PW ITH.Î B.Sc.Tecli.

S y n o p s is .
Fatigue and corrosion-fatigue tests on {our types of special br0n7.es 

have been carried out to ascertain the suitability of these materials for 
special aircraft purposes. The materials tested were : phosphor-bronze, 
aluminium bronze (9 per cent, aluminium), beryllium bronze (- ' ■ P 
cent, beryllium), and Superston L I89 bronze. The results sb°w that 
corrosion-fatigue resistance of the bronzes compares favourably ■ w 11 
of stainless steels, the beryllium bronze in particular having the highest 
corrosion-fatigue resistance of any material so far investigated by 
authors. The fatigue resistance in air of Superston is exceptionally high 
for a non-ferrous material but the material appears to be somewhat 
susceptible to stress-concentration effects.

I .  I n t r o d u c t i o n .

The fact th at several bronzes have been show n b y  M cA dam  and others 
to have corrosion-fatigue resistances but little  inferior to  their fatigue 
resistance in  air renders an investigation  o f these properties in  the case 
of several special bronzes o f  interest. W h ilst these m aterials m ust e 
regarded as “ h e a v y ”  m etals, sufficiently high resistance to  corrosion- 
fatigue w ould entitle th em  to  serious consideration  as m aterials for use 
in certain parts o f  a ircraft con stru ction . In  particular, claim s have been 
put forward for  bery lliu m -cop per w hich render the further investigation 
of this m aterial desirable, particu larly as no data have been published 
concerning its resistance to  corrosion-fatigue, w hile the available 
knowledge o f  its ord inary fatigue properties is extrem ely meagre.

In a useful summary" by H. W. Gillett 2 of the information hitherto 
available as to the fatigue-resisting properties of bronzes it is statec 
that :

“ P h osph or-bron ze  is  relatively  im m une to  corrosion-fatigue m  
salt- or fresh-w ater, b u t does not have a very  high endurance lim it to

* Manuscript received 30, 1936. Presented at the Annual General
Meeting, London, March 10, 1937, _ , T.t . , T

t Superintendent, Engineering Department, National Physical Laboratory,

Î Scientific Officer, Engineering Department, National Physical Laboratory, 
Teddington.
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P l a t e  XIX.

S olu tion  o f  F erric  C h lorid e . X  100.
S o lu tion  o f  F erric  C h loride . X  100.

F ig . 1.— P hosphor-B ronze Etched in a 
F ig . 2.— Beryllium  Bronze Etched in a



P l a t e  XX.

•Aluminium Bronze Etched in a Solution of Ferric Chloride. X 100. 
-Superston Bronze Etched Elcctrolyticaliy in a 2 Per Cent. Solution 

of Hydrofluoric Acid in Water. X 500.



start, with. Aluminium bronze is outstanding for endurance limit and 
for corrosion-fatigue resistance, among commercial materials. Copper- 
beryllium alloys, with a precipitation-hardening treatment, appear to 
be, on incomplete data, of outstanding possibilities. Their high copper 
content should give them good corrosion-fatigue properties, though this 
of course needs experimental verification.”

In view of the above-mentioned considerations, the programme of 
investigation into corrosion-fatigue now in progress at the National 
Physical Laboratory, on behalf of the Aeronautical Research Committee, 
was extended to include tests on some special bronzes.

A list is given in Table I  of seven special bronzes which would 
appear to deserve investigation; of these, the following four were 
considered to be of particular interest :

(1) Phosphor-bronze (B.S.S. 369 A).
(2) Aluminium bronze (D.T.D. 160).

'  (3) Beryllium bronze (British manufacture).
(4) Superston bronze (D.T.D. 197).

The present paper deals with the results of tests carried out on these 
four materials. In each case, rotating-beam tests have been carried 
out both in air and in salt-spray.

II. P a r t ic u l a r s  o p  M a t e r ia l s .

The materials were supplied in the form of 4 -in. bar, except in the 
case of the beryllium bronze, in which case the diameter was in. 
The condition of the materials was stated by the makers to be as 
follows :

Phosphor-bronze—rolled and drawn, normalized for \ hr. at 275 C.
Aluminium bronze— extruded and drawn (not very much drawing).
Beryllium bronze— extruded and drawn (slight amount of cold- 

work).
Superston bronze— as forged.

It will be noted that the aluminium bronze and beryllium bronze 
were not in a heat-treated condition. It was considered desirable, how
ever, to test these materials in the conditions stated prior to testing them 
in the heat-treated conditions mentioned in Table I, as the condition 
which produces the highest tensile and air fatigue strengths is not 
necessarily the best under corrosion-fatigue conditions, and may indeed 
give very poor results under such conditions. It is intended later to 
test these two materials in the following conditions :
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Beryllium bronze—  (1) Fully heat-treated (quenched from 830° to
850° C. in water).

(2) Solutionized (as (1) but age-hardened at 360° C. 
for 1 hr.).

Aluminium bronze—(1) Quenchcd from 850° to 900° C. in water.
(2) As (1), tempered at 625°-650° C., followed by

slow cooling.

Chemical analyses and microscopic examinations of the materials 
were carried out in the Metallurgy Department of the Laboratory.

The results are given in Table II  and Figs. 1-4 (Plates XIX 
and X X ).
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T a b le  I I .— Chemical Composition of Materials.

Per Cent.

Material and Reference Mark.

Phosphor-
Bronze.
HJO.

Aluminium
Bronze.
HNE.

Beryllium
Bronze.
HMX.

Superston 
Bronze. 
H P P.

C o p p e r 95-56 89-5 97-26 79-83
Aluminium . 8-89 9-73
Tin . 4-23
N ickel. 0-30 4-97
Iron 0-15 0-10 5-42
Beryllium 2-25
Phosphorus . (M3
Zinc i-40
Manganese . trace tra ce

The analyses fulfil the requirements of the specifications (as given 
in Table I) with the exception of the aluminium bronze, in which the 
aluminium is slightly low and the total impurities 1‘55 per cent, as 
against the specified maximum of 0-75 per cent. The microstructures 
shown in Figs. 1-4 (Plates X IX  and X X ) show that the conditions of 
the materials agree generally with those stated. The normalizing of the 
phosphor-bronze (Fig. 1) has not completely removed the effects of 
cold-work, whilst the amounts of cold-work applied to the aluminium 
and beryllium bronzes (Figs. 2 and 3, respectively) have not been 
sufficient to produce visible indications.

Table III gives results of tensile, hardness, and notched-bar teste 
carried out on the materials. All the materials were found to possess 
high values of tensile proof stress, although in some cases, particularly 
Superston, the tensile limit of proportionality was very low.
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T a b le  III .'— Mechanical Properties of Materials.

Properties.

Materia! and Reference Mark.

Plicaplior-
Bronze.

HJO.

Aluminium
Bronze.
HKE.

Béryllium
Bronze..
IIMX.

Superston
Bronze.

IlFP.

Tensile Tests (Mean of 2 ) : 
Ultimate strength, tons/in.2 
Yield-strcss, tons/in.2 . 
Proportional limit, tons/in.2 
0-1 per cent. Proof stress, 

tons/in.2 
0-15 per cent. Proof stress, 

tons/in.2 
Young’s modulus E, lb./in.2

X  1 0 - “ . _ .  
Elongation on 4 ̂ J A , per 

cent. . . . .  
Reduction of area, per cent.

Notched-Bar Impact Tests 
(Charpy Type) .- 

Energy absorbed, ft.lb.
Mean value, ft.lb.

Brindl Tests:
Hardness Number 
Mean value

27-6
27-2
11-0

25-5

26-2

17-7
32-8

77-5

113-6-142-5 
123-9

137, 138 
138

35-7

7-9

1S-6

20-6

17-5
37-0

42-3

19-4-42-6
30-3

150, 151 
150

41-8

13-7

30-7

33-1

16-3
23-4

61-9

166, 179 
172

51-7

2-4

32-8

34-7

18-8
10-8

19-4

6-7-21-1
9-6

221-233
226

I I I .  A p p a r a t u s  a n d  S p e c i m e n s .

The fatigue tests were carried out in rotating-beam machines of the 
N.P.L. type, in which a uniform bending moment is applied over the 
whole length of the test portion by means of equal upward and down
ward loads at the enlarged outer end of the specimen. The cyclic 
frequency in all cases was about 2200 stress cycles per minute, all 
tests were made on an endurance basis of 50 million cycles.

The apparatus used for the fatigue tests in salt-spray has been fully 
described and illustrated in a previous papeT,3 in which are also discussed 
the reasons for using cycles of flexural stresses (rotating-bar machine) 
in preference to cycles of direct stresses. The apparatus, however, 
may be briefly recalled. The test portion of the specimen is enclosed 
in an ebonite “ spray chamber”  provided with holes through which 
project the ends of the specimen. In the side of the chamber an 
injector is inserted, so placed that the spray impinges directly on the 
middle of the test portion of the specimen. The injector is actuated 
by compressed air (passed through a filter to remove any oil), the 
solution is a 3 per cent, solution of common salt in distilled water. 
The resultant spray is in the form of a fine mist.

The form of specimen used is also illustrated in the previous paper,



the specimens being of form la  (except the beryllium bronze specimens 
which, on account of the smaller diameter of the bars supplied, were of 
form 1&), the diameter of the test portion being 0275 in. in each case.

IV. R e s u l t s  o f  F a t ig u e  T e s t s .

The results of the fatigue tests in air and in salt-spray are given in 
Tables IV -V II ; the resulting data are plotted, to logarithmic scales, 
in Figs. 5-8. The deduced values of the fatigue limits in air and of the 
endurance limits in salt-spray are summarized in Table VIII.
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T a b l e  IV.— Results o f Fatigue Teste in Air and Salt-Spray on 
Phosphor-Bronze (Ref. Mark IIJO).

Fatigue Testa in Air. Corrosion-Fatigue Testa in Salt-Spray.

Specimen.
Range of 
Applied 
Stress, 

Tons/in.*.

Endurance
(Millions). Specimen.

Range ot 
Applied 
Stress, 

Tons/in.*.

Endurance
(Millions).

1A dr 15 4 -98 2F ±  20 0-15
IB 4- 14 4 -0 6 2G ±  17 1-59
1C ±  13 1-82 2B ±  15 5-18
ID ±  12 8 '61 2C ±  13 3-28
IE ±  U 6 -05 2E ±  13 11-97
1G ±  10-5 7-67 2A 4- 12 2 5 -5 7
1H dt io 4-07 2D ±  12 5 2 -1 0 *
IF ±  10 5 0 -8 0  *
IK ±  9-5 53-01 *
1J ±  9 5 2 -5 9  *

T a b l e  V.— Results o f Fatigue Tests in Air and Salt-Spray on 
Aluminium Bronze (Ref. Mark IINE).

Fatigue Tests in Air. Corrosion-Fatigue Tests in Salt-Spray.

Specimen.
Range oí 
Applied 
Stress 

Tons/in.*.

Endurance
(Millions). Specimen.

Range of 
Applied 
Stress, 

Tons/in.'.

Endurance
(Millions).

1A 4 - 2 0 2 -3 7 1G ±  20 0-91
IB ± 1 6 3 -62 1H ±  18 1-75
ID -  15 3-25 IV ±  16 3-58
IE 4 -  14-5 29-31 IK 4 -  14 8-93
1C - ±  H 52-52 * 1L ±  12 16-58

1M ±  H 18-51
IN ±  10 59-30 *

* Specimens unbroken.
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T a b l e  VI.—Results of Fatigue Tests in Air and Sall-Spray on 
Beryllium Bronze (Ref- Mark HMX).

Fatigue Teats in Air. Corrosion-Fatigue Testa in Salt-Spray.

Specimen.
Bange ol 
Applied 
Stress, 

Tons/in.1.

Endurance
(Millions). Specimen.

Range of 
Applied 
Stress, 

Tons/In.*.

Endurance
(Millions).

IF ±  25 0-70 2H ± 2 1 2-01
1H ±  25 0-97 2A ± 2 0 0-75
1A ±  20 5-69 2E ±  20 5-51
1C -b 18 6-58 2 G ±  19 11-66
IE ±  17-5 20-32 2D ±  I » 19-59
ID ±  17 13-79 2B ±  18 3-76
1G ±  16-5 27-60 2F ±  18 63-17 *
IB ±  16 55-08 * 2C ±  17 21-84

T a b l e  VII.— Results of Faligue Tests in Air and Salt-Spray on 
Superston Bronze (Ref. Mark UFP).

Fatigue Testa in Air. Corrosion-Fatigue Testa In Salt-Spray.

Specimen.
Ilange of 
Applied 
Stress, 

Tons/In.*

Endurance
(Millions). Specimen.

Range of 
Applied 

Stress, 
Tons/in.1.

Endurance
(Millions).

IB ±  30 0-46 8A ± 2 3 -1 3-33
4B ±  27 1-32 8B 4 - 20 G’93
5B 4 - 25 1-21 8C ±  18 15-93
5A 4 - 24 9-41 9A ±  15-9 24-69
6B -fc 23 6-62 10A ±  14 66-62 *
7B 4 - 22-5 56-82 *
1A ±  21-7 50-05 *

* Specimens unbroken.

D i s c u s s i o n  o f  R e s u l t s .

The results of the fatigue tests in air are quite reasonably regular, 
in all cases a fatigue limit has been clearly developed or at least closely 
approximated to at the fifty million cycles to which the tests were 
carried. The value of the endurance ratio (ratio of fatigue limit for 
reversed stresses to ultimate tensile strength) of O'-i-l recorded for 
Superston bronze is extremely high for non-ferrous metals, and the 
fatigue limit of i  22’7 tons/in.2 for this material is the highest value of 
which the authors are aware for any material other than a moderately 
high tensile steel. The material, however, appeared to be very 
susceptible to Btress concentration eSects. For instance, when the 
first few fatigue tests were carried out on specimens 0 ‘3125 in. in
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diameter in the test portion, with an enlarged end (carrying the ball
bearings) of 0375 in. in diameter, failure occurred in three out of five 
specimens at the collars locating the ball-bearings ; also, in the tensile 
test, failure occurred at the gauge-marks. The fatigue limit of 
rfc 16‘3 tons/in.2 for beryllium bronze in the soft condition may be 
compared with values of ^  20 and ±  13 tons/in.2 obtained at the 
National Physical Laboratory on two bronzes of similar beryllium 
content having an ultimate strength of about 70 tons/in.2.

The corrosion-fatigue tests confirm the authors’ previous experience 
that no indication of a corrosion-fatigue limit is obtained under these 
conditions of test : this applies to all the materials which they have 
tested. The present results for these four bronzes can most suitably be 
represented on the log S — log N  diagram by areas enclosed between 
straight parallel lines as indicated in Figs. 5-8. The width of these 
areas is a measure of the consistency of the resistance of the material 
under corrosion-fatigue conditions. This width is stated in the form 
of a plus and minus percentage variation of stress in Table V III. The 
variation in the case of Superston is extremely small, and that in 
beryllium bronze somewhat higher, but still reasonably small. The 
Superston gives quite a high ratio of corrosion-fatigue endurance limit 
to air fatigue limit in spite of its high notch-sensitivity, which might be 
expected to be accompanied by an equally high sensitivity to stress 
concentration at corrosion pits (see for instance 4). The corrosion- 
fatigue resistances of phosphor-bronze and to a smaller degree beryl- 
lium bronze are higher, at any rate up to fifty million cycles, than the 
fatigue resistance in air. This apparent anomaly is explained by some 
previous work by the present authors,1 in which it was shown that the 
intrinsic fatigue resistance of a material may be considerably higher 
than that developed in normal fatigue tests in air. Thus, the fatigue 
limit of copper (which McAdam had shown also possesses a corrosion- 
fatigue resistance higher than that in air) when tested in vacuo was 13 
per cent, higher than that obtained in normal tests in air.

The data obtained in the present investigation, together with that 
for the six materials previously investigated, are summarized in 
Table VIII. In this Table a column headed “  Stress Ratio ”  is included ; 
this denotes the ratio of the stresses for a tenfold increase of endurance, 
e.g. from 106 to 107 cycles (for the straight portion of the corrosion- 
fatigue log S — log N  curve or band). The stress ratio may be regarded 
as a measure of the damage a material sustains due to corrosion-fatigue, 
the actual height of the curve being influenced also by the initial fatigue 
strength.

The bronzes will be seen to compare very favourably with stainless
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steels. Beryllium bronze * in fact is superior to the best of the stainless 
steels (18/8 Cr-Ni) investigated, the advantage increasing as the 
endurance increases, as the stress ratio for beryllium bronze is also tin 
highest recorded. The variation in the case of the bronzes and the 
stainless steels is also of tlie same order ( i  5 per cent.), and distinct y 
less than that of the materials— carbon s te e l ,  Duralumin, and magnesium 
alloy—of lower corrosion-fatigue resistances. Superston bronze, though 
not so good as beryllium bronze, is almost as good as the 18/8 steel. 
The phosphor-bronze, as stated by Gillett, has, in spite of a low fatigue 
limit in air, a comparatively good corrosion-fatigue resistance, t ic 
ratio of endurance limit in salt-spray to ultimate strength of O'42 for 
this material being equalled only by beryllium bronze, tlw next highest 
values being 0'28 and 0‘27 for Superston and aluminium bronzes, 
respectively. The particular aluminium bronze tested, although having 
a moderately high corrosion-fatigue resistance, cannot, at any rate in 
the condition tested, be considered as justifying Gillett’s remarks quoted 
in the Introduction.
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* It may bo pointed out that at present beryllium bronze is extremely 
expensive, costing about 16 times as much as the other bronzes here dealt wit .
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DISCUSSION.
Mr . A . J . M uurny,* M.Sc. (M em ber): I t  is perhaps a little unfortunate 

that references are made in the paper to D.T.D. specifications, since the 
composition o f  the aluminium bronze does not comply with D .T.D. Specifica
tion iso. 160. I  think that it will lie found that it is not stated in the paper 
that that sample complied with D .T.D . Specification No. 160, but the im
pression may be given that it does. The composition o f  the niekel-iron- 
^mtmnium bronze is within the range specified by  D .T.D. Specification No. 
197, but the elongation is below the minimum o f  that specification. It is only

Fig . A.

right to say that the latter material was not supplied as D.T.D. Specification 
No. 197, and that in normal production bar o f  so small a diameter as J in. 
would not be made by forging but would be extruded or rolled. In this case it 
was a question o f  supplying a small amount o f  material for experimental 
purposes. Those remarks arc, I  think, to the point, because the low elongation 
value reported by  the authors was probably obtained on the ends o f  rods, which 
would be rather cold in the finishing stages o f  forging. Forged bar o f  1 in. 
diameter and heavier readily satisfies the requirements o f D .T.D . Specifica
tion No. 197 and gives elongations o f the order o f  17-20 per cent., the specifica
tion minimum being 15 per cent.

The fatigue limit in air as found by the authors, namely ±  22-5 tons/in. =

* Chief Metallurgist, J. Stone and Company, Ltd., Deptford.



Discussion on Gough and Sopwith s Paper 155
Oil a basis o f 50,000,000 reversals, is in good agreement with our own result 
of + 21-7  tons/in.2. , , . i

I suggest, with all deference, that the authors have unduly emphasized 
their observations regarding the lim it o f  proportionality and notch sensi ivf* 
ness of this D.T.D. Specification No. 197 bronze, and it would be unfortunate 
if this created a wrong impression. In Table II I  a value o f  2-4 tons/m. - 
given for limit o f proportionality, and reference is made to this on p.. J •
We have made many determinations o f  the limit o f  proportionality o 
bronze using the Lam b roller extensometer, and Fig. A  shows a typica a ress 
strain curve obtained in our laboratory. From this we deduce a lmi

\----------------------------------- \
\

\  f i l l e t  r a d iu s 0 ‘ 625 IN.

£ _—». (JN,BROKEN
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O o -
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17-0
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E N D U R A N C E , R E P E TITIO N S  O F STRESS

Fio. B.

proportionality o f 12-8 tons/in.2. The other mechanical properties o f this 
same sample were :

Ultimate tensile stress, tons/in.2 • -jn.oq
0-1 per cent. Proof stress, tons/in.- ■ • • *
Elongation on -iv'A, per cent. .
Brineil hardness number .

The value o f  2-4 tons/in.2 given in the paper is so far removed from 
that we have experienced that we thought at first that there must be some 
error in the report. I  understand, however, that this is not so. I  can only say 
at this stage that it is extremely surprising if  a material with a tensile streng 
of 51 tons/in.2 and a 0'1 per cent, proof stress o f  30 tons/m. has a limit^ot 
proportionality o f  only 2-4 tons/in.2. The matter is o f  sufficient interest
to warrant a re-examination. , . , . .

The references on pp. 149 and 151 to notch sensitivity are more important. 
The evidence on this point appears to be the breaking o f  a tensile test-piece 
at the gauge-marks and the failure o f  three fatigue test-specimens at the
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collars locating the ball bearings. It would have been useful i f  the authors had 
chocked their deductions from this purely circumstantial evidence by  fatigue 
tests o f specimens provided with a definite notch or sharp change o f  section. 
This omission is the moro remarkable in view o f  the authors’ comment that 
the behaviour in corrosion-fatiguo is not that which would be expected from 
a notch-sensitive material.

W e have carried out such tests, using single point loading, with specimens 
having radii o f 0-04 in. and 0-0024 in. at the stress fillet. A  typical result with 
the 0-04-in. fillet showed an endurance o f  31,400,000 reversals with a range of 
stress o f  ±17-1  tons/in.2. Pig. B  shows a series o f results for the fillet radius

10**STRAIN,/INCH PEA? INCH)̂ CURVE

6 8  10 12 14 1 6 °

IOs* STRAIN, (INCH PER INCHL CURVE B.
FiO. 0.— Stress-Strain Difference Curves for Supcrston Bronze (HFP1AA).

o f  0-0024 in., and for comparison a curve is also given for the normal test- 
piece having a fillet radius o f  £ in. These results give a clear indication o f  an 
endurance limit o f  ±16 -1  tons/in.2 with a fillet radius o f  0-0024 in. The 
reduction o f  the safe range o f  stress due to  this sharp corner is therefore less 
than 27 per cent. Comparing these results with observations on other materials 
o f  similar tensile strength, wo find that in steels having tensile strengths 
o f  4CM50 tons/in.2 the reduction in fatigue-strength caused by a sharp change 
o f  section has been reported at various figures between 30 and 63 per cent. 
It m;w safely be concluded, therefore, that bronze, complying with D.T.D. 
Specification No. 197 is not more notch-sensitive than other materials o f 
similar tensile strength.



Mr. S o r r o w  (in reply) : Tho value reported for the limit o f  proportionality 
of Superston is admittedly very low. The behaviour o f the material was most 
unusual. There appeared to  be a distinct proportional limit at the vaiue ot 
2*4 tons/in,2 mentioned, at which point tho slope o f  tho stress-stram curve 
decreased fairly suddenly from about 7500 to 7300, after which it again rose 
slightly, and then fell away fairly rapidly at about the value o f  the propor
tional limit mentioned by Mr. Murphy. Fig. C is tho stress-stram difference 
curve for this material. There is a quite sudden deviation at about J-4 
tons/in.2, but the 0*1 per cent, proof stress is very high, about ¿o tons/m. . 
As this behaviour only occurred incidentally in the course o f  the investiga
tion, it was not pursued further, but a second specimen behaved in a very 
similar manner. . ..

So far as tho notch sensitivity o f  Superston is concerned, two tensile 
specimens failed at the gauge-mark and three fatigue test-pieces; that is to 
say both the tensile test-pieces and three o f  tho five fatigue test-pieces which 
were tested before it was decided to reduce the diameter o f  the test portion. 
On that evidence I  think that the comment made in the paper is justified. 
It is pointed out later that this is not, as might have been expected, accom 
panied by a low corrosion-fatigue resistance. I t  is satisfactory to hear that 
the notch sensitivity is somewhat less than perhaps we had expected, and also 
that the fatigue limit as obtained by Mr. Murphy is in such good, agreement
with our own value. . i * t\ rp n

It has been stated that it is unfortunate that reference is made to D. l.JJ. 
Specifications, particularly in the case o f the aluminium bronze 1X1.1). l b ; . 
As a matter o f  fact the particular material mentioned was supplied to the A ir  
Ministry as complying with the specification, and for that reason no analysis 
was made until some progress had been made with the research.
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CORRESPONDENCE.
T h e  A u t h o r s  (in further reply to the oral discussion): \Ye are much 

interested in Mr. Murphy’s statement that f-in . Superston rod would normally 
be ex traded or rolled : however, the condition in which the material was 
actually tested, i.e. as forged, was one o f  the two (cast and forged) suggested 
by the makers. . - ,

The question o f  the proportional limit o f  tho Superston has already been 
dealt with, but it may be added that the value o f  the proportional limit o f  a 
material may, in certain cases, depend considerably on the accuracy o f  the 
extensometer used and on the amount o f  the load increments : in the present 
case, the standard N.P.L. procedure was followed and the order o f  accuracy 
should be fairly high.

Mr. J. C. Chaston,* B.Sc., A.R.S.M. (M em ber): The results described in 
this paper are extremely interesting, but may I  be allowed to suggest that 
being conducted on materials in the “  as received 11 condition they may be so 
misleading as to be worthless to the designer. It should not need, pointing out 
at the present time that material as received from the manufacturer after 
rolling, cold-drawing, or forging is not in a standardized condition. Its 
properties may vary over a wide range, and if  it is to be used as it most often 
is—in this condition, scores o f  tests may be necessary before a fair picture 
can be presented o f  the variations likely to be encountered in practice. When 
only one test is to be made, there can be no virtue in carrying this out on a 
random sample, produced by  an unknown treatment. The authors explain

* Lecturer in Metallurgy, Royal Technical College, Glasgow.
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that they did not wish to test the materials in the “  heat-treated condition,” 
but there can have been no objection to determining and recording the precise 
mechanical treatment which they received.

The A u t h o r s  (in reply) : The reasons for testing some o f  the materials in 
the “  as received ”  conditions are stated in the paper, viz. that the condition 
which produces the highest tensile and air fatigue strengths is not necessarily 
the best under corrosion-fatigue conditions. I t  is also pointed out that tests 
on the materials concerned in two heat-treated conditions are to  be carried 
out : these arc now in progress. The details o f  the mechanical treatment of 
the materials as stated by the makers are also given in the paper.
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DIRECTIONAL PROPERTIES IN ROLLED 7 4 9  
BRASS STRIP.*

By MAURICE COOK,t M.Sc., Ph.D ., M e m b e r .

S y n o p s i s .

The tensile properties of brass strip in directions parallel, normal, and 
a t 45° to the rolling direction, have been determined after progressively 
increasing rolling reductions up to more than 90 per cent. 
rolling reduction has been sufficient to induce a  directional effect the 
greatest strength and least ductility arc obtained normal to the rolling 
direction, while the converse obtains in the rolling direction.

When cold-rolled brass strip is finally annealed, it may show direction
ality which is revealed both by tensile tests and by tho occurrencc of ears or 
waves oil tho edges of cups cut from the strip. In  annealed strip show mg 
directionality, the tensile strength is least and the ductility greatest a t  45 
to the rolling direction, and i t  is in this position th a t ears are formed. I he 
extent to which directionality exists in rolled and annealed strip is largely 
determined by the conditions of the penultimate and final anneal
ings and by the magnitude of the rolling reduction between these two

A study of tho orientation of twinning planes in rolled and annealed 
70 : 30 brass strip showing appreciable directionality in tensile properties 
and in the tendency to form ears on cups, indicates th a t the frequence of 
orientation of the twinning planes is lowest a t about 45' to the direction ol 
rolling. The direction of maximum frequency of orientation of twinning 
planes appears to be fortuitous in strip no t showing directionality m other 
respects.

I n t r o d u c t io n .

The occurrence o f  d irectional properties in strip or sheet m etal is o f 
considerable theoretical interest and practica l im portance. A part 
from directional properties arising ou t o f the developm ent o f fibre due 
to the presence o f non-m etallic inclusions, recent investigations have 
shown th at in m aterials where such inclusions are n ot present to  any 
appreciable extent, d irection a lity  m ay  exist in the properties o f the 
metal n ot on ly  in the rolled  condition , bu t also after annealing. "W hen 
metal is fabricated in to cups b y  blanking and form ing either together 
in one operation, or separately, the existence o f  m arked d irectionality  
manifests itself b y  the presence o f  ears or a waviness a t the edge or 
mouth o f th e  cup  w hich m ay vary in  position, and considerably in

« Manuscript received May 9, 1936. Presented a t the Annual General Meeting, 
London, March 10, 1937, and also a t a  General Meeting in Birmingham, March JJ,
1937. . ,

f  Deputy Research Manager, I.C.I. Metals, Ltd., Witton, Birmingham.
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intensity, according to the rolling and annealing treatments which the 
strip or sheet has received in the course of its preparation. While a 
number of investigations have been made on directionality, there still 
remains much information to bo obtained which will not only be of 
immediate practical use, but which will also help towards a fuller 
understanding of the subject. The work described in the present 
paper was undertaken to obtain, in the case of brass, information of 
this kind, since few results have hitherto been published concerning 
directional properties in this alloy.

Price and Davidson1 who determined, after various rolling reduc
tions, the tensile properties of 65 : 35 brass strip, in directions parallel 
and normal to the direction of rolling, noted that up to reductions of 
about 50 per cent, in thickness the tensile strength in the two directions 
was not .measurably different, but that thereafter the strength in the 
transverse direction was greater than that in the longitudinal direction. 
The reduction in area at the fracture was found always to be greater 
in the longitudinal than in the transverse direction, while elongation 
values in the two directions were not sensibly different up to reductions 
of about 35 per cent., but thereafter higher values were obtained on 
transverse specimens.

Kaiser 2 studied the causes giving rise to waviness on copper cups 
and determined the effect of such factors as the temperature of the 
penultimate and final annealing operations, as well as the magnitude 
of the final rolling reduction {i.e. the rolling reduction between the 
penultimate and final annealings) on the extent of the waviness. He 
concluded that, in order to minimize waviness on copper cups, the final 
rolling reduction should not exceed 60 per cent., the temperature of the 
final annealing should be as low as possible and the intermediate 
annealings should be carricd out at 700° C. or higher temperatures.

Bauer, von Gôler, and Sachs 3 determined the directional properties 
of copper and some copper-zinc alloys after a 92 per cent, reduction 
in thickness by cold-rolling, and after annealing at 500° C. Except 
for copper and the 98 :2  alloy, they found the tensile strength to 
increase with increasing angle of the specimen to the direction of rolling, 
the highest value being obtained on transverse specimens. In the 
annealed condition the tensile strength was found to decrease, and the 
elongation to increase with an increasing angle.

Phillips and Bunn,4 who determined the affect of the final rolling 
reduction and the temperature of the final annealing operation for 
tough-piteh and deoxidized copper, concluded that to avoid serious 
directional properties the final rolling reduction should be limited to 
about 50-60 per cent, and the final annealing to 500°-600° C., although
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it should be noted that the results were obtained on material annealed 
at one temperature only at the penultimate annealing stage.

With a 9 0 :1 0  copper-zinc alloy, Phillips and Samans 5 found that 
tlie most pronounced tensile directional properties and the greatest 
tendency to waviness on cups are obtained by large final rolling reduc
tions and a high temperature in the final annealing operation. Whereas 
copper was found to exhibit waviness in. and at right angles to the 
direction of rolling, it occurred in the 90 :10  alloy at 45° to the direction 
of rolling.

The formation of ears or waviness on cups of cupro-nickel has been 
studied by Bassett and Bradley,6 according to whom ears may be 
formed either at 45° to, or in, and at right angles, to the direction of 
rolling, their position and size being affected by the magnitude of the 
final rolling reduction and the temperature of the final annealing.

With mild steel Phillips and Dunkle 7 found that with strip finally 
rolled less than 40 per cent, ears were formed at 45° to the rolling 
direction, whereas with strip rolled 50 per cent, or more they occurred 
in the 0 and 90° positions.

E f f e c t  o f  C o l d - R o l l i n g  o n  t h e  P r o p e r t i e s  o f  7 0 :3 0  a n d  
64 : 36 B r a s s  S t r ip .

Brasses of the compositions shown in Table I were obtained at a 
thickness of approximately 0'3 in. after a number of rolling and anneal
ing operations. The last rolling reduction to bring the strip to this

T a b l e  I .— Percentage Composition of Brasses Investigated.

6 4 : 3G Brass. 7 0 : 30 Brass.

Copper . . . . . 63 -4 70 -5
Ti n 0-01 Nil.
L e a d ............................. 0-06 0-01
J ron . . 0 -06 0 -0 0 9
N ic k e l ......................................... 0 0 3 0 -0 0 0
Phosphorus . Nil. 0-001
Zinc (difference) 3 6 -44 29-47

thickness was 50 per cent., and at this stage the strip was annealed at 
625° 0. for 2 hrs. The annealed strip was then cold-rolled without 
any intermediate annealing operations, samples suitable for testing 
being obtained after reductions in thickness of approximately 10, 30, 
50,80, 90, and 95 per cent. Relative to the direction of rolling, samples 
were cut parallel, normal, and at 45°, and the results of tests made on 
these specimens are detailed in Tables II and III. The data obtained 
with the two different compositions of brass show that up to reductions 

VOL. LX. L
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of about 50 per cent, the tensile strength is the same in the three different 
directions, but with greater reductions the strength at 90° is greater 
than at 45° to the direction of rolling, while the strength in the rolling 
direction is lowest. These differences in tensile strength values increase 
in magnitude with increasing rolling reduction. In so far as they are 
comparable, these results on the effect of rolling on directional tensile 
strength confirm those of Price and Davidson, and of Bauer, von 
Goler, and Sachs. A much less pronounced directionality was found

1 a b l e  II .—Directional Properties of 64 : 36 Brass after Progressively 
Increasing Amounts o f Cold-Working.

Réduction and 
Direction. Limit of 

Propor
tionality, 
Tons/ini*.

0-1 Per 
Cent. 
Proof 

Stress, 
Tons/in.*.

Tensile
StreDgth,
Toiis/in.1.

Elonga
tion on 

2 in., Per 
Cent.

Réduc
tion of 
Area. 
Per 

Cent.

D.P.
Hardness,

10 Kg. 
Load.

Brincll 
Hardness, 

10 Kg., 
X mm.Per

C’eut. Degrees.

Nil. 0 4-0 6-2 20-8 66-5 70
45 4-1 6-2 20-3 680 69 64 63
90 3-5 5-8 20-6 64'0 62

10-7 0 8-0 14-2 23-3 48-5 65
'45 8-0 14-0 22-5 50-0 62 105 97
90 8-1 14-2 230 47-0 56

29-2 0 12-2 24-5 294 20-0 56
45 11-9 22-0 28-2 17-0 56 141 130
90 12-8 23'0 29-1 17-0 49

500 0 15-0 30-1 37-5 8-5 50
45 14-5 27-9 37-2 9 0 48 176 160
90 15-3 27-8 38-0 8-5 40

79-4 0 17-8 33-3 44-9 4-5 47
45 17-6 34-2 46-1 4-5 37 200 177
90 18-0 34-1 48-2 6-0 28

89-6 0 18-2 35-0 47-9 3-0 46
45 18-3 34-5 49-8 3-0 31 216 188
90 19-4 37-9 54-8 3 0 19

96-4 0 51-1 2-0 46! 45 54-2 2-0 30 223 192
90 1 60-7 i 2-0 15 :

1

in the values for proof stress. With rolling reductions of up to 
90 per cent, no appreciable directionality could be detected in 
limit of proportionality values which were determined with a Lamb 
roller extensometer, under conditions where strain measurements 
accurate to 0-5 X 10~5 in. could be made.

Although there were small differences in elongation values in the
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soft condition, the highest values being at 45°, these quickly decreased, 
and after rolling reductions of the order of 20-30 per cent,, up to re
ductions in excess of 90 per cent., the elongation values in the three 
directions were not sensibly different. At all rolling reductions the 
reduction in area values at 90° to the rolling direction were lowest. 
In the other two directions they were not very different up to reductions 
of about 60 per cent., but thereafter increasingly higher values were 
obtained in the rolling direction than at 45°.

Table III .— Directional Properties o f 7 0 : 30 Brass after Progressively 
Increasing Amounts o f Cold-Working.

Pcduction anil 
Direction. Limit of 

Propor
tionality, 
Tons/in.*.

0-1 Per 
Cent. 
Proof 
Stress, 

Tons/in.1.

Tensile
Strength,
Tons/in.*.

Elonga
tion on 

2 in., Per 
Cent.

Reduc
tion of 
Area, 

Per 
Cent.

D.P. 
Hardness, 

10 Kg. 
Jioad.

Brine] 1 
Hardness, 

10 Kg.
1 mm.Per

Cent. Degrees.

Nil 0 2-0 5-1 20-6 74 73
45 2-3 3-9 19-7 82 73 60 58
90 2-6 4-6 20-2 75 69

10-8 0 7-3 14-2 23-1 54 66
45 0-9 12-7 21-5 00 68 98 89
90 8-0 13-2 22-5 55 55

30-3 0 10-8 23-0 29-3 23 59
45 10.-5 22-0 28-2 21 64 140 135
90 12-0 22-3 29-2 22 54

50-5 0 15-5 30-2 37-6 11 49
45 14-4 27-5 37-0 11 50 175 159
90 15-3 28-4 39'0 11 43

79-4 0 17-8 34-4 44-6 5 47
45 17-4 31-9 46-3 0 43 207 181
90 18-8 33-9 49-1 0 31

90-2 0 191 35-5 48-6 3 47
45 20-0 35-4 49-8 3 35 219 190
90 19-8 40-6 55-1 2 22

95-0 0 51-7 2 39
45 52-2 2 29 224 192
90 . . . 59-5 1 12

D irectional P roperties in Annealed  Strip.

For the determ ination o f  directional properties in annealed strip 
and the conditions necessary for producing strip w hich would yield 
flat-topped cups, specim ens o f  70 : 30 brass strip, all from  the same 
ingot, were obtained at, thicknesses of 0‘041, O'074, and 0’370 in. 
One set o f  specim ens was annealed a t 550° C. for 1 hr. and



another set at 800° C. for 1 hr. They were then all rolled to a final 
thickness of 0’037 in. Thus at this thickness were obtained six 
different samples representing final rolling reductions of 10, 50, 
and 90 per ccnt. in thickness and penultimate annealings of 1 hr.’s 
duration at 550° and 800° C. Each of the six samples was divided 
into three pieces, which were annealed finally at 525°, 625°, and 725° C. 
for half an hour, making a total of 18 different treatments.

Cups measuring approximately 0-50 in. in diameter and 0'42 in. 
in height were made in one operation from each of the 18 samples, 
and pieces of the strip cut in three directions were also tested. The 
results of these tests, together with the heights of ears or waves on 
the cups, are given in Tables IV and V, and a series of cups illustrating 
a range of earing or waviness is shown in Fig. 1 (Plate X X I).

T a b le  TV.— Mechanical Properties of Annealed 70 : 30 Brass.
Penultimate Annealing Temperature 550° 0. (1 Hr.)
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Final
Annealing
Tempera

ture.
(1 Hr.), °C.

Tensile Strength 
Tons/in.*.

0°. 45®. 90'

Elongation on 
2 in., Per Cent.

0 4 5 ° .  90°.

Reduction of 
Area, Per Cent.

0°. 45°. 90°.

Height 
of Ears, 

Inch.

Grain-
Size,
Mm.

525
625
725

525
C25
725

525
625
725

22-6
21-4
20-3

24-9 
21-S 
20-0

26-1
22-5
19-8

- 22-0
20-8
18-7

21-4
21-0
18-7

24-8
21-2
18-9

Pinal Rolling Redaction 10 Per Cent 
I 22-2 I 58 I 60 | 53 I 75 1 76

21-8 59 61 58 74 74
I 20-1 I 61 I 63 I 60 I 74 I 74

Final Rolling Reduction 50 Per Cent. 
24-7 I 52 | 54 I 47 I 71 I 71
21*8 58 66 61 69 70
20*5 I 60 | 70 I 63 I 68 I 71

Pinal Rolling Reduction 90 Per Cent.
25-3
22-020-8

46
59
63

50
65
69

4G
61
66

67 
73
68

74
76
74

69
69
73

66
6S
68

67
71
66

0-006 I 0-03
0-011 0-00
0-023 1 0-08

0-005 0-02
0-009 0-045
0-015 0-03

0-015 0-02
0-022 0-04
0-027 0-08

The tensile test results given in Tables IV  and V show that at 45° 
to the direction of rolling the tensile strength is least and the ductility 
greatest, which agrees with the observation that the ears on the cups 
invariably occur in this position. With regard to the intensity of the 
earing  ̂effect, or the height of the ears, the values given in Tables IV 
and \ indicate that with a given penultimate annealing temperature 
the height of the ears increases with the temperature of the final anneal. 
In other words, in order to avoid undue development of directional 
properties, the final annealing should not be carried out at high tem
peratures. The connection between height of ears and directionality 
m respect of tensile strength is shown in Fig. 2, where heights of ears 
are plotted against a value obtained by dividing the difference in tensile
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strength between that at 45° and that of the average tensile strength 
at 0° and 90°, by the product of the two.

T a b l e  V .— Mechanical Properties o f Annealed 70 : 30 Brass. 
Penultimate Annealing Temperature 800° C. (1 Hr.)

Final
Annealing
Tempera

ture
(JHr.),

°C .

Tensile Strength 
Tons/in**.

Elongation on 
2 in., Per Cent.

Reduction of 
Area, Per Cent. Ileight 

of Ears, 
Inch.

Grain*
Size,
Mm,

0°. 45°. 90°. 0a. 45°. 90°. 0°. 45°. 90°.

Fir al Rolling Red uction 10 Per Cent.
525 19*6 18*2 19*8 45 51 49 63 74 72 0*027 0-05-0*50
625 18-8 18-2 19-1 51 60 52 70 72 68 0*017 0*10-0-50
725 18-4 18-1 18-6 61 65 62 68 72 67 0-014 0-08-0-20

Final Rolling Reduction 50 Per Cent.
525 23-7 23*4 23*9 47 53 52 70 70 68 0-007 0-025
625 21-0 20-7 21*6 63 63 58 72 73 70 0*011 0*045
725 18-6 18*0 18*7 71 73 60 69 72 63 0-012 0*10

Final Rolling Reduction 90 Per Gent.
525 26-1 24*9 25-3 48 48 46 74 74 72 0*007 0-02
625 21-6 21-3 22*1 53 61 55 74 74 71 0*009 0*045
725 19-4 18-5 19-6 61 64 60 68 72 65 0-016 0*10

T a b l e  V I.— Height of Ears (Inch.)

Pen
ultimate

Annealing
Tempera

ture,
°C .

Final Annealing Temperatures,

525° 0. 625° 0 . 725° 0.

Rolling Reduction (Fina Stage).

10 Per 
Gent.

50 Per 
Cent.

90 Per 
Cent,

10 Per 
Cent.

50 Per 
Cent.

90 Per 
Cent.

10 Per 
Cent.

50 Per 
Cent.

90 Per 
Cent.

400
500
600
700
800

0-014
0*010
0*009
0*019
0*035

0*007
0*007
0-006
0*007
0*007

0*027
0-027
0-022
0-010
0-012

0*033
0*024
0*011
0*008
0*009

0*031
0*016
0-009
0-008
0-008

0-047
0-040
0-030
0-013
0-013

0-051
0*039
0*019
0*016
0-014

0-046
0-029
0-018
0-013
o -o u

0-058
0-052
0*033
0*017
0*012

The only exception to the generalization that the height of the ears 
increases with the temperature of the final annealing is in the group 
subjected to a penultimate anneal at 800° C. and finally rolled 10 per 
cent. This reduction does not break up the large structure sufficiently 
for normal recrystallization and grain-growth to occur in the final 
annealing. This is well shown by the structure of the strip finally 
annealed at 525° C., which is illustrated in Fig. 3 (Plate X X I). In this 
particular group the height of the ears, the size of the crystals, and the 
extent of non-uniformity decrease as the final annealing temperature 
is increased. Apart from the material subjected to a penultimate
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annealing a t 800° C. and rolled  w ith  a  10 per cent, reduction, which 
gave rise to  abnorm al structural features, th e  height o f  the ears for 
a n y  given  penultim ate annealing tem perature and rolling reduction, 
increases w ith  the grain-size. W ith ou t, how ever, so  connecting it 
to  a particu lar set o f  conditions, the height o f  the ears produced is not 
related to  the grain-size. F ig . 4  (P late X X I I )  show s th e  structure of a 
brass w hich gave practica lly  flat-topped cups, while from  the brass, 
the structure o f  w hich is show n in F ig. 5 {P late X X I I ) ,  cups with ears

F ia .  2.

0'027 in. high were produced. On the other hand, both  o f  the brasses, 
th e  structures o f  which are shown in  Figs. 6 and 7 (P late X X I I ,  produced 
cups having ears o f  approxim ately  the sam e height, nam ely 0 '015 in., 
in  spite o f  the large difference in grain-size. T he m icrosections illus
trated in  Figs. 3, 4, 5, 6, and 7 were taken parallel to  the direction  and 
in the plane o f  rolling.

T o  obta in  further evidence on  the effect o f  the penultim ate anneal
ing ^temperature, this operation  was carried ou t a t 400°, 500°, 600°, 
700“ , and 800° C. instead o f  on ly  a t 550° and 800° C., as previously! 
The same three final rolling reductions and three final annealing tem-



in Rolled Brass Strip 167

pcratures were adhered to, and cups of the same dimensions as those 
cut from the earlier strips were made from the 45 different strips so 
produced. The heights of the ears on these cups were measured, and 
the results obtained are given in Table VI.

With the exception of the strip rolled 10 per cent, and finally annealed 
at 525° C., the effect of increasing the penultimate annealing temperature 
from 400° to 800° C. is, generally, to decrease the height of the ears. 
This applies to the three rolling reductions and the three final annealing 
temperatures which have been dealt with. According to these ex
periments, strip yielding cups with the least amount of waviness at 
the mouth is obtained with a final rolling reduction of 50 per cent, in 
thickness and a low final annealing temperature, i.e. 525° C.

With this combination the effect of the temperature of the pen
ultimate anneal on the waviness is apparently insignificant, but im
mediately either of these conditions is departed from, and either the 
magnitude of the final rolling or the temperature of the final annealing 
is increased, then the effect of increasing the penultimate annealing 
temperature in reducing the extent of waviness, becomes increasingly 
apparent.

C r y s t a l l o g r a p h i c  E v i d e n c e  o p  D i r e c t i o n a l i t y .

A visual examination of the microstructure of annealed brass does 
not suggest the existence of any directional features or preferred 
orientation, but recently attempts have been made to demonstrate the 
existence of directionality by more detailed examination of the micro
structure. One of these consists of classifying the longest diameters 
of individual grains by plotting the direction which they make with 
a fixed direction, e.g. the direction of rolling. From a point on this 
fixed line, radii arc marked off of lengths representing the frequency 
of each class. If no directionality exists the plotted radii will be more 
or less equal in length, while, on the other hand, any directionality 
would be revealed by a lengthening of the lines in preferred directions. 
The maximum diameter of the crystal is not definitely related to the 
crystal structure, and, therefore, this method for determining direc
tionality is an arbitrary one. Twinning, which as shown by Phillips 8 
takes place on the octahedral planes in' alpha brass, is a real property 
of crystals and, therefore, the measurement of the orientation of twin
ning planes should serve as a means of ascertaining the existence of 
preferred orientation.

This interesting method of investigation, i.e. the determination of 
directionality by measuring the frequency of orientation of twinning 
planes, appears to have been first explored by Johnston,9 10 who
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S P E C I M E N  A.  S P E C I M E N  B.

Fig . 8.
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concluded tliat quite strong directionality persists in the visible 
structure, even after strong over-annealing,”  and that the directionality 
takes the form of a preferred orientation of the grains across the direc
tion of rolling, Johnston's measurements of the frequency of orienta
tion of ̂  twinning planes were not correlated, however, either with 
mechanical tests on the strip, or with the occurrence of ears on cups.

In the present investigation measurements of the orientation of 
twinned crystals were made on four specimens. These are indicated 
below by reference to the temperature of the penultimate anneal, the 
percentage final rolling reduction and the final annealing temperature, as 
well as the height of the ears. The first three showed earing only to a 
very slight degree, whereas the fourth sample showed pronounced caring.

Specimen Mark. Details o f  Preparation. Height of Ears on Cups, Inch.
A 550°C./10percent./525°C. 0-006
B 550°C./50percent./625°C. 0-00!)
C 800° C./90 per cent./625° C. O-OOD
D 550° C./90 per cent./725° C. 0-027

Photomicrographs were taken of two separate fields on specimens A, 
B, and C and of six fields on specimen D in the rolling plane. The direc
tion of rolling was marked on the photographs, so that it was parallel 
to the longer edges of the half-plate prints. The angle which each 
system of twin bands made with this line was measured and noted. 
Crystals were found to be commonly twinned in more than one plane, 
and more than once in each plane. In these crystals each differently 
oriented plane was measured, but parallel planes in any one grain 
were only accounted once in that grain. The resulting measurements 
were classified by grouping them together in class intervals of 0°-9o, 
10 -19 , and so on up to 170°—179°. The number of measurements 
in each class interval constitutes the frequency of the class. The results 
■were plotted by drawing from a point, on an initial line representing 
the direction of rolling, radial lines at 5°, 15°, 25° . . . 175°, and lengths 
were marked off on them proportionate to the frequency of the class 
intervals 0°-9°, 10°-19°, 20°-29° . . . 170°-179°. The radial lines 
were extended across the basis line symmetrically, this being merely 
an expedient serving to emphasize in the diagram any directionality 
which may exist. Two separate fields on each of the specimens A,
B, and C were analyzed, and these separate plots are shown in (I) 
and (II), and the combination of each pair in (III) in Fig. 8 and on the 
left portion of Fig. 9. The combination of all six fields from specimens 
A, B, and C is shown in the upper right part of Fig. 9, while the com
bined results obtained from the six separate fields on specimen D is 
shown in the lower right portion of the same figure. The number of
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measurements made ill each oi the two fields on specimens A, B, and 
C varied between 366 and 555, the total number being 2929. More 
than four hundred measurements were made in each of the six fields 
on specimen D, totalling 2654.

T a b le  V II .— Measurements o f the Frequency of Twinning 
Directiotis.

Orienta
tion of 
Twin 

Banda to 
Direc
tion 
of

Rolling.

Specimen A. Specimen B. Specimen O. A .B ,
& 0 . Specimen D.

Field. Field. Field. Field. Field.

I. II. I  & 
II. I. II. I &

II. I. II. I &
II .

All
6. I. II. III. IY . V. VI. All

6.

0 -  9° 
10- 19° 
20- 20° 
30- 30° 
40- 49° 
00- 59° 
00- 69° 
70- 79° 
80- 89° 
90- 99° 

100-109° 
110-119° 
120-129° 
130-139° 
110-149° 
100-159° 
100-169° 
170-179°

10
23 
21 
34
45 
29
19
20 
04 
11 
10
46 
34 
53 
36 
22
24 
19

28
28
25 
22 
34 
36 
36 
27 
38 
38 
23
32 
29
26
33 
25 
27 
31

43
51
46 
06 
79 
05 
55
52 
92 
79 
38
78 
03
79 
69
47 
51 
50

22
19
22
25
30
30
33
39 
16 
19
25 
32
26
40
34 
17 
13 
21

17
19
24
20 
39

27
19
27
23
33 
23 
27 
32 
42
34 
21
25

39
38
46
45 
69 
69 
60 
58 
43 
12 
61 
05 
53 
72 
76 
51 
34
46

22
18
13
11
19
18
19 
33
20 
10 
29 
21. 
28
23 
17 
17 
19
24

22
20
21
28
36
34
30
21
27
28 
43 
30 
23 
28 
32 
30 
32 
23

44
43
34
39
55
02
49
54
47
43
72
51
51
51
49
47
51
47

126
132
126
140
203
186
164
164
182
164
171
184
167
202
194
Î45
136
143

25
27
17

8
11
19
25 
45 
47 
43 
47 
29
26 
23

9
14
20 
20

26
15 
18
16
13
14 
27
46 
37
47 
41 
32 
19 
10 
12
15 
10 
26

31
29
11
18

9
10
24
36 
46 
34 
41 
24 
11 
11 
12 
24 
24
37

33
24
14
15
14 
10
27 
40 
47 
29 
36
28 
13 
21
15 
22 
22 
28

32
16
12
15
10
10
26
48
37
48
30
42
23
19
17
15
15
27

24
19
20 
14 
13 
22 
37 
34 
11 
45 
42 
21 
11 
12 
11 
17 
23 
33

171
130

92
so
70
90

160
249
258
210
242
170 
103

96
70

107
119
171

Total. 555 538 1093 472 485 957 366 513 879 2929 455 429 437 444 447 442 2054

The plots for the individual fields on A, B, and C suggest that the 
twin orientation is random and while the combined plot for these 
specimens is more regular, it is not suggestive of any very marked 
preferred orientation. This result is not surprising, since these speci
mens yielded flat-topped cups, and did not exhibit markedly directional 
properties. On the other hand, the combined plot which was obtained 
on a sample yielding cups with pronounced waves shows much more 
evidence of preferred orientation, the twinning planes occurring with 
greatest frequency at right angles to the direction of rolling and with 
least frequency at 45° to the direction of rolling. Thus, it would seem 
that rolled material which possesses directional properties also exhibits 
a preferred crystalline orientation, as shown by the direction of twinning 
planes, although no such evidence of directionality can be detected from 
a visual examination of the structure.
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DISCUSSION: AT THE ANNUAL GENERAL MEETING.
D a. 0 . J . Sarm rrxus,*  M.C. (Member o f  C ouncil): L  cannot add anything 

regarding brass, but the problem o f  directional properties is o f  such general 
interest in regard to all metals that I  should like to make one or tw o remarks. 
M y colleague Mr. G. E . Ransley lias been investigating a very similar problem 
in rolled molybdenum sheet, and liis results may throw a little light on this 
problem. Molybdenum, like a iron, has a  body-centred cubic lattice, and 
develops a very pronounced preferred, orientation, on rolling. A  certain 
amount o f  trouble was experienced when this sheet was subsequently subjected 
to  cold-pressing operations, sineo certain sheets developed cracks at 45° to 
ilie direction o f  rolling, as shown in Pig. A  (Plate XXIII). This trouble was 
most pronounced in sheet that had been cross-rolled and then annealed. We 
studied the development o f  preferred orientation b y  X-rays, and the resu lts 
give a- very clear picture o f  what happens..to-the crystal grains during rolling. 
The same kind o f  thing happens in all metais and is therefore, Lthink, of. 
general interest.

When rolling is carried out in one direction only, the crystal, fragments 
arrange themselves so that the cube diagonal lies, in the direction o f  rolling, 
and the diagonal o f  the cube face lies in the rolling plane. This allows the 
crystal to have a random orientation in other directions. I f  it is now rolled 
at right angles to  the first direction, the other diagonals ofithe cube face are 
aligned in  t he surface o f  the sheet, and now all the crystal fragments must have 
exactly the same orientation m  alt respects.. (The mechanism waa illustrated 
by a m od el.). The result is that the 100 planes, which are the cleavage plaues 
in molybdenum, are now ail lined up at 45-i to the direction o f  rolling, and no 
perfectly that the sheet ¡3 brittle in this direction, although, perfectly ductile 
in  sill other directions.

* Research. Laboratories, The General Electric Company, Ltd., Wembley.
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Bend tests at various angles confirm these results. Annealing does not 

easily destroy this orientation, and in fact emphasizes the weakness at 45°. 
I should be interested to know whether Dr. Cook thinks that these results 
tlirow any light on his own work. I  think it should be possible to correlate his 
results with the changes in structure which are taking place.

Mr. E. A. G. L i d d i a r d ,*  M.A. (M em ber): It is not necessary for me to 
stress the practical importance o f  Dr. Cook’s paper; the data which have been 
so carefully collected will be used over and over again for the purposes o f  
reference. In this paper we are also shown the practical means o f  overcoming 
the trouble o f  “  earing ”  in drawn brass. There may still be some doubt 
in our minds as to whether troubles o f  earing in brass strip can always be 
cured by attention to  annealing and degree o f  reduction in the final stages, 
but Dr. Cook could reassure us on this point if  ho would tell us to what extent 
the troubles are, in fact, cured in works practice.

Although there is no doubt from this and earlier work that the formation 
of ears in drawn cups in a brass is accompanied by  directional tensile properties 
in the strip, I  do not think that Dr. Cook has established a linear relationship 
between those two properties. I f  we study Fig. 2, we are forced to conclude 
either that the experimental methods which he has used are not sufficiently 
sensitive to establish such a relationship or that there is some other uncontrolled 
variable present. Probably the former is the explanation, but I  was rather 
surprised, to see a line drawn through such scattered points.

From a theoretical point o f  view, it is interesting to have Johnston’s 
statistical method applied in  this investigation. It is a laborious method, but 
the suggestion that preferred crystal orientation accompanies mechanical 
directional properties is sufficiently important to warrant a good deal o f  labour 
to establish it. Dr. Cook has shown that in one sample o f  " 0 :  30 brass sheet 
exhibiting mechanical directionality there is also preferred orientation o f  the 
crystals, and in three other samples which showed no appreciable mechanical 
directionality there was no appreciable preferred crystal orientation. That 
suggests a most satisfying explanation o f  the phenomenon o f  directionality, 
hut we ought not to be content with just one observation on material showing 
directional properties. This one observation has entailed some thousands o f  
measurements, but I  hope that in the course o f  time Dr. Cook will be able to  
carry out one or two tests on other samples which show directionality.

Has Dr. Cook ever observed any directional effects in the Vickers hardness 
tests on these samples Í

Mr. T. H. T urner,| M.Sc. (M em ber): Dr. Cook, in introducing his paper, 
referred to wrought iron, and one might, t herefore, take his remark as applicable 
to all materials, but he limits himself, and quite rightly, in the paper to rolled 
brass strip. I f  we take sections and not strip, then we must be very careful 
in speaking o f  direction, because where a section has o  thick part and a thin 
part the direction o f  elongation or flow may be- quite different from that o f 
rolling. I have taken in what may bo regarded as girder sections, with thick 
heads and thin webs, transverse, longitudinal, and 45° test-pieces, and found 
very considerable differences in the thick sections and no difference in the thin 
sections, alt in the same piece and within an inch or two o f  one another. I  
think that that has not been published, and it is rather an interesting comment, 
though perhaps not quite applicable to  the strip alone.

* Assistant Development Officer, British Non-Ferrous Metals Research Associa
tion, T.on don.

t  Chief Chemist and Metallurgist, London and North-Eastern Railway, 
Doncaster.
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The P r e s id e n t  : I  read this paper with great interest, and with the wish that 
it had been published in 1915 or 1916 instead o f  1937. The problem o f ears in 
cups o f  brass and cupro-nickel was at that time very worrying, and if in those 
days we had had the information contained in this paper wre should have been 
saved a great deal o f  trouble. The difficulties were overcome, but largely by 
empirical methods, and the want o f  systematic information was extremely 
serious at that time. It is curious that it was not until a long time after the 
War— not, indeed, until 1931 or 1932— that this problem o f  ears in cups was 
studied scientifically.

Dr. Co o k  (in reply) : I  have not encountered in brass instances o f  direction
ality so pronounced as Dr. Smithells seems to have found in molybdenum. 
The brass used for the work described in the paper was all rolled in one direc
tion. Dr. Smithells mentioned that with molybdenum annealing did not 
destroy directionality, but actually emphasized it. This is also the case with 
brass. For any given set o f  conditions relating to the temperature o f the 
penultimate annealing operation and the magnitude o f  the final rolling reduc
tion, the effect o f  increasing the temperature o f  the final anneal, as shown by the 
results contained in Tables IV  and V, is to increase the directionality effect. I 
have deliberately refrained from speculative comment and from discussing 
the results in any detail for the additional work which I  have carried out, 
subsequent to the preparation o f  the paper, indicates that there is much more 
still to be discovered about this interesting subject. As an example I  might 
mention that I  have produced strip which yields cups having six ears.

In  reply to Mr. Liddiard, there is no doubt that in commercial practice it is 
possible by attention to rolling and annealing conditions to eliminate direction
ality from rolled strip to the extent that cups produced from it are substantially 
free from waviness. This is certainly the case with copper, brasses, and cupro
nickels with which I  have had experience, and I  imagine that it is likely to be 
so with other materials. I t  is not claimed that a precise or quantitative 
relationship exists, or has been established, between the height o f  ears on cups 
and differences in tensile properties o f  the strip in different directions. The 
illustration forming Fig. 2 was only included to show that, in a general way, an 
increase in the directionality effect, as revealed by tensile test results, manifests 
itself also in the form o f  more pronounced waviness on the cups, and I think 
that the results show this very clearly. N o evidence has been obtained which 
would indicate that there is any appreciable difference in the diagonal lengths 
o f  diamond pyramid hardness impressions made on brass strip which shows 
directional effects in tensile test results and on cups cut from it.

Although not related to strip, Mr. Turner’s interesting observations 
indicate yet another application where consideration might usefully be given 
to the wider subject o f  directionality in the properties o f  rolled products.

DISCUSSION AT BIRMINGHAM.
Dr. J. D . .Je v o n ’ s ,*  B.Sc. (M em ber): Controversy (or perhaps we had better 

say “  discussion ” ), often arises between the supplier and user of drawing- and 
pressing-quality sheet concerning some condition or effect which the user claims 
is harmful. All too frequently the supplier adopts a purely defensive attitude. 
Basing his reply on what, to the non-legal mind, is the amusing formula o f  the 
defence in a libel action, he says, in cffee t: “  D on’t be silly : this defect 
o f  which you complain does not exist, you are imagining i t ; or, i f  it does exist, 
it is negligible; or i f  it is not negligible it is due to your own tools, certainly 
not to our sheet; or if  it is due to our 8114-01, send us back the offending metal

* Works Metallurgist, Joseph Lucas, Ltd., Birmingham.



and we will replace it and promise that the trouble shall not occur again. 
Unfortunately 110 proper investigation is made, the trouble docs occur again, 
and 110 progress results. Dr. Cook has demonstrated admirably how such 
controversy can be cleared up by properly conducted, and therefore impartial, 
research. Further, such results, when published, provide information of 
considerable value which will, or ought to, enable suppliers to improve the 
quality o f their product.

In opening this discussion I  shall approach the subject from the point of 
view of the user, because others here are far more qualified than I  am to put 
forward the point o f  view o f  the supplier. Although this paper, and therefore 
my comments, deal only with directionality attributable to the properties o f 
the crystal, I  should like to direct attention to the very harmful directional 
properties conferred on drawing-quality brass sheet by strings o f  small crystals, 
such as are seen in Fig. B  (Plato X X IV ) often accompanied by p particles in 
brass of 64 per cent, copper content, or streaks o f  non-metallic inclusions and 
lines of phosphorus segregation in steel. Clearly, such strings will possess less 
ductility (no ductility at all in the case o f  inclusions in steel) than the sur
rounding metal, will offer increased local resistance to flow, and may aggravate 
directional effects arising purely from preferred orientation o f  the crystals.

Coming to directionality attributable to preferred orientation (and possibly 
other properties) o f  the crystals composing an aggregate, Dr. Cook has shown 
how preferred orientation can influence (1) the tensile properties o f  an aggre
gate in sheet form, and, (2) the height and direction (relative to that o f  rolling) 
in which ears are formed in a cupping operation. Admirable though the 
demonstration is, I  suggest that a reader o f  this paper may receive the im 
pression that ears, and even directionality itself, are o f merely academic 
interest. This is most definitely not so, and I  will try to indicate, very briefly, 
the practical significance o f  directionality to the user o f  deep-drawing quality 
sheet.  ̂ .

Directionality manifests itself in three principal w a ys : (1) thinning 01 
walls, leading in extreme instances to  rupture along certain planes in the 
original sheet; (2) uneven flow in the tools, leading to  local thinning or 
puckering according to the stresses set up, and (3) the formation o f  ears.

Dealing with the first o f these manifestations, the modem tendency in 
deep-drawing is to  utilize the full capacity o f  sheet for deformation. If, 
owing to marked, directionality, the physical properties o f  sheet fall below a 
certain fairly high standard even in certain directions, failure will occur, as is 
shown in Fig. C, Plato X X V . Here is a simple cup drawn in 0-040 in. thick steel 
sheet without any interstage annealing. Although at first sight not a remark
ably severe draw, this cup fails persistently i f  the general ductility of the steel 
falls slightly below the normal value owing to the grain-size being rather small. 
It is particularly interesting to observe that the splits always occur at approxi
mately 45° to the direction o f  rolling. The continuous line on the slide marks 
the direction o f  rolling o f the original sheet, and the dotted lines are marked at 
45° to it and through the centre o f  the cup. The conformity o f  the splits to 
the dotted lines is remarkable, and adds practical shop confirmation to the 
laboratory observations o f  Dr. Cook with brass, and Phillips and Dunkle with 
steel, that, after certain rolling and annealing treatment, sheet possesses 
minimum ductilitv in a direction lying at 45° to that o f  rolling.

Although time will not allow me to show other examples of failure attribut
able to directionality, I  can assure you that the one shown in r  lg. 0  is not a 
freak, but a very typical example. I will go so far as to say that, given sheet 
of good quality, the success or failure o f  many severe modern drawing opera
tions depends very largely on the severity o f  the directional properties existent 
in the sheet used/ The opinion o f  other users on this view' will be interesting.

Regarding the second manifestation, uneven flow in tools, this effect will
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presumably bo most marked in largo pressings, such as automobile wings and 
body panels, with which I  have had no first-hand experience. Perhaps some 
one can enlighten tho meeting on this point.

Even in small articles o f  complicated shape, it is common practico to use 
blanks o f  rather irregular shape in an attempt to accommodate localized flow. 
Bearing in mind that the maxima and minima for various physical properties 
change their angular relationship to the direction o f  rolling according to the 
treatment which the sheet receives toward the end o f  its travel through the 
mill, it  becomes evident that the present practice o f orienting blanks solely 
with regard to the conservation o f  metal in tho strip form may not produce 
blanks having maxima and minima lying in the optimum position for the 
shaping o f any given article. Further, since the position o f  these maxima and 
minima may vary from batch to batch o f sheet, it seems as if  it may be 
desirable to ascertain both the severity and orientation o f  directional properties 
in each batch o f  sheet. Truly a heavy burden on tho shoulders o f  the user 
unless, duo to the assimilation o f  researches such as that o f  Dr. Cook, suppliers 
can reduce the directionality o f  their sheet to a satisfactorily low value.

The third manifestation, that o f ears, is not in itself detrimental unless the 
height o f  the ears is considerable and tho size o f  tho blank barely adequate. 
The point is that marked ears indicate tho presence o f  thinning in tho walls in 
line with them. They can, therefore, be regarded as a useful warning to the 
practical operator that all may not be well with the shells he is producing.

I  hope that these remarks will show that tho property o f  directionality 
can, when pronounced, be a source o f  real trouble to the user o f  drawing- 
quality sheet, and that it is not one o f  merely acadcmic interest.

Dr. Cook states that, in all his experiments with brass sheet, ears were 
formed in directions lying at 45° to that o f  rolling. I  think that this is borne 
out in practice, and Fig. D  (Plate X X V ) shows typical, but not pronounced, ear 
formation in a small brass cup. The direction o f  rolling is indicated by the 
thick black line, and it will be seen that the ears have formed in the usual 45° 
direction. Fig. E  (Plate X X V I), however, shows a curious example o f ear 
formation, also in a circular brass shell. Again, tho black line indicates the 
direction o f  rolling, and it will be seen that ears have occurred on only one oi 
tho 45° planes, and that on tho other plane distinct wrinkles have formed. 
Unfortunately I  was unable to obtain a piece o f  the original sheet, or some 
interesting directional properties might have been discovered in it.

W ith steel sheet, the position o f  ears may be either at 45° or at 0° and 903 
in different batches o f  sheet. Fig. F  (Plate X X V I) shows a typical example oi 
t he last position, i.e. 0° and 90°, tho white line showing tho direction o f  rolling. 
Phillips and Dunkle have shown that the direction o f  the maxima and minima 
for certain physical properties o f  steel sheet varies with tho treatment which 
the sheet received during the final stages o f  its passage through the mill. 
I  cannot help regretting that Dr. Cook did not make tests in at least one 
position between 0° and 45°, and also between 45° and 90°, as similar changes 
comparable to those which occur in steel might have been revealed. Has 
Dr. Cook any figures, not included in the paper, which throw any light on this 
possibility ?

Gensainer and Mehl have shown that a similar change occurs in the X-ray 
pictures o f  steel sheet, and that under certain conditions a six-polo figure is 
obtained instead o f  tho usual four-pole figure. Can Dr. Cook say whether any 
comparable phenomena, occur with brass, or whether ears always form at 45° 
to  the direction o f  rolling, irrespective o f  rolling procedure ? I f  so, has ho any 
theory why this should be so ?

I  would like to suggest that in cold-rolled sheet which has not been annealed, 
and in which the crystals are therefore elongated, the property o f  directionality 
may be duo in part to the greater number o f  crystal boundaries which occur



Plate XXIV.

P ig .  B.— Stringers of Small Crystals, Accompanied by £ 
Particles, in Brass Sheet of Approximately 64% Copper 
Content, x  75.

\To face p. 176.



P l a t e  XXV.

F ig . C.— Steel Cup, Drawn without Interstage An
nealing, Showing Formation of Cracks in Direc
tions Oriented at 45° (Marked by Dotted Lines) 
to the Direction o f Rolling (Marked by Con
tinuous Line) in the Original Sheet.

F ig . D.— Ears formed in Brass Cup at 45° to the 
Direction of Rolling o f the Original Sheet 
(Marked with Thick Line).



P l a t e  XXVI.

k .— Ears Formed in Brass Cup on One 45° 
Plane, with Wrinkles on the Other 45° Plane, 
Relative to Direction of Rolling (Marked with 
Thick Line).

F ig. F.— Ears Formed in Steel Cup at 0° and 90 
to the Direction of Rolling (Marked with 
Thick Line).



P l a t e  X X V I I .

. H.— Directionality in 64% Copper Content Brass 
Sheet, 0-037 in. I hick, as Revealed by Different 
Tear Lengths obtained at 0°, 45°, and 90> to the 
Direction of Rolling (Indicated by Arrow).



¡«;r unit length o f  the aggregate at 90° to the direction o f  rolling than1 
to it. Our knowledge o f  the precise atomic stroeture o f  crystal bouudanca 
still seems very vague, but I  think that it is established tha * p  , y* 
ofter a greater résistance to  slip than tho interior o f the crystal. 0f
Cook and other speakers can give us their views on this possible part cause

‘ " S S f i S e x a m i n a t i o n  under the microscope, X -ray  pietaw ^ 
obtained on tensile test-specimens cut in a number o f  directions a-re seeming y  
necessary to reveal directionality in a precise manner. Neverth^le®, JL sftouia 
lik e  to direct attention to  a very simple test, termed the t e a r  lengUi test 
which, I  believe, originated many years ago m  the laboratory w ith hien .
Cook is now associated. . ___

A useful refinement o f the usual procedure in which a flap 1 cm. wide^is , 
gripped with pliers and pulled away from the mam sheet, is the u v
rod of 1 cm. diameter on which tho flap can be wound back ,m  ; =l,f.f.Vtoo 
one opens a tin o f  sardines. (See Fig. G.) W ith the aid o f  t l ’ i 
thick to be tested with the aid o f pliers can be dealt with easdy a n d .^ th sh e e t 
of any thickness, results tend to be more consistent and relia > e 
crude method o f pulling is used.
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Tic. G.— Diagram Illustrating Tear Length Test by Means 
of Slotted Winder.

I am not prepared to  say exactly what properties the tea r-len g ^ tcst 
measures : probably tho combined effect o f several, bu , directionality
different directions in a piece o f sheet, one effect P ^ ^ J  ^ ^ h a d  
is revealed in a very distinct and rapid manner, and I  ̂ ’  funda-
made and compared tear length measurements wit admirably. I f  tho
mental measurements that he has made and compare
specimens o f  sheet still exist, could this bo done . VVTT, , „w tears made

T h e  sp ec im en  o f  brass sh eet sh o w n  in  F ig . H ( P l a t e R n r r i m e n  is fairly
at 0°, 45°, and 90° to  tho direction o f  rolling. A  tho^ !l , dc ;‘t
typical experience shows that in different sheets the length o f  tears made at 
¥ S w ar y " n t u U o n  to  those made at 90’  quite
hi some and greater in others. In this particular sheet
90» aro very nearly equal. Further, in brass as well as steel the mtmmum
value may lie in directions other than 45 and JU . l a m

Although I  have insufficient evidence to make a definite ^ e m e a t ,  
inclined to think that the direction o f mirnmum t e a r  ̂ length m a.vnot ̂  
correspond to  that o f  minimum elongation. I t  may t„n!,n;fv and that 
determined by several properties, including ductilit} y . drawine
for this reason it may bo o f  special significance

In brass sheet having an apparently equnME nuc between tho
visually, 1 have known variations up to 300 per cent to occur t o c n  too
m axim u m  a n d  th e  minimum tear length values. C :nnuence the
order must indicate directionality o f  a severity ^h>ch wifi 
behaviour o f  sheet during deep-drawing operations to an appreciable dc*rtc.

V O L .  L X .
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Interesting.evidence o f  the effect o f  directionality is to 1m; found, during 
the making o f  tear length tests, in the tendency evinced bv tears made iii 
directions other than 0 and 90° to turn into the direction o f  rolling, a tendency

X?ly  pronomice:!- This tendency can be seen in mild form in 
tne 45 tears m  the specimen illustrated in Fig. H  (Plate X X V II).

have attempted to  discuss directionality from the point o f  view of the 
user, and I  hope that, with so many suppliers here, this point o f  view will not 

os sig ol. -fn particular it will be interesting i f  makers o f  large pressings 
sheet in °lirgetoolsng views on tho effect o f  directionality on the flow of

t 0^T' ^ ‘ ^  ' Br o ? n s d o n  * (Vice-President) briefly referred to tho “  tear ” 
CSui *on ^ r* Jevons, and stated that it was 14 years ago since he 

published some details o f  this test.f and he showed some lantern slides
indicating the directions in which 
the “  tear ”  test was o f  interest in the 
testing o f  metal strip, that revealing 
directionality being one o f tho most 
important.

He had applied tho “ tear” 
length test to a sample o f  annealed 
70 : 30 brass strip giving flat top 
cups, and Pig. I  showed the lengths 
o f  the triangular tongues o f metal 
torn out parallel to, at 45“ and at 
00° to tho direction o f  rolling, the 
length o f  that in the direction of 
rolling being the longest, that at 45“ 
tho shortest, and that at 90° inter
mediate between the other two.

Dr. Cook had produced evidence 
to show that these differences in 
directional properties may be corre
lated with the frequency o f  twinning 
planes, and it was interesting to 

Fio. I.—Angle of Tear Relative to note i f  reference be made to Fig. 9
Direction of Bolling. o f  his paper relating to specimens

“ A ,”  “  B ,”  and “  C,”  that there 
was an inverse relationship between the frequency o f  the twinning planes 
and the tear lengths, the direction o f  rolling in which the twinning planes were 
least frequent giving the longest tear length ; the direction o f  45° in which the 
twinning planes were most frequent giving the shortest tear length, and the 
position at 90° was intermediate for both twinning frequency and tear length.

It would be interesting to know whether these directional properties as 
revealed by the “  tear ”  length test could also bo correlated with tho structure 
as revealed by X -ray examination.

Mr. W . F. BrazenebJ (Member o f  Council representing the Birmingham 
Local S ection): In introducing his paper, Dr. Cook stated that the subject 
is one o f  considerable theoretical interest and practical importance. This 
phraseology considerably under-states the importance o f  this matter. We in 
Birmingham know that, on the theoretical side, the subject has created 
considerable discussion : one, perhaps, would not go so far as to say heated,

* Research Manager, I.C.I. Metals, Ltd., Birmingham, 
t  Bull, Brit. N .F . Metals Res. Assoc., 1923, (9).
J General Manager, The Mint (Birmingham), Ltd., Birmingham.
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but, nevertheless, it has aroused the keenest interest. That it is o f  practical 
importance no one engaged in the production o f  brass strip will deny. 1 na 
in mind at the present time a Company which produces during the course oi a 
month several million cups similar to those which arc illustrated m I lg. •
As is to bo expected, there arc times when production d oes  n o t  move so 
smoothly as at others. In accordance with the general trend o f  modem mass 
production, all stages o f  the ojierations are checked by a costing proc . 
Excessive scrap is very promptly indicated, and this is found to e ue, ve 
largely, to the variation in the depth o f  the cup after pressing. Ih e  ideal 
cup would, o f course, press with a level top and require no trimmin„- ip. 
Prior to the appearance o f Dr. Cook’s paper it, was a ssu m ed  that the only 
factors which could govern the amount o f  trimming-up scrap ft om ic o] »  
the cup were: (1) gauge o f metal; (2) grain-size; and (3) the “ rrect size 
of tools. It is now quite easy to see that the directional properties o f  the brass 
arc a very serious factor. T o my mind the paper does es a is i la , l 
practice, what may be regarded as normal process for the produc ton o 
brass strip gives relatively the best results for pressing.opera J°ns> 1 
say, with annealing temperatures o f approximately 625 C. wit! r  u c  ions 
the neighbourhood o f 50 per cent. The paper further emphasizes the impor
tance of control o f  intermediate processes in the production o f  soft brass strip. 
Too often manufacturers may neglect the intermediate processes an . 
content only with consideration o f  the final an n ea lin g  tempera UI'e. _ 
paper a grave warning is given that something co n sid e ra b ly  further i - 
required if  satisfactory material is to  be obtained, lerhaps l J  ' 
mentioned here that the smallness o f  ears on cupping is not always a ■ 
of the suitability o f  soft brass for any particular operation. no may 
consider, amongst other things: (1) the depth o f the cup require , vT,! 
shape ; (3) whether it is essential to have a completely smooth dome. H ere  
are a multiplicity o f  questions which immediately come to mind after a  ( lose 
study o f this paper. A  few that have occurred to me are :

(1) Is it likelv that anv treatment prior to the penultim ate annealing
will influence the directional properties? For instance, >
difference between brass which is primarily hot-broken-down as «OTWared 
with that which receives cold-rolling from  beginning to e . • »
any serious over-heating at any intermediate annealing s age 1
affect the final product ? , .

(2) Are metals or allovs which have more plastic properties than  ̂brass 
likely to  be affected in a manner similar to that indicated in tb® I j P? •
I have in mind, particularly, soft copper which may be used for sum .

purfwses^ ^  cage o f  cupg which arc required to be subjected to deep- 
drawing and have to undergo an intermediate annealing, w hat is the effect 
produced on brasses which have originally : (a) pronounced directional 
properties; and (b) no directional properties Ï

(4) 4. further question which comes to mind is whether a long-time 
annealing at a low  temperature to produce a large gram-siz-e^yould remo «̂ 
directional properties where, as is indicated m  the pa.per, ■ . !
high-temperature annealing leaves pronounced effects.

P . G. J o i in s t o n  * (Member) ; As the person more or iess res^nsible for 
the introduction o f  statistical methods for showing directionality in the micro 
structure o f annealed materials, I  a m  glad to express my delight at the 
wonderful results that Dr. Cook has achieved by them. i

* Midland Laboratory Guild (1028), Ltd., Birmingham.
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h^Uen1ftOTnmtller 1 d 'd ’ &nii ^aa tjcen rowarded, very rightly, by results

• J ' l f 3'  ,°"'n work i” , 1®34 1 connected the typo o f  plot I  termed bi-modal 
Pheno™e;i°n o f  ears on cups. Dr. Cook’s plot o f  his specimen D 

is cleaily bi-modal, with one maximum at 0° and one at 90°. I  think that 
measures o f  maximum diameters ”  such as I  used in m y work can be regarded 
also as fundamentally related to the inner structure o f  the grain. I  have often 
j y * !  to regard the classes o f  minimum frequency (avoided directions) 
rather than those which are preferred, as these are often much more definite, 
in  .Ur. Cook s specimen I) the groups o f  avoided classes include 10 out of 18 
classes (65-5 per cent.) with only 36-75 per cent, o f  frequencies in them.

Dr. T  L lo y d  RicnAKns,* B.Sc. (M em ber): I  have recently had an 
opportunity to study X -ray photographs o f  materials such as those con
sidered in this paper. The results afford an interesting confirmation of Dr. 
Look s observations on the correlation o f  the directionality in mechanical 
properties and frequency o f  twinning orientation, with ear formation. X-rav 
photographs were kindly taken by  Messrs. Stephen and Barnes, o f  the Philips 
industrial X -R a y  Department, o f  samples o f 70 : 30 brass strip produced bv 
the rolling and anneabng treatments detailed in Table A.

T a b l e  A .

Sample.
Penultimate
Annealing

Temperature,
°C .

Pinal 
Reduction, 
Per Cent.

Final
Annealing

Temperature,
°C .

Produced Cups Having :

555 500 50 500 No ears.947 900 40 700 Four ears at 45° to the direction 
of rolling.

X -ray photographs were taken o f  these samples, employing cobalt radiation 
and using back-rcflection and Debye-Scherrer cameras with the X -ray beam 
at normal and at glancing incidence, respectively. Reproduction o f  these 
photographs are shown in Plato X XV T II.

A  specimen o f  polycrystalline 7 0 : 30 brass with a random orientation of 
the crystals will give reflections o f  the characteristic K a doublet, and the K b 
line of cobalt at the planes, and making the angles with the incident beam 
indicated in Table B.

A i1 #  rci!<'ctions aro ^corded on the two photographs taken with
sample 555, the first eleven appearing on the Debye-Scherrer photograph and 
the remaimng three on the back reflection photograph. The grains apfwar to 
be large enough to produce individual spots, but there is an even distribution o f 
spots on the rings or lines in both pictures. This indicates that sample 555 
has grams o f  the order o f  0-02 mm. which are orientated at random.

\\ hen comparing the photographs o f  the two samples it is noticed that in 
each case the shots are distinct with no evidence o f  distortion o f  the crystals; 
also there are fewer but larger spots on the photographs o f  sample f)47." This 
means that both samples are fully annealed whilst the grain-size is bigger in 
sample 94/ than m sample 555. Further, it is observed that some o f  the 
reneetions m  the photographs o f  sample 947 are missing

In; the back-rcflection photograph o f  this sample the rings produced by  the 
reflection o f  the A „ doublet at the (004) plane are entirely missing. In the 
Debye-Scherrer photograph it is seen that the central portions o f  the line

* Research Physicist, I.C.T. Metals, Ltd., Witton, Birmingham.



P l a t e  XXVIII.

E A RS
(4 20) II (331) Kp 

(4 0 0 ) K0C

Co
(420) H (331) K p  

F O U R  E A R S  KoC

[To face p. 180.

3  4 
(111) (200)

8  11 12 
(220) (311) (222)

F ig .  J .

( I l l )  (200)

KP
11 12 KcC

(311) (222)

-70 : 30 Brass.



P l a t e  XXIX.

8 II 12 
( 022)  ( 222) 
A N N E A L E D  

NO DI RECTIONALITY

16
(004) Kac

N O T A N N E A L E D
SHOWING PREFERRED O R IE N TA TIO N  

(I/O ) PLANE IN THE SU R FAC E

A N N E A L E D
SHOWING PREFERRED ORIENTATION  

0OO) PLAN E IN THE SURFACE
F ig. K-— 70 : 30 Brass.
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produced by tho reflection o f  the K f}, line and K a doublet at the (111) and (002) 
planes are absent, also that the reflection o f  the K a doublet at the (222) plane 
is missing, and, further, there is an increase in intensity in the central portion 
of tho line produced by the reflection o f  the K a doublet at the (022) plane.

These observations suggest that for the sample 947 the (100) plane is in the 
plane o f  the strip with a (100) direction in the direction o f  rolling. W ith such 
an orientation o f  the crystal planes, the octahedral or (111) planes which are the 
slip planes meet the (100) planes in the face o f  the strip at 45° to  the direction 
of rolling and are also in a position for easy slip in the tensile test samples 
taken at 45° to  tho direction o f  rolling. Tho observed minimum tensile 
strength and maximum ductility o f  the brass strip at 45° to the direction oi 
rolling, and the production o f  cups having cars in these directions are thus 
explained. A  minimum frequency o f  twinning directions would also be 
expected in these directions for crystal growth can take place on the octahedral 
planes, which meet the face o f  the strip in these directions without twinning.

T a b le  B .

Reflecting
Plane. Radiation.

Anglo between Rcilected Beam 
and Incident Beam.

(AH) A» t ’  +  I*
(in) 3 4 4 °  4 8 '1
(in) 3 Ka 5 0 °  4 '
(0 0 2 ) 4

s
5 2 °  1 2 ' Recorded on tho

(0 0 2 ) 4 5 8 °  3 4 ' Debye-Scherrer
(0 2 2 )
(0 2 2 )

8
8 s

7 7 °  4 '  
8 7 °  2 6 '

photograph.

(1 1 3 ) 11 k b 9 3 °  4 6 '
(2 2 2 ) 12 Kjt 9 9 °  1 6 '.
(1 1 3 ) 11 Ka 1 0 4 °  1 2 '’
(2 2 2 )
(0 0 4 )

12
16

Ka
K b

1 1 5 °  2 7 ' 
1 2 3 °  2 0 ' Recorded on the 

■ baek-refleetion
(3 1 3 )
(0 0 4 )

19
16 é

1 4 7 °  4 ' 
1 5 4 °  0 ' photograph.

(4 2 0 ) 2 0 Ki> 1 5 9 °  24 '_

It  should be pointed out that the orientation observed in the present 
instance, that is, in the case o f  cold-rolled brass strip which has been sub
sequently annealed is different from any o f  those which have been observed by 
other workers for metals o f  face-centred cubic structures which have been cold- 
rolled without subsequent annealing. When metals having a face-centred 
cubic structure are cold-rolled without subsequent annealing, it is usual to 
find either the (112) or (110) planes in the plane o f  the strip with the [111] or 
[112] direction in the direction o f  rolling, respectively.

Apparently in the present case re-orientation as well as recrystauization 
had taken place on annealing. This point was o f  sufficient interest and 
importance to  investigate further. F  or this purpose Dr. W  right o f  Birmingham 
University very kindlv allowed his X -ray apparatus to  be used.

Debye-Scherrcr photographs o f  samples o f  7 0 :3 0  brass strip in the annealed 
and cold-rolled condition were taken, using cobalt radiation. Three photo
graphs were taken o f  each specimen with the X-ray beam, normal, glancing, 
and at 45° to the plane o f  the strip and the rolling direction. The samples 
had the treatments indicated in Table C.

These photographs indicated that in the case o f  the cold-rolled sample 
which was not subsequently annealed tho (110) plane was in the face o f  the
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strip, whilst for the sample 947 the (100) plane was in the face o f  the strip. 
Reproduction o f  the photographs taken with the three samples and with the 
A -ray beain at 45° to the plane o f  the strip and direction o f  rolling are given in 
Rjato A X T X . The different orientation o f  the crystal in samples 040 and 
047 can be observed readily from the photographs.

Table C.

Sample.
Penultimate 
Annealing 

Temperature, ° 0.
Reduction, 
Per Cent.

Final Annealing 
Temperature, ° C.

555 5 0 0 50 50 0
940 90 0 4 0 N o t  a n n e a le d
947 90 0 4 0 70 0

Mr. A . P in k e r t o n  * (M em ber): Some years ago, after reading the papers 
by Phillips and Samans on 90 : 10 brass and by Bassett and Bradley on cupro
nickel, T carried out some similar experiments on 70 : 30 brass. Unfortunately 
I  was not in a position to produce cups from the strip and had to be content 
with determining the tensile strength and elongation. This was done in five 
directions, viz. 0°, 22-5°, 45°, 67-5°, and 90° to the direction o f  rolling. The 
results were not very conclusive, but did seem to point to the fact that a low 
penultimate anneal, a light reduction, and a low final anneal gave the best 
results. This seemed to work out fairly well in practice, but it is gratifying to 
know that with a 50 per cent, reduction and a low final anneal one has more 
freedom with the penultimate anneal.

I  should like to ask Dr. Cook which property o f  the metal he considers 
most sensitive in showing the presence o f  directionality, whether it is the 
maximum stress, the elongation, or the reduction o f  area. One would think 
that the elongation or the reduction o f  area would be tho most sensitive, but I 
notice that in the paper tho author has used a function o f  the maximum stress 
in plotting the curve in Pig. 2. Some o f  the tests recorded in Tables IV  and V 
which show a very uniform tensile strength in the three directions tested vary 
considerably in the elongation and the reduction o f  area, and a given varia
tion in these tests does not always result in the same amount o f  earing in the 
cups. For instance, in Table IV  the specimen which had the 550/50/525 
treatment gives a maximum difference in the elongation figures o f  about 14 per 
cent, o f  the average values and gives ears on cupping o f  0'005 in., while the 
specimen which had the 550/90/625 treatment gave a maximum difference in 
the elongation figures o f  only 10 per cent, o f  the average values and the height 
of the ears was 0-022 in. The difference in the tensile strength in tho two eases 
cited is about 2 and 6 per cent, o f  the average values. I t  appears to me that it 
would be difficult to forecast the performance o f  strip on cupping from the 
results o f  tensile and elongation tests only and that actual cupping tests would 
be the only satisfactory method to use. The distribution o f  tho points in 
Fig. 2 bears this out to some extent.

After showing the directionality in cold-worked brass o f  both 64 : 36 and 
'0  • qualities, Dr. Cook has confined his tests on the annealed metal to 
« ?  1 v. " oll'd  have been interesting to have had a similar series o f  tests on 
t>4 : 36 brass to see if  the same conditions apply to this alloy. I t  would also 
have been useful to have had a set o f  tests included on specimens which were 
given a final reduction o f about 35 per cent, as this is the more usual finishing 
treatment in works practice.

* Technical Manager, Earle Bourne and Company, Birmingham.
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Mr. H .  H a y f . s  * (M em ber) : There¡ arc 
brass strip who attribute the production o f  '>  notin« the presence
of the material. O n e  instance came to A \  within the
of iron on the analysis report sen undoubtedly the cause o f  wavincss
usual amount allowed), stated that steel cups and, therefore, iron
as he always had the troub e when ™ P ^ le i f  it got into the
being a constituent o f  steel would ^ use ¡t : very difficult to  com bat these 
brass. This may appear a trivial.matter.but it »  TOycmn® u w l  notiona.
ideas. A paper o f this type is o f  pe^ . considered to  be a serious matter 

The amount o f “  waviness be carried out, and
naturally depends on the manufacture o f  clinical thermometer
the diameter o f  the cup itself. I  _  serious matter because o f the

off ‘and U ic

die with disastrous effects. „^ r im e n ts  carried out in order to
During a f a i r l y  extensive ™  i?re o ^ u  p T fortheproduction  o f  clinical 

produce brass strip for the manufactu p . tbe <■< waVes ”  less than
thermometer tubes, it was found that 1 thorough soaking anneals from
0-03 in. it was necessary to  give the m a ten a lth orou gti^ K m g tbe
t  in. thick downwards The ^ ^ ^ ^ ¿ f ^ I u n ^ c a i  at 550? 0 . The 
penultimate anneal which was at u ) ■ . . . ̂  weiclit o f  charge, but it
amount o f  soaking time varied, o f  c ’ batch o f  material was reported
was never less than 2fc hrs. On one on ly . jt  was found to be due to

2TA SXiilS-iS  JWS& >■ “  *>"— - -
annealed at a sufficiently early stage. . t i , „  nenultimate and the final 

With regard t o  the amount o f  ^  redlK.lio n
anneal, it was found in these expcnm  - directional properties could be 
was between 30 and 50 per rent, n oe. e . rolling was done in light or
traced, and this was also the cose whether tne ro i.u g
heavy reductions.

The A d th ob  (in reply) :  ^ j ^ c t e d  *to ¡mother° paper t  dealingthat my attention has recently been d . r e e t e d  to an°ttle I
with X-ray evidence o f  directionality in ro P ^  j  j,ave not, prior to  the

Referring to Dr. Jevons s .^e*y.in|l' naJ ir produced or encountered brass 
completion o f  the work described in tli P I directions other than at 45° to 
strip which yielded cups having ears m  y  t h e  f a c t  that it has already
the direction o f  rolling. Bearing in m , produced at 45° and also at O' 
been quite definitely shown that ea *  . ¥,1 and a!so in steel, according:
and 90° to the direction o f  rolling in P tQ material has been sub-
to the rolling and annealing conditi certain circumstances,
jected, it would seem c o n c e i v a b l e  that in brass, in ^  ^  ^  ^

eare might P«®iM y ,J- '  s ca rred  at 45° and were all more or

a  i » • > » *

1  l : r̂ S r an<l G. Edmunds, Free.. A,rur. 8 o c  Test. M at. 15*29, 29, (II).
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is yet much, to be learned about this subject o f  directionality, and also as a 
timely warning against premature speculation and theorizing. With the 
material dealt with in tho paper I  am inclined to doubt i f  tests in directions 
between 0° and 45° and between 45° and 90° would have been particularly 
informative, but this, o f  course, would not necessarily be so i f  the conditions 
o f  manufacture were appreciably altered.

It is possible, as Dr. Jevons has suggested, that in material in the rolled 
condition the directionality so induced may, at least in some measure, be 
associated with the increase in the number oi grain boundaries per unit length 
at 90 to the direction o f  rolling, but there is evidence, I  believe, which would 
indicate that some measure o f  preferred orientation in the crystalline aggre
gate is actually brought about by  rolling without subsequent annealing. 
.Dr. Richards, for example, in the course o f  his remarks has pointed out that 
X -ray  evidence suggests that in brass the (110) plane becomes orientated 
parallel to the surface o f  tho strip.

Both Dr. Jevons and Dr. Brownsdon referred to the tear test, and I  was 
very interested to leam  o f the correlation which Dr. Brownsdon had found 

êar and the frequency o f  twinning orientation. I t  was
difficult to say just what this tear test did measure, but it seemed clear that in 
some respects it was extremely sensitive and could show very clearly, in some 
instances, differences which were not revealed with certainty by  other methods. 
.Ihe material dealt with in tho paper was 0*037 in. thick, which is too thick to 
bo suitable for a comprehensive series o f  tear tests with the object o f  attempting 
to  correlate the results with those obtained by  other methods. Thinner 
material, suitable for the tear test, was not very satisfactory, however, for 
the cupping experiments, or for the determination o f  tensile strength values, 
when relatively small differences were being looked for.

In reply to  Mr. Brazener, I  have no evidence which would indicate that 
there is any difference in respect o f  directionality between material which was 
originally hot broken down before cold-rolling or between material which had 
been cold-rolled throughout from the cast ingot. Again, I  have no evidence 
which would indicate that overheating in annealing prior to the penultimate 
annealing would affect the directional properties o f  tho finished strip. Soft 
copper tended to exhibit directional properties to  a more marked and pro
nounced degree than brass. W ithout making a strict comparison, which 
1 have not done, it would not be easy to  say what the effect would be o f  inter
mediate annealing on brass products which had been produced on the one hand 
Irom stnp free from  directional properties, and on the other from  strip which 
had pronounced directional properties. I t  would probably largely depend 
on the amount o f  cold-work to which the product had been subjected and 
the conditions o f  the annealing operation. So far as tho work covered by  the 
paper went, all the evidence showed that as a rule for  any given set o f  con
ditions, relative to  the temperature o f  the penultimate anneal and the magni
tude o f  the last rolling reduction, the tendency towards the development o f  
directional properties was reduced as the temperature o f  the final anneal 
was decreased.

^J1.6 remarks o f  both Mr. Johnston and Dr. Richards are welcome con
tributions to the discussion and I  am pleased to note that b y  X -ray  examina
tion o f  some o f  the materials wThich I  have used in the invest igation Dr. Richards 
has been able to show that, in annealed strip showing directionality, there was 
a preferred orientation o f  the ciystal planes which would account for the 
formation o f  four ears on cups at 45° to the rolling direction, and for the fact 
that the minimum tensile strength, maximum elongation, and minimum 
twinning frequency all occurred in this direction.

1 am interested to know that Mr. Pinkerton has carried out some tensile 
test and elongation measurements on samples cut at 22*5° and 67-5° as well
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as at 0°, 45% and 90°, but I  am not surpris«! th a tm  the absence o f  o tig rd a ta
the results did not appear to bo very "  ¡n„  (cst -would probably be
of directional properties in strip an c _ PP ^  moreover, the advan- 
more informative than a tensilo test „ „ „ i - d  0ut. ’ Ono would not expect
tage of being much more easily -  directional properties in 6 4 : 36
the conditions controlling the dovelopmen d t0 keep
brass to be greatly different.from^ ^ ¿ ^ ^ L s o n a b l e  bounds 
the amount o f  work involved in ^ g number o f  difEerent annealmg
tests on 64 : 36 were not carried ont- ^ n“ i ™ enX e r e a s o n ,  limited to those 
temperatures and rolling reductions w  > h a s  nointed out, the practical 
described in the paper. As Mr. H a y e s ^ ^ u r o  ami size o f  the 
importance o f  ears depends ver) -a Q1̂ q 0riuentlv drawn, for, in addition
procluct, a n d  th e  e x te n t  t o  which i l , ag J,cfcrrcd ; a pronounced earing
to the stripping difficulty, to which amount o f  metal cut away in
effect involves the necessity o f  increasi  ̂ impurity, or
trimming. The question o f  the presence o ftfon O T  ^ 1 ^  to
deliberately made addition, being i jr p  V  d of, as was done in the 
which Mr. Hayes referred, can bo readily d i ^ e O M , ^
work described in tho paper, by  pr r .  which yielded w avy or eared
strip which yielded flat topped cups, ™  y
cups, by varying the rolling and anneahng conditions.
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A STUDY IN THE METAIXO&^APHY AND 761  
MECHANICAL PROPERTIES OP LEA .

By BRIKLEY JONES,t  M.Met., M e m b e r .

Sy n o p s is .

Reference is made to the tendencies to ®^°rocchanira? tests can havo 
at ordinary temperatures, and it is st controlled or prevented,
little significance unless these c h a n g e s Q b e t w e e n  deformation, grain 

Experiments dealing with the relationship bet* eja ' Sc r i b e d ,  and
growth, and a regult of the critical straining ofit is shown that g ra m  growth de\ elops as - ^ medium ”  refinement is
very refined “  as rolled ”  structures. W  of a w g g  ^  by strains
f o u n d  t o  b e  im m u n e  from gram grow structures which result
severe enough to cause re c ry s to lh z a U o n . ih e  ^  ;uR
from grain growth and rccrj'sta iz- , ^  gra;ns are well defined,
shown to be different in type. In the fo , :ntercrvstallino cracking; 
infrequently twinned, and often
in the latter they arc confused and re ^ te d l^ tv ,  ̂  ^  found, from 

Heavily twinned, recrystaUizedst! large-scale experiments
dealing’ wHh'the producUon° oi^a icommercial basis, of sheets having such
structures.

I ntroduction .

The studies to  be  described in this paper Z l
com m ercially pure lead in  the rolled farm , al h o u g h  som e o ^ th e  
elusions derived are equally  applicable to  extruded products.

There is som etim es a tendency to  overlook  the ^  ^
of the softest metals, is  largely used as a m a t . s n a l g  
construction . Its  m echanical properties therefore however m nch 
contrast th ey  m ay  stand from  those o f the m ore n g  d m c a for
assessment. T he s h o r t - c o m i f  o f c o n v e n t u a l
well-known, and whether figures derived from tensile * P ^
fatigue and creep tests can  alw ays be usefull) 1 1
question P rov id ed , how ever, th a t a m etal possesses, under the
stresses and strains o f service, the property  of 
it w ill n o t be  den ied th at in form ation  of 
derived from  such tests. D uring the last few  y e * »th « - 
properties o f lead have received increasing attention , and a la g

* Manuscript received December 3, 1936. Presented at the Annual Genera

w Industrif* ’ Ltd., Research Laborateries,
Perftrale, Middlesex.
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accumulation of data, expressed in terms of ultimate stress, hardness, 
fatigue-rcsistance, and creep rates is available. Unfortunately, how
ever, lead is an unstable metal in so far as it only possesses the property 
of permanence in a qualified way. Lead may be lacking, therefore, in 
the essential feature which gives ordinary test results any significance. 
Changes in the metallographic structure of lead under normal circum
stances of use are common, and our experience has shown that such 
changes can proceed to extreme degrees. For example, Figs. 5 and 6 
(Plate X X X I) illustrate two samples of chemical lead sheet. Both pieces 
were rolled originally from the same ingot and were stored in the 
same place for the same time at room temperature. No particular 
precautions were taken, however, in the handling of these pieces, 
and a chance examination, some 2 or 3 weeks after rolling, revealed 
an extraordinary difference in structure between the two. Both 
samples had lost their original “  as rolled ”  structures, but it is known 
that recrystallization had occurred in the one case and what has 
been called “  exaggerated grain growth ”  1 in the other. Tensile test- 
pieces, cut from these specimens, when strained at a rate of 0-09 in. 
/minute, gave results as follows :

Ultimate Stress, Elongation on 3 in.,
Lb./in.*. Per Cent.

“  Recrystallized ”  structuro 
“  Coarse ”  structure

2000 60
1350 46

In Figs. 1 and 2 (Plate X X X ) are shown photographs of the test-piece 
cut from the coarse-grained metal, before and after straining. It must 
be obvious, on account of the unequal distribution of strain alone, 
that structures of this type are extremely weak and totally un
suited for constructional purposes. The percentage of service failures 
associated with such conditions makes it necessary that any coarseness 
in structure should be avoided wherever possible.

Since changes in structure imply changes in mechanical properties, 
it is clear that mechanical tests, when applied to lead, may measure 
properties which arc only temporary, and quite secondary to more 
fundamental characteristics. Appreciation of the more fundamental 
values, which govern test figures, would provide a sounder basis for 
understanding the true nature of the metal.

In this paper it is maintained that it is misleading, in the case of 
a metal in which structural changes can easily occur, to rely on figures 
derived from mechanical tests unless these structural changes can be 
controlled or prevented. The experiments to be described are the
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result of an attempt to discover whether it would be possible to assess 
and control the mechanical properties of lead with greater certainty by 
first understanding the underlying factors upon which these properties
depend.

M i c r o s t r u c t u r e  o f  L e a d .

The microexamination of lead usually reveals that type of structure 
which would be expected of any pure metal, viz. a simple po yliedra 
structure. A typical field is illustrated in Fig. 7 ( ate  ̂ * * )• 

Initially, at any rate, a structure such as this is affected by qu 
and moderate strains in a manner typical of any pure metal. ig. 
(Plate X X X I), for example, illustrates the development of 
resulting from compression of material similar to t ia s own in .
It is a common experience that the surface of lead will roughen 
strained to an extent depending on its coarseness of p a in *  It b  
usually considered, however, that lead cannot )e permanen y > 
by cold-work; it wil! in fact, if sufficiently strained, - - y s t a l l .e
Fig. 9 (Plate X X X II), for instance, was observed in less than 10
in s p o n t a n e o u s l y  and rapidly at ordinary temperatures d e f i e d  shown 
after a scratch in the form of a cross was marked on the mete 

Since lead is expected to undergo strain m practice, 
with which structural change can occur is a c larac eri* 1 
importance. It is in this very particular of structora! instobihty that 
lead begins to diverge, in practice, from e o i< r , j [
constructional metals, and a specification dealing with ^  
properties could only be devised on the basis of a full understanding
of the laws underlying this instability.

“  A b n o r m a l  ”  S t r u c t u r e s  i n  L e a d .

As stated above, the microstructure of lead revels in » ordinary 
wav a simple polyhedral structure. Much improved technique in the 
polishing and etching process togetherr with a car,efu “ rutiny o jn an y

“ ;Up” V.re xxxii) «***»*.me case. n 0s. v ,, { ^ contained more
samples of commercially pure lead sheet, all oi w
than 99-98 per cent, l e d  and were polished and etched »

Tho stmctures «  f t .  reverse »1 simple, and seem “  5« 
be unique It is not proposed, l.eie, to analyze the peculiar pattern- 
developed in these diilerent , ,c t io n .-w lic h  ar, all 
recrystallization and grain grow th-or
structures were chosen because they seemed to illustrate »  “
the difficulty of appreciating the p h y s ic a l nature of lead without
bearing its inetallograpliic condition eontmua j in nun .
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G r a i n  G r o w t h  a n d  R e c r y s t a l l i z a t i o n .

Before describing further experimental work it is considered desir
able to distinguish, yet again, between the conceptions of recrystalliza- 
tion and grain growth. A  stu d y  of the research work being carricd 
out on lead and its alloys will show that confusion still exists owing 
to lack of clear distinction between these two terms. It is difficult to 
improve on the definitions given by Carpenter and Elam 2 15 years 
ago, quoted below :

“  By recrystallization, the authors mean the complete re-orientation 
of a crystal or a group of crystals. The new arrangement starts from 
new centres and is quite independent of the old system of orientation. 
This always gives a refined structure.”

“  By crystal growth, the authors mean the re-arrangement of 
certain crystals in a crystal aggregate to conform with the orientation 
of certain other crystals, during which process the latter increase in 
size by addition of re-orientated material at the same time as the 
former decrease in size by the same amount.”

In Fig. 3 (Plate X X X ) is shown a specimen of lead sheet which was 
treated to illustrate these processes. This sample, carefully preserved 
in an unstrained condition after leaving the rolling mill, was severely 
bent in the middle, leaving the ends undisturbed, re-straightened, and 
subsequently held at a temperature of 50° C. for 12 hrs. The original 
“  as rolled ”  structure of the extremities of the piece remained un
changed. In the centre, where deformation was severe, complete 
recrystallization occurred and a new, relatively refined, structure 
appeared. Separating these two structures were regions in which true 
grain growth occurred.

E x p e r i m e n t a l  W o r k .

Usually, immediately after rolling * commercially pure leads 
(99-99 per cent, lead) possess structures of extreme refinement. A 
typical example is illustrated in Fig. 4 (Plate X X X ). It has been some
what surprising to discover that not only are “  as rolled ”  structures 
usually initially refined, but that, provided that samples are com
pletely preserved from further deformation, such refined structures 
are apparently indefinitely retained. Not only have specimens kept 
under observation for more than 1 year shown no sign of structural 
change, but they have remained stable when exposed for several weeks

* I.e. rolling under the conditions of temperature and reduction obtaining 
under industrial conditions.
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to a temperature of 50° C. Deformation after rolling is an essential 
precursor, apart from heat-treatment,* to structural change.

In service, however, lead sheet is invariably coiled before leaving 
the works, and a pure “  as rolled ”  structure is rarely seen.

In order to arrive at some quantitative idea of the relations between 
deformation, grain growth, and recrystallization, the following experi
ment was carried out.

Ingots of lead 20-lb. in weight and 2\ in. thick, were cast and 
cold-rolled into sheets of J in., the material being 99-99 per cent. pure. 
From the flat parts of the sheets, strips 6 in. long by 1 in. wide 
were carefully sawn. Extreme precautions were taken to protect the 
metal from even the slightest of strains after rolling. Five picces 
were selected, inserted in a tensile machine, and elongations of ■£, 1, 
2, 4, and 6 per cent, applied. After storing for 24 hrs. at 50° C., these 
specimens together with a sample in the “  as rolled condition were 
etched, and the various structures resulting from the different treatments 
are illustrated in Fig. 13 (Plate X X X III). The “  as rolled ”  sample 
apart from slight incipient grain growth along the sawn edges, retamec 
its original structure unchanged. In the i  per cent, elongated piece, 
considerable grain growth occurred, but areas of the original refined 
structure remained unabsorbed. In the 1 per cent, elongated specimen 
the “  as rolled ”  structure was completely obliterated by coarse grains. 
The effect of 2 per cent, elongation was to initiate recrystalliza- 
tion, whilst 6 per cent, elongation produced an entirely new and 
relatively refined recrystallized structure. It is clear from this expen 
ment that recrystallization and grain growth in lead are go^rned y 
the same laws as in aluminium, iron, &c., and there is no need to 
dwell further on the classification and mechanism of formation of 
the structures since the subject has already received much attention 
from other workers, notably Carpenter and Elam,2 Simthells, and 
Jeffries.1 It is of the very first importance to realize, however, that 
the structural changes initiated by deformation proceed, in the case 
of lead, at moderate or even room temperatures. It follows, there
fore, that, whereas phenomena which occur in iron, for example, might 
be considered to some extent of scientific interest only, they are m 
lead a matter of immediate and everyday practical concern.

* I t  has been found that, in dealing with sheet rolled from  the usual brands 
of virgin pig and refined pig leads, exposure to temperatures up to approximately 
65° C., accelerates structural changes which would normally occur at room  tem- 
wratures but does not alter their nature or initiate new changes. The effect of 
temperatures much in excess of 65° C., however, is to  introduce fresh Motors, e-?- 
two specimens of sheet which, after treatment at 50 C. might emerge refiined 
and coarse structures, respectively, might after treatment at 100 G. both dev p 
medium structures.



After the above experiment, several attempts were made to pro
duce the same sequence of structures in extruded metal. These were 
all unsuccessful until it was realized that grain growth could only 
proceed in structures initially of extreme refinement. A 90-lb. bil e 
of refined pig lead, to which 0-006 per cent, antimony had been added, 
was accordingly extruded cold into strip l i  in. w ide by 8 in. t ic 
The resulting structure was comparable in refinement to that of rol ed 
sheet. Lengths were carefully cut, preserved as much as possible
from further strains and elongated 1, 2, 4, and 6 per cent., in o
same manner as previously described. After storing for 24 hrs. at y0 -,
t h e  samples were etched and photographed. In lug. 14 (1 late x - j
it is seen that in the \ per cent, elongated specimen huge grains developed 
by pure growth; 6 per cent, elongation, as before, produced a relatively 
refined and completely' recrystallized structure. ^

The experimental difficulties involved in cutting test-pieces and 
applying small amounts of tensile strain were almost insuperable, 
and no great accuracy can be claimed for the lower elongation figures 
quoted. In order to obtain more certainly and conveniently informa
tion which could be directly related to works’ practice, numerous 
experiments were carried out using the following technique. ma 
ingots of various leads were rolled into strips of j  in. thickness, ant 
from the flat parts of each strip 8 in. lengths were immediately cut. 
Fifteen minutes after rolling different degrees of strain were imparted 
to the pieces by bending them around radii of 12, 11, 10, 9, 8, 7, 6, o, 
4, 3, and 1 } in., respectively. Figs. 15, 16, and 17 (Plate X X X \  ) are 
photographs of three specimens selected from a series of bent strips 
rolled from ingots of Broken Hill lead. The material was, as usual, 
stored for 24 hrs. at 50° C. after straining, and the strips, after examina
tion, were flattened, etched, and immediately photographed. In Fig. lo, 
a strip bent around a 12 in. radius, the strain was insufficient to cause 
structural alteration with the exception of limited growth of two or 
three grains. Substantially the structure remained in the “  as rolled 
condition. In Fig. 16, a 6 in. bend sample, coarse grain growth 
developed; whilst bending around a radius of l j  in. produced, as 
shown in Fig. 17, complete recrystallization with a relatively refined 
structure. It is almost incredible that the same metal, after such 
simple treatments can assume such diverse forms.

S t a b i l i t y  o f  S t r u c t u r e  i n  L e a d .

The ultra-coarse structures mentioned in the previous pages were 
all developed as a result of slight deformation of metal which was m 
a state of extreme grain refinement. In spite of repeated attempts,
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P l a t e  X X X .

Fio. 1.— Test-Piece Cut from Coarse-Grain Lead s he«t^ by*j UCCd b>

[To fact p. 1OT.



P l a t e  XXXI.

F ig . 5-— Load Sheet : Rccrystallizcd. x  1. 
F ig . 6.— Lead Sheet: Grain Growth, x  1. 
F ig .  7.—Lead : Polyhedral Structure, x  100. 
F ig .  8.— Lead : Slip Bands, x  100.



P l a t e  XXXII.

p IG> 9.— Spontaneous Recrystallization 
F ig . 10.-—44 A bn orm al”  Structure. v  c 
p IG> i i . — “ A bn orm al”  Structure.
F ig . 12.— “ A bn orm al”  Structure.

100 ,

50.
100. t e c h n ik iFG
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P l a t e  XXXIV.



P l a t e  XXXV.

F ig . 15.— Rolled Lead : Bent and Stored 24 Hrs. at 50° C. 12 In. Bend, x  1.
F ig . 16.— Rolled Lead : Bent and Stored 24 Hrs. at 503 C. 6 In. Bend, x 1.
F ig . 17.— Rolled Lead : Bent and Stored 24 Hrs. at 50° C. 1} In. Bend, x 1.



P l a t e  XXXVI.

F ig. 18.— Rolled Lead : Recrystallized, Then Bent and Stored 24 Hrs. at 50’  C.

Fic. 19 ,-R ou id 'L ead '-' ^ crystallized, Then Bent and Stored 24 Hrs. at 50» C.

F icO O -R o U cd  Lead: ^crystallized , Then Bent and Stored 24 Hrs. at 50» C.
1J In. Bend. X 1.



P l a t e  XXXVII.

F ig . 21.—Grain Growth in Service. Intercrystalline Cracking. X 2 Diam. 
F io. 22.— Recrystallized Structure. X 5 Diam.
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it was never foun d  possible to  p roducc grain grow tli o f  this ty p e  other 
than by  beginning w ith  refined structures. T h e sequence o f  structures, 
for exam ple, as illustrated in  F ig . 14 has never been obta in ed  from  
hot extruded lead. In  view  o f the fa c t  that the m e c h a n i c a l  properties 
of coarse-grained lead are com pletely  undesirable for  a lm ost any 
purpose, the practica l im plications o f th e  above  sta.tc.men are 
of great im portance. I t  is considered, therefore, \̂e w or w 1 e 
to record one o f  tlic  experim ents con d u cted  in the ligh t o i  tins

Ingots o f chem ical lead o f the same quality  used for  the bending 
experiment reported  were rolled  and 8 in. lengths were cu t. In  order to  
confer on the m aterial a structure o f  m oderate, in  p lace o f extrem e refine
ment, 10 o f  the lengths were elongated b y  4 per cent, in  a tensile m achine 
and treated for  1 hr. a t 50° C., i.e. the m etal was com pletely  rccrystat- 
lized. The specim ens w ere then bent severally around radii ot U, 11, 
10, 9, 8, 7, C, 5, 4, 3, and l £  in., respectively , and held for 24 hrs. a 
a tem perature o f  50° C. T he result o f th is experim ent was rem ark
able, for w ith  tw o  excep tion s every sample retained its original struc
ture unchanged. O nly the strips bent around the 3 in . an 
n &  show ed any alteration . T h e deform ation  in  these instances 
was, as w ou ld  b e  expected , severe enough to  destroy the origina 
structure and prom ote, b y  recrystallization, fresh ones exactly  similar 
in type b u t sligh tly  coarser. F igs. 18, 19, and 20 (P late X .  - )
photographs o f the 12, 6, and 1 }  in . bends, respectively  selected from  
this series. In  order to  g ive  full opp ortu n ity  for  any further tendencies 
to grain grow th  to  proceed, the com plete series was m aintained at 
50° C. for  another 4 days. T he 6 in. bend  specim en was then inserted 
in a steam  oven  and k ep t a t a tem perature o f 100 G. fo r  1 m on th , 
subsequently all sam ples were kept under observation , a t room  
temperatures, for 8 m onths. N one o f these treatm ents had a n y  effect.

The conclusions w hich  appear to  be  w arranted from  this and 
numerous other sim ilar experim ents carried ou t on  rolled  and extrude«

metal are : r , , . •
(1) L ead , w hen sub jected  to  those critica l degrees o f deform ation

which are liab le to  cause exaggerated grain grow th, is im m une from  
such processes, p rov id ed  the in itia l grain-size is a o\e a ce am

minimum. , . .
(2) Structures in w hich, at ord inary tem peratures, deform ation  

does n ot prom ote grain grow th, are on ly  affected b y  strains sufficiently 
severe to  initiate recrystallization. Such structures then recrystallize 
and are replaced b y  others sim ilar in ty p e  : these in  their turn also 
resist grain grow th, prov id ed  th at strains are n ot severe enough



to  reproduce grain refinem ent, com parable to  that resulting from 
cold -rolling or cold -extrusion .

A s a gu ide to  those w ho are interested, from  a practica l point oí 
view , attention  at th is po in t is d irected  to  tw o  further photographs. 
F ig . 21 (P late X X X V I I )  shows ( x 2 )  a specim en o f lead sheet in which 
grain grow th  had proceeded in service and w hich  had subsequently 
fa iled  through intercrystalline cracking. In variab ly  in  such cases, 
th e  grains are d istinctive, individual, and in frequently tw inned. Ihis 
constitutes an excellent exam ple o f w hat is undesirable and avoidable. 
In  com parison, a sam ple o f  a “  m edium  ”  recrystallized structure (X 5 ) 
is illustrated in F ig . 22 (P late X X X V I I ) .  E xam ination  shows the 
grains to  be confused, in terlock ing, h eav ily  tw inned, and different in 
character from  those developed  as a result o f  grain grow th. Experience 
has taught us that con ditions m ust b e  abnorm ally  severe to  induce 
intercrystalline cracking in structures o f  the con fused ty p e— irrespective 
o f their degree o f coarseness or refinem ent.

The question  o f  the effects o f  sm all am ounts o f  im purities on the 
grain grow th  and recrystallization  o f  lead has n ot been forgotten 
during the course o f the present investigation . A  stu dy  o f  the wide
spread literature dealing w ith  th is aspect, how ever, fails to  reveal 
m uch  appreciation  o f  the effects o f  im purities from  the p o in t o f view 
o f w hat influences th ey  m ay  have on  the wholesale structural altera
tions w hich are possible in  lead during the ord inary rou tine o f large- 
scale production  and use. A lthough  a great deal o f w ork  remains to 
be  done, it is know n, for  exam ple, th at additions such as 0-05 per cent- 
tin  and 0-05 per cent, antim ony d o  n ot prevent the coarse grain growth 
w hich results from  the slight straining o f refined “  as rolled  ”  structures.

D is c u s s io n  o f  R e s u l t s .

F rom  th e  p o in t o f  view  o f both  the user and m anufacturer of lead 
products, an ideal state o f affairs w ould  exist if it  were possible to 
provide a t w ill m aterial (a) o f any desired structural type, and (6) 
w hich w ould  resist radical transform ation  under norm al conditions of 
service. I t  w ould  then n o dou b t be  found th at lead o f m edium  grain- 
size w ould  be used. F o r  one th ing, the advantages usually secured by 
conferring upon  metals structures o f extrem e refinem ent tend to  be 
offset in  the case o f lead and lead alloys by  a serious decrease in  creep 
resistance, and it  is certainly difficult to  im agine any im portant applica
tion  where coarse structures w ou ld  be preferred. I t  has been em 
phasized that structures o f  m edium  grain-size, recrystallized after 
rolling, such as that illustrated in  F ig . 22, possess surprising stability,

1 9 4  Brinley Jones : / i  Study in the Metallography



since they are n ot susceptible to  grain grow th and can on ly be destroyed 
by strains severe enough to  prom ote recrystallization. The author has 
never known a case o f service failure associated w ith structures o

thlX e  m anufacture o f  lead sheet, ingots o f from  10 to  12. tons 
in weight and o f the order o f 6  in. th ick  are u s u a l l y  hot-rolled  in to 
slabs about 1 in. th ick . T h e slabs are then sheared in to  sections 
which are afterwards separately rolled  in to  sheet o f required gauge 
with no further re-heating. T he finished sheets are coiled  in to  rolls

before leaving the m ill bed.
I t  is possible, therefore, that the finish,ng tem perature o  the first 

sheet rolled from  any particu lar in got m ay be  considerably lug 
than that o f  the last sheet. I f  a m ill has been w orking con tm uou  y  
and rapidly, for a long period , the finishing tem peratures o f all sheets 
might be considerably above  atm ospheric. Certain o f the strains 
involved in coilin g  are severe enough to  destroy re net as 1 
structures, even  w hen  both  m etal and  rolls have been  cold . H e , 
it is probable th at m uch  o f  the m aterial produced m  practice  P033^ ,  
at the outset, a structure im m une from  exaggerated grain grow th- 
After coiling, sheets rem ain com paratively  undistur e or < y  „  
p e r io d s -a n d  o f course a t various tem peratures d e p e n d ,.«  on  the 
weather— until th ey  are u ncoiled  b y  the user. wi >( ‘
what has been  said, that none o f these treatm ents w ill ^ d e l ^ g n o m ,  
to metal w hich w as in itially im m une from  grain grow th I t  is possible 
however, to  con ceive  a peculiar com bin ation  o f  circum stances in  w i g  
a roll o f sheet, w hen  received b y  the user, w ou ld  con tain  a com p! 
range o f structures changing progressively from  the m s i i  o  t ■ 
side! The last section, for exam ple, o f the first in got to  be  o i l e d  
after a w eekend break, co iled  in to  a roll, stored possib ly  m  a w arm  
place or despatched on  a long sea voyage  before u^  ng’  “  g , 
eventually be found to  have assum ed such a condition . Severa 
methods L  preventing this undesirable state of
themselves, but it is n o fp r o p o s e d  here to  discuss the pros and cons of 
practical w ays w hereby stable structures cou ld  be  con ferred deliberately

011 'a  g r e a t l c a l  o f large-scale experim ental w ork  has been earned ou t 
in w hich a num ber o f 10-ton  ingots have been ro ed u nd v  ns 
conditions o f tem perature and reduction  The m a c r o s ^  ti re 
of lead is fortunately  v ery  easy to  reveal and num erous full-sized 
sheets (30 ft. X 8 ft.) h ave been etched over their com plete surfaces.

* Methods for the production of stable structures in lead sheets are the subjects 
of an application for a British Patent.
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The details of these experiments may be explained in some future 
publication, but it can be stated that the practical difficulties involved 
in the commercial production of sheets having uniform medium re
crystallized structures have been surmounted.
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DISCUSSION.
D r . J . M c K e o w n ,*  M.Sc. (M ember): This paper raises a number of 

Interesting questions; for example, can the author say whether the fine
grained materials which exhibit marked grain growth after deformation also 
exhibit marked grain-size contrast before working ? Jeffries’ view is that 
grain-size contrast is one o f  the most important factors in producing growth. 
The author states that “  Lead, when subjected to those critical degrees ot 
deformation which are liable to cause exaggerated grain growth, is immune 
from such processes, provided the initial grain-size is above a certain mini
mum.”  Jeffries has advanced the hypothesis that unstrained grains grow 
at the expense o f  strained grains, and I should like to consider an application 
o f  this hypothesis to the information given in the present paper. I have tried 
to visualize how the difference in behaviour o f  fine and medium or even rela
tively coarse-grained leads subsequent to  deformation can fit in with this 
hypothesis.

I f  Jeffries is right, the presence o f  unstrained grains scattered throughout 
the sheet o f  lead in a field o f  strained grains is essential to grain growth, and 
in thi3  case why should this condition be more liable to occur in the fine than 
in the coarsc-grained lead ? I  have been led to conclude that this difference 
in behaviour is probably due to the difference in the extent o f  grain boundaries 
in the two materials. 1 suggest that even at the fairly rapid rate o f  straining 
used in applying the overstrain to the test-picecs, the deformation occurring 
consists o f  both intercrystalline and transcrystalline movement, and it is 
probable that the ratio o f  the intercrystalline to the transciystalline increases 
as the grain-size decreases. The fact that fine-grained lead gives a greater 
elongation in the tensile tests than coarse-grained lead appears to confirm 
this statement. I f  this is so, it will follow that for a given definite amount of 
overstrain tiie transcrystalline deformation is smaller in the fine-grained 
than in the coarse-grained material. The smaller the amount o f  plastic

* Investigator, British Non-Ferrous Metals Research Association, London



deformation the  g reater th e  tendency to  unequal s to m m g w h ic h , 
to Jeffries’ hypothesis, favours grain  g  • S fl ^  liavc t jjejr planes 
diminishes so th e  p robab ility  increases g  com ponent stress applied
of easiest slip a t  right-angles to  th e  g g g w «  o f ha £ n g  a
to those p a rticu lar grains, an d  th c re fo re th e  l iro b a b n t in condition to
few unstrained an d  com paratively  stab le  grains w hich are in  a  co

* %  would appear that the author's J u r e
growth in  gram-sizes above a  ce ita in  too e a t to  bring ab o u t
smallest am ount o f overstrain  applied by  instead  o f a  large num ber
uneven straining an d  th u s give rise to a  few centres in stead  g
of centres o f grain  grow th.

* t>o a t t ' .  l,o'ul s h e e t  used for building chem ical
Mr. P . A. Ma btin , B .S c., A.I.G. - p rrrtion  to  any  g reat ex ten t, so 

plant is no t norm ally  s tra ined  in  se ijie e  , , j  , an  advantage. L ead
that stabilization o f th e  s truc tu re , as deseri , seVerely stra ined  in  th e
sheet used in  th e  building trade ,
processes o f shaping, usually  by  beating w ^  stabilized struc tu re

Are these conditions likely to  des ^ ^ ^ ^ T ^ t m c n t  which 
which is taken as the startmg pom t ? ’ , -ne ^ which would restore
might be added to  th e  operative plum  er . ’ 0 f  a  s t a b i l i z e d  stru c tu re  i
in the severely w orked sheet, th e  desirable properties oi a  stao

D r. E . V ocE .t M.Sc. (M em ber): I ^ i g s ^ lO - 1 2  w c ^ t L ^ s U t o t h a T t h c
the abnorm al s truc tu res referred to  on p. ^ ^  usuaj  w ay » does ho
specimens were “  etched m  th e  usual " aY: ^  { e wjth  tho h o t e tch  ?
mean by th e  m ethod suggested in  h is earher p a p e r ,; i.e.

Mr. B rin ley  J ones : Yes.

Dr. Voce : T hen  I  th in k  th a t  t h e s e » ^
effect of the  h o t etching. T his etching <1 effects like these very  often. 
80° C., and by  m yself a t  70° C., an d  I  have s e e n ^ e o t s  uko ^ ^  anneai
W ith cold-worked lead, such as these sheets, w]fnch^ ^  period a t  80° C., 
and recrystallize even d u r m g  the  m m u t | e d  f  o f uai

r  « i  *  * « .  « * « ■ «  — -
which does n o t ten d  to  a lte r so c a s il j .

Mr. J o n e s  (in J L ) : 1 should like 
dealing w ith  D r. M cK eow ns criticism . gjKe. x h is  seems obvious
structures th ere  is v ery  little  gram  con - m icro-exam ination a t  higher
from th e  photographs, and  is w h e n  applied to  lead,
powers. I  do no t necessarily agree « t h J e f i r 0f Kf i ned « as-
I t  is significant th a t  i t  is possible to  . e4ruotu ra l change w hatever;rolled struc tu res as to  cause ^ » a p p a r e n t  ^ n i c tu r a l ^ n
m other words, there  can  be in  jux } am ount  of stra in  is necessary,
grains w ithou t grow th. A pparen t intcrerystallino  move-
1 agree, o f course, th a t  there  coarse structures,
m ent in  stra in ing  refined s truc tu res stru c tu res o f m oderate coarse-

Mr. M artin 's  p o in t is works them , th e

refined1“  ¡ S ^ y p e  r f5 S r t» »  m ight easily re tu rn , w ith  its  consequent

!  Association, London.

I  J. I n s t .  Metals, 1933, 52, 7 3 -7 4 .
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instability and liability to further groin growth. W ith regard to recommend- 
ations as'to how such reintroduced refined structures can be removed in favour 
o f  more stabilized ones, that could be done by heating up with a flame for a 
few seconds at about 100° C. I  am very loath, however, to make recommend
ations unless trouble is consistently encountered. Failure by intercrystalimc 
cracking has been experienced in chemical plant, and this investigation has 
largely been inspired by such failures. Steps have accordingly been taken 
to put matters right; but there has been very little o f  this kind o f  complaint 
from the building trades. I  believe that not a single case has come to my 
notice o f  trouble from grain growth resulting from severe working.

I  am surprised that the criticism o f  hot etching was not made long ago.
I agree with Dr. Voce that one has to be, and indeed one is, very cautious in 
regard to photomicrographs o f  structures obtained after a hot etch. no 
abnormal structures were included mainly to show in a new way that leaf 
must be considered rather on its own, as a metal which is liable to sudden 
changes in structure where other metals are quite static ; and, even if  these 
abnormal structures were the result o f hot etching, they are still abnorma 
structures. I  may say, however, that in the ease o f  the structures concerned, 
it was obvious that abnormalities were present before the hot glycerine etch 
was applied ; they were easily visible in the cold stage. Moreover, i f  such 
abnormal structures arose solely as a result o f  the hot etching, one would expect 
to see them, or indications o f them, in almost every specimen etched, which is 
not the case.

C O R R E S P O N D E N C E .

T he Author : In further reply to D r. McKeown, I would say  that 
several experiments were earned out, during the course o f  the work described 
in the paper, in the attempt to initiate grain-growth in coarse-gram ed  
material, using smaller strains than those reported. These experiments were 
unsuccessful. I t  is intended, however, to check this point finally by usmg 
very large test-pieces, together with slower rates o f  straining.

Mr. J. C. Chaston,* B.Sc., A.R.S.M . (M em ber): In describing this interest
ing method o f  securing a fine grain-size in lead and imparting structural 
stability to it, the author has taken it more or less for granted that large gram- 
size is undesirable. Can ho give any definite experimental evidence that 
coarse-grained lead is more liable than fine-grained lead to fail by fatigue and 
intercrystalline cracking ? Such lead, o f  course, deforms in an irregular wav 
and hence often has a lower ductility than fine-grained lead, but it does not 
appear to follow necessarily that the fatigue strength will be decreased.

A second point which might, I  think, be amplified is the reason for choosing 
50° C. as the temperature which the lead must withstand without grain growth. 
As 1 understand it, the author regards lead as stable if  it can be strained by at 
least 6 per cent, and still show no tendency to rcerystallize on heating to 50° C. 
W hy 5 0 °C .? I  gather than even this fine-grained “ stab le”  lead will re- 
erystallize i f  it is heated to 100° C. after straining, while almost any sample of 
lead remains unaltered in its crystalline form when kept at about 25 G.

Finally. I would suggest an alternative reason to its larger initial grain- 
size to explain why hot-extruded lead does not rcerystallize, like co ld -ro lle d  
lead, after straining 6 per cent, and heating to 50° C. Might it not be that the 
hot-extruded lead contains smaller residual stresses than the cold-rolled lead? 
I t  would seem that the tendency to rcerystallize is a function o f  the stress 
stored up in the metal. Thus it might be conceived that the internal stresses

* Lecturer in Metallurgy, Royal Technical College, Glasgow.



in the hot-extruded L l  when added to
cent., do not result in toto* mt®™a\at̂ ^ e fnternal stresses present before 
tion; whereas in the cold-rolled lead. ™  «  *  I f  this
straining are sufficiently high to ^ ‘ "hnnid  rccrvstallize at 50° C. if  it is pre
view is correct, hot-extruded lead shou much more than 6 per
viously strained by an amount which w decree o f  straining which must
cent. Has the author any data on the m ™ m  d e g r ^ s t ^  
be applied to hot-extruded lead before it will »¡crystallize at

Mr. W . Sin g l e t o n  * (Member) : The
congratulated on the interesting and ’ mnlP metlllunncal knowledge, failures 
have contributed. Even With our increased ’( ) f  the8C
in lead used for industrial purposes are y' attention and examination
failures it can safely be said that, in spi ‘ rp^ history o f  these cases
they receive, a very from the
is f i l l  o f apparent contradiction, good and bad result» « * “ * £  ^  ja in large
same lead when used in the same condi ■ . Z  gervice without anyone,
measure due to the fact that lead is frequ - 1 ,  wj tjie[. its mechanical
either manufacturer or user, having any kn ow le^ e  w h e ^ r  .t^  
and physical condition is satisfactory ° r  not. I f  ^  when laimn 
the investigator has frequently no basis to .w o rk u p o n -n o t  
the conditions in which the lead was man ac u . rccrV5tallized and coarse 

The figures given on p. 188 for tensile s l ^ g t h  o i i ^ s t a u  have made on 
material surprise me, because m the large n «reat as the difference
material eoveringa wide range o f  ^ n X X K S n  in strength 
shown between these samples, I  do not re co u n t ,»  y samples. The
anything like so great as that which exists n0 strength. Although
coarse structure material is surprisingly nevertheless that many cases
coarse structure may be £  some ¿ U  o f
exist o f lead with a very coarse structure baying a long ,
30-40 years or longer, in quite riornial conditions dealing

I believe that a paper was publishedLm that an
with this subject o f  stabilization o f  is production o f  stabilized lead,
application was made for a patent fc 1 . m i(,ht be well advised
Unfortunately I have not the reference but Mr. Jones mignt
to look further into the literature.

M r . E .  V .  M y ,  A .U .S .M .  (M = t a )  = £
scribed in this pa p ercm p b a sia eon ceapi  , , forecast is to be obtained
interpretation o f  m echanical tests on  lead it a coi
of the behaviour o f  this metal in service. , TCervstaHi7.ation effects

The author has stated that these gran „  statement applicable
could not be produced in a hot-extrudedlead. h this rtatemc^ ^  ,
to lead containing a small metallic addi i o n , , structure is less
He also states that lead.with % ^ ^ I d  c o n f S  o f  more regular

this point ?

The A u t h o r  (in rep ly ): In reply to ^  -^rt o f th e
no experimental evidence, and it has n o ; to "fai] by  fatigue than fine-

th a t trouble is encountered w ith  coarse-grained h a d  am  ■ I
* Technical Adviser, Goodlass Wall and Lead Industries, L ie .
•f Metallurgist, Post Office Research Station, London.
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with this subject more fully on a future occasion. A t stresses up to 600 
lb ./in .2, coarse-grained lead is extremely rigid and under certain service 
conditions tends to crack rather than to flow.

W ith regard to Mr. Chaston’s next remarks, one o f  the fundamental 
points o f  the paper is that a stable lead will resist abnormal grain-growth 
after slight deformations, o f  tho order o f  1-2 per cent. A  stable lead is most 
certainly not one which will resist recrystallization after Btraining G per cent, 
(or more) and heating to 50° C. A  strain o f  6 per cent, followed by heating 
to 50° C. would cause rccrystallization in commercially pure lead whatever 
its initial condition, whether cold-rolled or hot-extruded. Further, there is 
no question o f  choosing 50° C. as a temperature which lead must withstand 
without grain-growth. This temperature was chosen as a means o f  accelerating 
changes which would proceed more slowly at atmospheric temperatures 
without introducing other factors.

In  reply to Mr. Singleton, it is agreed o f  course that contradictory results 
in service are largely due to  ignorance o f  original physical condition, and it 
is believed that deliberate stabilization o f  structures at the outset will do 
much to eliminate uncertainty in the future. Mr. Singleton is mistaken in 
believing that large numbers o f tests have been carried out on material of 
abnormal grain-size such as that quoted in the paper. I t  is only latterly 
that such structures have been reproduced in  the laboratory, and these, 
when tested, have proved to  be erratic, as would bo expected. In  one case 
a tensile strength o f  as low as 950 lb ./in .2 was recorded. I t  is interesting to 
know that work has been carried out in  Germany on stabilization o f  struc
tures, and the reference to this is much appreciated.

In reply to Mr. Walker, it was stated that grain-growth could not be 
produced in hot-extruded lead. I t  is repeated, however, that recrystallization 
will occur after severe straining. N o  direct information is available at the 
moment regarding extruded lead containing 0-1 per cent, antimony. It is 
again emphasized that no suggestion has been made that lead with a confused 
and interlocking structure is more resistant to fatigue failure than material 
with regular polygonal grains, and Mr. Walker is referred to m y reply to 
Mr. Chaston regarding this point.
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CREEP OF LEAD A M  LEAD ALLOYS- 7 5 7  
PART I.—CREEP OF VIRGIN LEA1 .

By J .  M c K E O W K t  M.Sc., Ph.D., M em b er.

S y s o p s i s -

Tensile creep tests have been m a d e  o n  
the form of extruded rod, extruded pipe, “ ¿ J g g g S  and a t  80° C ,
The testa on rod have been made a t  room ^ P ^  ^  room tem-
while the tests on pipe and cable-sheath h ^  q£ thf, working
perature only. The effect on the bending and straightening
produced in flattening ^ l e - s h e a t ^ a n d ^ n  ^  ^  found be 
pipes has been investigated, and t  „btained from worked samples
marked. I t  has been shown th a t¡rem itsob tam ed  of the
may give an erroneous impression of the  creei
unworked, extruded product. ¡«¡Hal trrain-size on the minimum

In  the extruded products the effect of m it i gr Btown th a t in extruded 
creep rate has been investigated, an higher the resistance to
virgin lead the larger the initial grain-size the  nig
creep a t  low stresses.

I ntroduction.

T h i s  work has been carried out as part of a r®s^ ^ ^ earc^  Associa- 
of lead conducted by the British Non-Ferrous Meta, 
t i o n .a n d t h e p r e s e t p a p ^ a  o{
results obtained over a period of more y  4 several alloys

of lead, and it is hoped to  present th e r^ u lte  o i  cW ain ing com .

The work was commenced with the lnte lead an0ys,
parative data on the creep of lead an some o arjgon- It  was
and a very pure lead was chosen as a asi vaTja\jie in the raw 
assumed at the outset that the only imporlUn „  dtoreCrystal- 
materials was composition, high-purity oa regults showed,
lize at room temperatures after cold- ■ complicated by
however, that the problem was not s o t h a t  
a num ber o f  unsuspected variables. P
the smallest number of variables exists m  ?
virgin lead, b u t the investigation  is y  no’ o t h e r  investigators

A  considerable am ount o f w ork  has been  done by otner in  
on the creep o f lead and lead alloys, and data h ave been  published by

* Manuscript received July 1,1936. Presented at the Annual General Meeting, 

^ n v e S t e r 0,’  B ritoh  Non-Ferrous Metals Research Association.
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A ich b u tt.1 Tow nsend and Green all,2 D ean  and R y jo rd ,3 M oore and 
A llem an,4 Clark and U ptliegrove,5 C haston ,8 M oore, B e tty , and Dollins,7 
and B e tty .8 In  a large p roportion  o f this w ork  the initial conditions 
o f  the lead specim ens were inadequately  s tu d ied ; the com position  not 
being given  exactly , the average grain-size n ot determ ined, and the 
state o f  age-hardening in  those a lloys w hich  are susceptible to  ageing 
ignored. A gain  som e o f  the tests were m ade on  specim ens cu t from 
cable-sheathing w hich  had been  flattened, and the influence o f  flattening 
on the results was n ot taken fu lly  in to  consideration.

M oore, B etty , and D ollins have found that “  there seem ed to  be some 
evidence th at lead and lead alloys w ith  large crystalline grains resist, 
creep som ew hat better than d o  lead and lead alloys w ith sm all grains. 
B e tty  carried ou t som e w ork  on  single crysta l specim ens o f  com m ercially 
pure lead. H e foun d  th a t the stra in -tim e diagram s (creep curves) for 
the single crystals were quite different from  those o f poly-crystalline 
specim ens o f  th e sam e m aterial. In  the latter, creep was due to  both 
deform ation  w ith in  thegrains and to  disturbances a t  the grain boundaries. 
A ccord in g to  B e tty  the m echanism  o f  creep in  single-crystal specimens 
o f  com m ercia lly  pure lead w as b y  slip on  th at octahedral plane 011 

which the resolved shear stress w as a m axim um .
In  the paper b y  M oore, B etty , and  D ollins 7 the question  o f  the 

effect o f  the cold -w orking produced  b y  the flattening o f the cable-sheath 
from  w hich the specim ens were m achined has been  considered, and the 
authors stated th a t all the results o f  tensile tests on  specim ens cut 
longitudinally  and specim ens cu t transversely from  the sheet showed 
n o difference. T h ey  stated that if the effect o f  flattening was to  be 
noticeable it  w ould  have appeared in  the tensile tests. On th is point 
the present writer ca n n ot agree w ith  M oore and  his colleagues. The 
am ount o f co ld -w ork  produced  in the flattening o f the sheaths was very 
small and the tem perature o f  annealing, being room  tem perature, 
was very  close to  the recrystallization  tem perature o f  the materials. 
Such small am ounts o f w ork  w ould  n ot a ffect the u ltim ate tensile strength 
o f the m aterials appreciably, b u t results given  later in  this paper show  
th at th ey  d o  a ffect the behaviour o f the materials in creep at stresses 
well below  the ultim ate tensile strength. Som e recent w ork  carried 
ou t b y  0 .  F . H udson  and the present w riter has show n th at annealed 
copper w orked b y  overstraining on ly  0-05 per cent, at room  tem perature 
had a definite lim it o f  proportiona lity  induced in it  b y  this treatm ent. 
Subsequent annealing o f the cop per specim en for  2 hrs. a t 500° C. failed 
to  rem ove this range o f proportiona lity  o f stress to  strain and d id  n ot, 
in fact, reduce it.

A gain  even small am ounts o f w orking tend to  cause lead and lead



allovs to re crystallize a t room  tem perature, and the extent to  \\ hit h this 
S S S T a n d  consequent grain-refinem ent has progressed will 

S r i  on  both  the ex ten t ol the « M -w o r k  and
the working .  « U  H . * .  M ooto  an d  h .s c . U e y e ,  lu 'g t e e o ^  
nized th a t gra in -,ize »  an  im portan t faotor m
to creen o f lead and  lead a lloy  specim ens, and y e t  th ey  Have 
not investigated the effect on  grain-size o f  the
which their specim ens were s u b j e c t e d  before te s ta  specim en
reasonable to  conelude th at th e behaviour o f  a flattened 
under creep con ditions w ould  be  dependent on  the tim e elap g ^  
flattening and loadin g the specim en, th a t is, on  the ext 
recrystallization and grain -grow th  had progressed . the

i s  is show n later in th e  present paper the efiecfc o f  “
resistance to  creep o f lead specim ens is n ot con  ne , • apparently
grain-size alone, and a further factor is present. This factor PP > 
that of retention o f  co ld -w ork ing, b u t exactly  how it operates “ ^ 8ent 
unknown although its e ffect in  increasing th e r e s i s t a n c e ^  c 
clearly indicated T h is factor, th e  effect o f small a m o u n ^ r f c o W  
working, is ob v iou sly  o f very  great im portance in  the 
sidération o f creep o f lead and lead alloys, since in 1 ^
every application  o f these m aterials is a c c o m p a n y l b )  ^
amount o f co ld -w ork in g during th e installation 
service. A  cable during installation is unw ound t drU 
cold-w orking the lead sheath, lead pipe is supplied in coils, and

leadl Î o m  th‘e p o in t o f v iew  o f  reproducing service conditions as do^ ely  
as possible during tests o f a material, it w ould  appea th a V m  t ^  
lead cable-sheathing and w ater-pipe
be m ore satisfactory. These teste w ould  su b ject the m aterial t o c o
pound stresses similar in  nature to  those e x p e r .e u * d  g g e ,
but unfortunately  such tests are b y  n o  m eans easy >
fully. Internal pressure creep tests have been m a d e b y
Alleman 4 and also b y  Chaston.« In  the form er J » P
on the diam eter of lead c a l f  sheaths was m easured w g a g  ^
the length o f life to  failure was alone investigate • J ,  d  th e
diam etral creep of lead sheaths present c o n ^ d e r a b  e d ^ u l t i  ^ a  ^  ^
m ethod o f M oore and  Allem an was n o t quite satisfac; 

o f stress and consequent une\ en creep.
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P r e se n t  W o r k .

Materials.
T he m aterials used in this w ork  are listed below  and a spectro- 

graphic analysis is also added.

Material.
Initial 

Average 
Grain Area, 

mm.*.
Remarks.

1J in. diam. rod 
1±
Cable-sheath, 1 in. outer diam., J in.

inner diam. 
i  in. boro x  6 lb./yd. pipe

0-84
001
0-37

0-15

Extruded on pipe press 

„  on cable press 

„  on pipe press

Spectrographic Analysis.

Material.
Composition, P ei Cent.

Sn. Sb. Cd. Cu. Ag- Bi. Zn.

Coarse-grained 
rod . 

Fine-grained 
rod . 

Cable-sheath . 
Pipo

Nil

J»
1»

< 0 -0 0 2

Nil
< 0 -0 0 2

0 -0 0 2

0-0 0 0 0 2

0  0001  
0 -0005  
0 -0001

< 0 -0 0 0 5

0-001
< 0 -0 0 0 1

0 -0 0 0 8

< 0 -0 0 0 5

0-001
0 -0 0 0 7
0 -0 0 0 8

0 -0 0 0 5

0-001
0 -0 0 0 6
0 -0 0 0 5

Nil

0-001
Nil
M

Other elem ents sought b u t n ot detected.— As, Te, T l. 
Chem ical analysis for  iron  gave the fo llow ing results :

Material. Iron, Per Cent.

Coarse-grained rod .
Fine-grained rod . . . . .  
Cable-shoath .
Pipe

0-0005
0-0005
0-0006
0-0006

(1) Long-Time Creep Tests at Room Temperature.
(a) Tests on extruded rod specimens.— T h e w eep  tests to  be  described 

here were com m enced in  A ugust, 1932, and  som e o f  th e specim ens 
are still under test. The w ork  has been  carried ou t m ainly in  a base
m ent laboratory  where the tem perature is n o t  su b ject to  w ide daily 
fluctuations. T he m axim um  tem perature recorded  during the past 
■1 years w as 23-5° C. (sum m er) and  the m inim um  12‘5° C. (w inter). 
The diSerence betw een m axim um  and m inim um  tem perature during



.  a * ,  period  rarely exceeded  3* C. F o r b y  far the g | f c >  part o l 
the time the tem perature w as betw een  1j  1» ^  i ce

As the tests w ere to  be  carried to  fracture and  as P ™ 3^ {( he 
had shown the difficulties m et w ith  in  applying o£

| 3  c . n s S r S i . n T t h .  arrangem ent -

Z  i l a t  e C c  of length due to changes 0.
from changes of length  due to  stress. 1  he sep ara tion o  in

th a t a »  the « t e n s io n  o c c « „
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Fw 1.—Specimen for Long-Time Creep Tests on txtrnaea —
1 (Dimensions in Inches.)

on the narallel length the strain m ay  be read to  1CH. T he reading toT„iS - i - r  a n d ; «  ££»# £ 23  TEE
sensitive and th e extensom eter show n m  F ig . 2 w as devise
tests In  this instrum ent the lever E allows a m agnification  o f 1 0 .1
The rod  A is o f  alum inium  and the bracket D o f  In v a r ; the leng tl1

before, and h « ^ S H S  S w t o  o « e , d  3 m m ,

”. !  “ t t a  m o m e n t  « a s  reached the la v e , » a ,  * - » t  b y  m eans o i 
the nut B w hich  had a ball seating on  th e In var bracket.
“ he foregoing it has been assum ed th a t all the extension  occurs on
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the parallel length o f 10 cm ., and th a t this assum ption  was substantially 
va lid  was shown b y  the surface o f the specim ens w hen th ey  had been 
strained a b ou t 3 per cent. This am ou nt o f strain was sufficient to give 
a roughening o f  the surface due to  disp lacem ent o f  the grains, and this 
roughening cou ld  n ot be detected  b eyon d  the parallel portion  of the 
specim en.

The specim ens were m achined from  the l j - i n .  diam . coarse-grained 
bar to  the dim ensions show n in  Fig. 1> 
and the stresses applied ranged from  700 
to  200 lb ./in .2. T he results o f  the tests 
are given  in  full in  T ab le  I , and the 
creep curves obta in ed  are shown in 
Fig . 3. T h e curves all show  th at the 
in itial ra te o f creep is rap id  but diminishes 
and tends to  becom e relatively constant 
a fter a period  o f tim e w hich is dependent 
on  the app lied  stress. I t  w ou ld  appear 
from  the curves th a t an  extension  of 
a b ou t 4 -5  per cent, has to  occu r before 
the stage of uniform  creep is reached. 
•In F ig . 4 th e creep curves are shown 
for  tests on  tw o  virgin  leads o f different 
grain-sizes. The coarse-grained material, 
already dealt w ith  in  F ig . 3, had an 
average grain area o f 0-84 m m .2, while 
the fine-grained m aterial had an average 
grain area o f  0-01 m m .2. T h e v ery  great 
difference in creep characteristics of 
these tw o m aterials is clearly  show n in 
Fig. 4, and as show n in  T able I  a great 
difference also exists in  the values of 
elongation  and reduction  o f area.

I t  m ay be noted th at in  the coarse
grained m aterial as the applied  stress is decreased the elongation  at 
fracture and the reduction  in  area are decreased. In  the fine-grained 
m aterial, on  the other hand, the elongation  a t the low er stress is 
greater than th at a t the higher stress.

In  F ig . 5 an attem p t has been m ade to  su b ject the results o f  the tests 
to  logarithm ic p lotting . In  the case o f the. coarse-grained m aterial a 
fairly  good  straight line passes through the poin ts for  400, 500, 600, and 
700 lb ./in .-, bu t the poin ts for 300 and 200 lb ./in .2 are well off the line. 
Th is, however, is readily  explained b y  an exam ination  o f  F ig . 3, where it

Fia. 2.— Extensomcter used 
Tests at Low Stresses.
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Tablk I .— Long Time Creep Tests on Virgin Lead

Material.

Average 
Grain Area 

at Com
mencement 

of Teat, 
m m ,1.

dtreSS, 
0./ in.’ .

;

Life,
Days.

Extension,j 
Per Cent, 
on 10 cm.

B -  
Broken,

U «  Un
broken.

lteduc- 
tion in 
Area, 
Per 

Cent.

Minimum 
Creep 
Bate, 

„train/Daj 
X 10*.

Coarse-grained extruded 
rod. Specimens ma
chined from  1 i  ill- 
diam. rod.

0-84 200
300
400
500
600
700

660
942

1482
585
210

66

0-33 * 
.2-0 U 
21-0 U 
190 B  
24 0 B 
30-5 B

50
72
97

0-04
0-17
0-72
1-44 
4-17

13-8

Fine-grained extruded 
rod. Specimens m a
chined irom 11 in. 
diam. rod.

001 500
600

311
70

87 B  
60 B

94
98-5

10-6
47-7

Extruded cablc-sheath 0-37 500
600

384
89

15-3 U 
20-0 *

2 0 3
12-58

F la tte n e d  c a b lo -s h e a th o-ie 500
600

327
69

29-0 B 
25 0 B

1-70
100

Extruded pipe O'14 500 330 17-6 U 3-9

Extruded pipe bent on 
former of 22 in. diam. 
and straightened.

0 1 1 -0 1 5 500 280 11-3 U

will b e  seen th at a t the tw o  low  s t r e s s  j j * - »

.«ffio iontly  long nndor « . t  w ill l . v o  to
„ t o .  In  toot , t  seema p o - , 1 1 that. . p e n ^  ^  ^  ^

elapse before  the sP.ecim el nMc'Lcatli — V irgin  lead cable-sheafch
(b) Tests » » / ■ ' » * »  “  S > d t “  all 1 “ ■

having an ou ter diam eter o f 1 • t i h t icugths and w ithout

a n y  cable core. This m a ten  _ » re m a d e  w ith  tw o  ob jects
sheath and (2) after flattening. * extruded pipe specim en
In v ie w : ( . )  to  dotonn ino II the » t o  o i d c t o . n . i n o

™  “ f  <**? “  “ ¿ a  : " ' o l . n , i o L St io ,  Tho
the effect o f  flattening the s +™ p o f  end show n in  F ig.
specim ens tested as sheath were tte w  ̂  ^  g  t  { the heating
6 («), and som e prelim inary to  m ore than
produced during the cas^ °  certain  th a t no such
1 in. b eyon d  the inner parts o f the encis
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t

effect w ould  influence the test results the gauge length  o f  10 cm . on each 
specim en was taken  at a distance o f  3 in . from  the end  holders.

The flattened specim ens w ere produced  b y  slitting a length of the 
sheath longitudinally, opening it  ou t u n iform ly  b y  hand and then 
applying the flattening b y  squeezing betw een  tw o  planed boards in a 
v ice . The specim en show n in  M g . G (b) w as then  m achined from  the 
flattened sheath and gripped as show n. T w o  stresses on ly  were used
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T I M E ,  D A Y S
F ig . 3.— Tensile Creep Testa on Specimens o f Coarse-Grained Extruded R od  at Kooni

Temperature.

are shown in  F ig . 7, the results being given  in  T able  I. A  th ird  sheath 
specim en was tested a t 500 lb ./in .2 a fter it  h ad  been  annealed for 2 hrs. 
a t  100° C. T h e original sheath had an average grain area o f  0-37 m m .2. 
A nnealing for  2 hrs. a t 100° C. produced  an  average grain area o f  0-49 
m m .2, while annealing for  2 hrs. a t 250° C. produced  an average grain 
area o f 1-8 m m .2.

T he effect on  the creep characteristics o f the flattening process is 
clearly show n in  F ig . 7. T he creep rat« was reduced b y  the w orking 
produced in  the flattening and during the tw o  in itial stages o f the creep 
test, i.e. up to  the stage o f final rapid  and increasing creep rate, the



extension of th e flattened specim en  was less than that
the same stress. The refinement _ in gram-size brought about by
fattening the sheath is ind icated  in i'ab le  I . ,, ,• 2 after

As shown in  F ig . 7, the sheath specim en tested at 500 l b > .  alter
annealing for  2 hrs. a t 100° C. has given  a type o f creep cur

Part I —  Creep of Virgin Lead, 200

o  20  4 0  60  SO 100
T t M £ , D A Y S

Fffl 4 -T e n s ile  Creep Teste at R oom  Temperature on Coarse- 
and Fine-Grained Extruded Rods.

diflerent from  th at o f the extruded or flattened specim ens. The prim ary 
stage o f rap id  b u t decreasing rate o f creep is absent in  the annealed 
specim en and a v ery  decided  change in the rate o f creep occurred  a b ou t 
5 “ ; s after t h e  com m encem ent o f the test. The creep rate betw een  
50 and 190 days w as fa irly  constant and was h igher than  th at o f  the
“  as extruded ”  specimen at the same stress.

' A n  exam ination  o f T able I  shows that a t stresses o f  ^00 and WO

V O L .  L X .
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lb ./in .a both  sheath and flattened sheath specim ens have a higher 
m inim um  creep rate than the rod  specim ens. In  the ease o f  the sheath 
specim ens this is p robab ly  due to  the finer grain-size alone. On the 
cou n t o f  grain-size a lone one w ou ld  exp ect flattened sheath specimens

- e  -7  -6  -5  -4  -3  -2  -i
LOO. CREEP RATE.

F ig . 5 ,— Tensile Creep Tests on Coarse-Grained Extruded Rods.

to  have a higher m inim um  creep rate than th ey  have given  and certainly 
a higher creep rate than the sheath specim ens. I t  appears from  the 
results th at grain-size is n ot the on ly  factor influencing m inim um  creep 
rate in these materials, and that the effect o f  w orking produced in  the 
flattening process is to  stiffen the m aterial and increase its resistance 
to  creep.
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(c) Tests on extruded pipes.— Virgin lead pipe ( i  m . bore X 
which was specially extruded in straight lengths was ob^ lne 
tests. The specim ens were loaded longitudinally, an end g ; n p o f t i »  
form used for the cable-sheath  specim ens and shown in i„ . ( )

em A ° t o t  a t a stress o f 500 lb ./in .*  was m ade on  the pipe in  tiie “  as
received ”  condition , and the creep curve obtained is sh g- ^
The shape of the curve is typ ica l for extruded
of creep is m uch higher for th e pipe m aterial than for • ■ g
rod m a ttrid . T he creep cu rve lur the l . t t o ,  . t  the
given in F ig . 8. In the curve for the p .pe specim en another fe a tu r .

-  C A B L E  S H E A T H
S T E E L  W A S M E R W E L O E O

T O  S T E E L  T U B E
S T E E L  T U B E '------ "  /  |

O U T E R  S U R F A C E  O F S H E A T H  J

T IH N E D  W T M  a h 14UL, r  S P A C E  B E T W E E H

S T E E L  T U B E  A N D  C A B L E  S H E A T H

"L U  U t l
m e a s u b i x o  r o o s  SO LD E O E O

to SPECIMEHKERG

Pjo. g.

Which m ay be n oted  is th at the stage o f ” tn
com m ence until the extension  is betw een  8 and 9
the rod specim en it  com m ences a t an ex ension uncoiled

As lead p ip e  is generally w hich
before being used, it was considerec < w ould  be  o f interest,
had been su b jected  to  som ew hat similar trcatlf  h arc o f a circle
A ccordingly a length o f o f coils of pipe
on a form er having a diam eter o f —- -1 ¡f .u. Ky hand.
of this bore and w eight) and then S  reproduce
It is clearly recogn ized th at th is procedure original
the conditions m et w ith  in ord inary eoi <• ; rcss and the
coiling is done while the p ip e  is still h o t  from  the e x t *
uncoiling and straightening are don e  som e considerable tim e
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the pipe has had tim e to  recover at room  tem perature b y  slow  recrystal
lization . The m ethod  was a dop ted  m ain ly to  enable fa irly  straight 
specim ens to  be obtained, a d ifficult m atter w hen a length  o f  pipe coiled 
in  th e w orks was used.

A  trial length o f the pipe was bent and straightened and a section 
cu t ou t o f the m iddle and prepared for  m icroexam ination . 'When

F ig . 7.—Tensile Creep Tests at Room Temperature on Cable-Sheaths.

exam ined 4  hrs. after bending and straightening it  was fou n d  that in the 
diam etrically  opp osite  zones o f  m axim um  bending stress the average 
grain-size was 0-11 m m .2, com pared w ith  the original 0 1 4  m m .2, but 
there was n o evidence o f  recrystallization. In  the diam etrically 
opposite  zones o f  zero bending stress no change in grain-size had occurred 
and there was no evidence o f recrystallization  or w orking. T he same 
specim en, w hen exam ined 15 days later, show ed an irregular grain-size



A .E X T R U D E D  ROD (COARSE GRAINED)

B .E X T R U D E D  P IP E.
c  % EX TRUDED PIPE AFTER  BENDING

5 A N D  STRAIGHTENING

in the zones o f m axim um  bending stress, and the average grain area

« a  — iy  * * § £
then fitted w ith ends and loaded  at 500 lb . / in *  a b ou t 4 hrs a fter t a g !  
and straightening. T h e creep curve obta in ed  from  this spec 
shown in F ig . 8, and is rem arkable in  th at the initial stage o f rapid
but diminishing creep is absent. ,,T,ifnrm

The curve so far consists o f  tw o  stages, an initial stage ™  °rm  
rate of creep fo r  the first 30 days, fo llow ed  b y  a second stage o f  uniform
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0 20 4 0  6 0  80  100 r / M E ,  DAYS

Via. 8.—Tensilo Creep Tests at Koom T e m p e r a tu r e  and at 500 lb./in.2.

but higher creep rate. There is a fairly abrupt change in  th ^ ,re^ ° “
of the curve about 32 days from  t h e  c o m m e n c e m e n t  o f t t o  t a t  \ cry
slight change has occurred in  the m inim um  creep ra 
bending and  straightening.

(2) Long Time Creep Tests at 80 C.
Lead pipe m ay b e  used to  carry w ater a t tem peratures up to  100° 

€  • lead l i d  in sulphuric acid  p lant is frequen tly  sub jected  to  a tem per-
; ,  o f)o r and iead cable-sheath  m ay be used atature in  th e region  o f 80 U., ana icau v j

tem peratures rou nd a b ou t 50° C. In  view  o f th is ^
carry ou t som e tests a t 80° C. to  determ ine the effect o f tem perature
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on  the rate o f  crecp , the elongation  an d  the life o f specim ens o f virgin 
lead.

T he specim ens used in these tests were m ade from  l j  in . diam. bar 
o f the coarse-grained m aterial to  the sam e dim ensions as the specimens 
show n in F ig . 1. T h e  m easuring bars B.13. were rep laced b y  brass bars 
extending beyon d  the end  o f  th e furnace, and the extension  w as measured 
b y  the separation  o f  fine lines scribed on  platinum  fo il soldered at the 
ends o f these brass bars.

T ubular w ire-w ound electric furnaces were used, the w inding being 
o f  30 S.W.Gr. B rightray w ire and  the resistance o f each furnace was 
app roxim ately  800 ohm s. In  series w ith  each  furnace a variable 
resistance o f  220 ohm s was used to  set th e current a t the desired value. 
T h e current consum ed b y  each  furnace on  the 220 volts  circu it was 
about 0-23 am p., so th at th e pow er consum ption  over lon g  intervals 
o f  tim e w as reasonably low . T he furnaces were heav ily  lagged and hence 
the tem perature o f  the specim ens d id  n o t vary  appreciably for  average 
fluctuations in  vo ltage  o f  supply. I t  was foun d  th a t there was a 
tendency for a slow  rise o f  tem perature to  occu r a b ou t 5 p .m . each day, 
this being u ndou bted ly  due to  a rise in  vo ltage  on  the m ains o f the 
supply  com pany . A  sim ple form  o f therm ostat was m ade up to 
cou nteract the effects o f  this rise in  voltage b y  increasing th e resistance 
o f  the furnaces slightly w hen  the rise in  tem perature occurred. The 
therm ostat was p laced  in  a furnace identical in  all w ays w ith  one o f the 
creep furnaces, and as all th e 15 furnaces in  use were p laced  in  parallel 
across the 220 -vo lt supply  the furnace contain ing th e therm ostat re
a cted  in  the same w ay to  vo ltage  changes as the other furnaces. I t  was 
found that a resistance o f on ly  3 ohm s sw itched in  and ou t o f  the main 
circu it o f  the furnaces was sufficient to  g ive  a tem perature con trol oi 
± 2 ° C.

D eterm ination  o f tem peratures on  different parts o f the specimen 
show ed th at the extrem e ends where the specim en was screw ed in to  the 
shackles were a b ou t 3° C. low er than the centre o f  the gauge length.

The variable tem perature ju n ction  o f an iron E ureka therm o-couple 
w as enclosed in  fine glass tubing and p laced  so as to  tou ch  the centre 
o f the parallel length o f the specim en. A  special tim ing sw itch  was used 
to  con nect each o f  the 15 couples a t regular intervals to  the circu it of 
a three-thread C am bridge recorder, an d  a record o f tem perature o f  each 
specim en was obta in ed  every  23 m inutes.

T he procedure a dop ted  in  com m encing a test was as follow s : the 
furnace was sw itched on  a b ou t 9.30 a .m ., and the tem perature o f the 
specim en had reached 80° C. a b ou t 2 p .m . A b ou t 2 hrs. were taken to 
steady the tem perature a t this figure and the load  was then applied,



the readings on  the cath etom eter o f the scribed linos on  the Pla* "  
foil being taken im m ediately before a n d  after the applica■ .on  o:f the t o d .

Creep curves a t 300, 200, and 100 lb . /m ‘  are 
it is seen th at the rate o f creep  dim inishes very  rapid ly  wrth 
stress. The cu rve obtained a t 300 lb . / in . - i s  a >p ’a stage
primary stage o f rapid  b n t  dim inishing rate o f creep 
of sensibly constant r a te o f  creep, then  a th ird  stage o f K P ' m  ,  
rate of creep progressing tow ards failure of the specim en. A t
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q 20  4 0  60  80 100 y i f . f i ,  D A Y S

lb ./in .2 the , , „ o u „ t  etecp  f o ,  t h e « * .  
and no further creep to o k  place  up
discontinued. . -  qna so far as one can

The creep rates have been  plotted^on R g .■ ^ ̂  ^  parallel to  that 
judge from  on ly  tw o  points the tests -  n ] l t i  {  creep rate
given b y  the tests a t room  tem perature * h e n  loga m n  
is p lotted  against logarithm  ofi stresai. c  bro]ten  up

Only the specim en stressed at 300 lb ./m . 
to  date, its life w as 48 days, the elongation  34 per cen t on  
(approxim ately  8 V 3 )  and the reduction  in  area 100 per cent.
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(3) jEffect of Long Time Annealing at 80° C. on a 
Specimen of Virgin Lead.

A  disc was cu t from  the 1J in . d iam . coarse-graincd rod , and a photo
m icrograph  taken in th e “  as received  ”  con d ition . T h e specim en was 
then p laced inside one o f  the creep furnaces and  held a t 80° C. for  a total 
tim e o f  500 hrs., exam ination  o f  the grain-size being m ade a t 24, 100, 
250, an d  500 hrs. N o  change in  grain-size occurred, n or w as there any 
oth er evidence o f  change in  th is specim en.

ROD MEAN GRAIN AREA ~0'84 mm2
B. EXTRUDED CABLE SHEATH it •> '* =0'37
C. EXTRUDED PIPE n << «  = 0 1 3  mmJ

__ D. EXTRUDED ROD n  n it =0-01 mm2_

G e n e r a l  D i s c u s s i o n  o f  t h e  R e s u l t s  o f  t h e  T e s t s .

(a) Effect of Grain-Size on Creep of Lead in the 
“  As Extruded ” Condition.

In  F ig . 10 the creep curves a t 500 lb ./in .2 o f four specim ens having 
different grain-sizes are show n, and  the grain-sizes and som e creep data 
are g iven  in  T able II . An exam ination  o f  the figure and the table

F ig . 10.—Tensile Creep Tests at Room Temperature.
Grain-Size. Stress =  500 lb./in.*.

300 

Effect of



shows that the am ou nt o f  creep in  100 days and
rate are both  d irectly  dependent on  the grain-size. I t  m  y

T a b le  I I .-Grain-Sizc and Creep of Extruded Lead at a 
Stress of 500 lb.¡in?.
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however, th a t tests to  show  th e higher resistance to  creep o f th e  coarse
grained specim ens h ad  to  b e  carried o n t b eyon d  a period  o f  40 days 

before conclusive evidence 
was obtained. A ll th e four 
specimens dea lt w ith  here 
have been  tested  in  th e  “  as 
extruded ’ ’ con d ition  w ith ou t 
subsequent therm al or
m echanical treatm ent. In  
Fig. 11 the m inim um  creep 
rate and the am ount o f  creep 
in 100 days a t a stress o f 
500 lb ./in .2 h ave been  p lotted  
against th e m ean grain  area, 
and these curves indicate 
that decreasing th e m ean 
grain area below  0-1 m m .2 
decreases v e ry  seriously the 
resistance to  c re e p ; this, o f 
course, refers to  grain-size 
produced b y  extrusion  alone.
The curves also indicate  t .
that the rate o f  increase o f  resistance to  creep w ith  increase o grain size 
becom es less m arked as the m ean grain area increases a b ove  *  m m .-.

Clark and W h ite  8 tested hot-rolled  brasses o f tw o different gra 
sizes in  creep a t different tem peratures, and  fou n d  th at for  a y
the fine-srain  brass w as m ore resistant to  creep than le c  ■ • g 
S . ;  t e m p « . * »  . » 8 « ,  t a t  . 1 . ™  t h „  » n g ,  the c o . r , .
grained m aterial waa the m o »  re m ta n t »  creep. Since th e  m ate

M E A N  fKHtfK U f  v n e .

|',0 —Tensile Creep Testa at Boom Tein-
'peratnre. Effect of Grain-Size. Stress =  
500 lb./in.*.
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were know n to  differ on ly  in respect to  tlieir grain-size and, therefore, 
o n ly  in  respect to  the relative am ounts o f boun dary  and crystalline 
m aterial, it  was con clud ed  th at a b ove  th is tem perature range the 
boun dary  m aterial w as the weaker and below  this tem perature range 
the crystalline m aterial was the weaker. I t  was then fou n d  that this 
tem perature range was the low est tem perature o f recrystallization  of 
the m aterial a fter severe cold -w ork ing . I t  therefore appeared that 
th e  “  equi-cohesive ”  tem perature w as coin ciden t w ith the lowest 
tem perature o f  recrystallization.

T h e observed fa ct that a b ove  a certain  tem perature the fine-grained 
m aterial creeps m ore rapid ly  than the coarse-grained m aterial is in 
a ccord  w ith  the early theories o f B eilby  and R osenhain, w ho attributed 
v iscous properties to  boun dary  m aterials a b ove  th e equi-cohesive 
tem perature. I t  therefore appears th at above  this tem perature creep 
m ay be considered as a form  o f viscous flow.

If  we ap p ly  this con ception  to  the case o f  the extruded  leads dealt 
w ith  in  th is paper it  certain ly  seems to  explain  the differences in creep 
behaviour o f  the fine- and coarse-grained m aterials. T he tests have 
been carried ou t a t room  tem perature w hich, for the very  pure lead 
dealt w ith  here, is a b ove  the recrystallization  tem perature o f the worked 
m aterials, and hence w e m ay  assume that the crysta l boundary material 
is the weaker. Certain observations m ade during the tests confirm 
this view , for exam ple, (1) the roughening or strain etching o f the sur
faces o f  the specim ens w hich  is apparently  brought a b ou t b y  relative 
m ovem ent o f the grains w ith in  a v iscous m atrix, (2) the higher elongation 
obta ined  from  the fine-grained rod  m aterial com pared  w ith  th at obtained 
from  the coarse-grained rod  m aterial. Further, the observed  fa ct that 
the elongation  o f  coarse-grained lead increases, w hile th a t o f  fine
grained lead decreases, w ith  increase o f stress, is explained b y  th is view. 
Clearly as the stress is increased the flow  tends to  becom e m ore plastic 
and less viscous in character, b u t the greater end-block ing effect in 
the fine-grained m aterial tends to  m inim ize the increase in  plastic 
flow, the net effect being th at in  the fine-grained m aterial the boundary 
m ovem ent decreases m ore rapid ly  than the plastic deform ation  increases, 
while in  the coarse-grained lead the plastic deform ation  increases more 
rapid ly  than the boundary  m ovem ent decreases, w ith  increase of 
stress.

I t  appears certain that throughout any of these creep tests both 
plastic and viscous flow arc occurring, the former predominating in 
the early stage of the test. In this respect reference may be made to 
the work of Andrade 10 on lead. H e considered that in a creep test at 
constant stress on a lead wire the flow was made up of two parts :



(1) the plastic, or, to  use his ow n expression, the ¡J flow , and (2) the purel}

'"^ A n d rad e  suggested a form ula to  represent the flow  o i lead under 

creep co n d it io n s : I =  l0 (1 +  P«1) «**

where I is the length  at any tim e i, the in it ia l1 ength b e i n g j .  P 
being constants. A n  a ttem p t has been m ade to

curves in F ig. 10, bu t this has n o t J een obta in ed  at constant
In the first p lace  the curves m  F ig . form ula t* should
stress. Further, A ndrade suggested that in  h closely
probably b e  rep laced  b y  a fun ction  o f t, w ic i a PJ , becom es
to  (1 for small values o f t b u t w hich , as t increases, u ltim ately becom es

constant.
(b) Effect of Cold-Working on Creep.

II in „  « t e n d e d  lead .  change in g » « ; * »  »  b » » g h «
.n u ll am ount o i  c o id -w o it  in specim en , prior to  t i e  ere. p  . 
com m enced, the relation  betw een grain-size and rc.s U n cc  is  g
a simple one. Thus, flattening cab  e-sheath  produced  J |  .slight 
refinement in grain-size b u t increased t  e resis a ^  produced

early stages o f the test, Bending| 8 raJ .  h rc ftneraCnt o f grain-
m the zones o f m axim um  bending stress,
size, but, on ce m ore, the resistance to  creep in the carl) stages

test was increased. Av^rnrle has shown
In his w ork  on  lead wires already

that large prelim inary strains pu t the " i r c s ‘ u ! straightened
and the present tests on  ®able-sheath^nd

pipes con firm  this statem ent, lh e  e stace o f  uniform
pronounced in the early stage o f th e  test than  \  th is

creep, i.e. the stage ^ s t r a i g h t e n i n g  o f th e pipe
respect it m ay be n oted  th at the g  . g flow  t)uul had the
has apparently a greater effect in pr g init-iai stage
fatten in g  «1 the ca W c-.h c .th , tor  m  h .  m et ^
of m ainly p lastic flow  is m issin g , and the creep cur
characteristic shape associated ^  P U « y ^  ^  efiec't  o { prelim inary 

The curves given  in  F ig. 1 -  sho „teristics o f a specim en  o f
cold -w orking on  the is the creep curve at 600 lb ./in .2
the coarse-grained rod . lh e  d „  con d ition . T he curve B is
o f a specim en tested m  the a . ,^ 1  * tension  5 per cent,
the creep curve o f a specim en w hich w as elo g  w ould
on the gauge-Sength and then t o t e d -  ^  ¿ . U , . .  o i the
have produced  a stress o f 600 lb ./in . on  trie cros
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specim en before  overstrain. T h e latter specim en has given  a creep 
cu rve in  w hich  the early stage o f the ord inary  creep curve, considered 
to  b e  due m ain ly to  p lastic deform ation , is absent. I t  seem s probable, 
therefore, th at the curve obta ined  from  th e overstrained specimen 
represents flow  largely viscous in  character.

A  sim ilar specim en elongated 5 p er cen t, in  tension, sectioned  and 
aged a t room  tem perature, w as fou n d  15 m inutes later to  h ave a grain- 
size app roxim ately  \ th a t before  w orking. L ater v ery  slight recrystal-
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0 10 20  30  4  0 5 0 6 0 7 0  80 9 0 100 150 200
T I M E .  DAYS

F i g . 12.—Tensile Creep Tests at Room Temperature on Coarse-Grained Extruded 
Rod. Stress =  600 lb./in.2.

lization w as detected , b u t the further grain refinem ent w as small. 
I t  is o f in terest to  note  th a t w hile the m inim um  creep rate o f the original 
m aterial w as 4-17 x  10-4 strain per d a y  the creep rate o f  the over
strained m aterial was 2-0 x  1 (H  strain per d a y  and  the relative mean 
grain areas 0-84 and  0-46 m m .2, respectively . I t  w ould  appear, there
fore, th a t in th is test as also in  the tests on  the flattened cable-sheath  
and the bent and straightened p ip e  specim ens, the effect o f the cold - 
w orking in  increasing resistance to  creep is m uch  m ore pronounced  
than the decrease in creep resistance w hich w ould  be exp ected  as a result 
o f  the reduction  in  grain-size.

The overstrained specim en h ad  a life o f 186 days and a tota l extension  
(including the original 5 per cent, overstrain) o f  30 per cen t. A  cross- 
section  was taken on  the parallel length aw ay from  the fracture w ithin
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a few hours o f failure, and a grain cou n t gave the m ean g r a m a r e a a  
042  mm .2. F rom  th is it  appears p robab le  th a t th e gram -siz 
altered appreciably during the creep test, and if  this b ^ i t  ten *o 
confirm the statem ent th a t the flow  occurring during th e itest was m a y  
at the grain boundaries. Specim ens o f this lead w hich  ^ n ^ g y  
overstrained 12* per cen t, in  tension were fou n d  £  
recrystallized w ith in  1 hr. T he creep specim en on  the ^ h e r  hand u 
at the com m encem ent o f the creep test air average g a «  o f 0  46
m m 2 during the test was stretched m uch m ore than  1 P .
intension^ b u t had n ot recrystaUized. This suggests t b a t d ^ g t h e  
creep test the plastic deform ation  w ith in  the grains «  »  *  
bring about recrystallization, and  th a t the m ovem ent w hich  did  occur

took place a t the grain  boundaries.

Intercrystalline Cracking of Lead.
In  several o f th e specim ens tested in  creep a t low  stresses inter 

crystalline cracking has been  clearly observed. I t  h M b e e n m e n  w n 
previously th at during a test the grain b o u n d a r y  
of the specim en after an extension  o f approxim ately  3 p  •
later stage in  the test som e o f the grain boundaries 
to open in  the form  o f deep cracks, w ith  a separation o f ^
This has been  observed  m ost clearly in  th e coarse-grained sP « " ne]  
stresses o f 400 and 500 lb ./in  2 and also in  th e specim en ^  J  
5 per cent, before testing. Intercrystalhne crack ing o f 
thus occur under steady stress con ditions (creep) as w ell as under

influence o f n itcrnatbig s »  in tcrcry8talline cracking

J :  ^ c c i m »  . «  lead  sheet at a s t . c  o f 500

,b t “ l ^ d “ . S t  " r e c o r d e d  here is b y  » 0  m eans 
exhaustive, and further investigation  o { the creep o t lead is g g t a g  
The w ork done h a , show n the very  great ¡ m p o »  » ‘  
knowledge o i  the h istory  o f the r n .fc n .ls  tested, end
it m ay b e  noted that a v ery  extensive „-search  „  1 » .  I *™* » » t  m  
the U niversity  o f M elbourne under the d irection  o 
Greenwood 12 This w ork , details o f w hich have v ery  recently  com e to  
hand aims at a com plete  investigation  o f the effect o f  smal am ounts of 
im purities on  the m echanical properties of lead w ith  part^ u lar reference

to recrystallization, grain-size, and crccp  ^ X ^ m  to  t  a v e  y  
and the w ork  of the present author have show n th e  prob lem  t o  b e  a very  
com n k x  one b u t it is fe lt th at a thorough  m vestigatiou  o f the effect 
of previous therm al and m echanical h istory on  the creep characteristics
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o f lead a t room  tem perature w ill m aterially assist in th e elucidation of 
the m any problem s presented b y  the stu dy o f  creep in other materials 
at elevated tem peratures.
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DISCUSSION.

I  .1. C. CHASTON,* 
flattened samples o f  cable-sheath show, ' a "10Unt 0f internal stress,
which has rccrystallized can. still retain thinks o f  recrystallization
This is a somewhat remarkable conclus:10 .• , ^  metai transformed
as a process in which all internal stress is r  ̂ _  yiew evidently requires 
to an aggregate o f  new, stress-free crys ' . o f  cable-sheath which have 
qualification. The author has show n t  Uizcd) at rooni temperatures
been flattened (and then, presumably, r ry j which have not been
have very different ch a ra c ter is t ic s  from extruded samp itude o f  the
cold-worked but which have a s i m i l a r c ^  ^  “ a le ct the tensile 
residual internal stresses is obviously not o • hardness between flattened
properties, and there is no appreciable i ™ " ^  at the U m ve^ity
and unflattened sheaths. In  creep exper ; flattening the cable-
of Illinois it was concluded that there was no harm ^ t e n m g  ^  ^
sheath because there was no difference ...nr.h,sivelv that that was quite 
flattening. I  think that the author has s ow 1 c • to  the conclusion
an erroneous assumption, and therefore rt leads,
that the results o f  this American work an .^  ; , ■ - teristics o f  a material

Was there any difference t | » ^ ^ i c h h a d  been cold-worked?
which had been annealed and those o f o testing quickly whether

it  is interesting to inquire if thereis any wJuld be to
a sample o f lead contains iiitenial s t r e B E g s . 1  n0 further grain growth
try the cffect o f  annealing at a higher temperature, 1 1 no' gtre£
occurred, the material might ^ c ,rcgv ^ ‘^h ‘ atb which the author tised were 2 The samples o f  hot extruded^ ea b le^ ea th  wMcn rne afc 10()tl c
years old, and I  believe that when those P samples thus seem to have 
for 1 hr. no further grain growth occurred- These am p s _  ^  frcshIy
been practically free from internal stre . * . growth. That seems to
extruded lead is annealed it shows Pron eStrudcci lead. The conclusion
indicate th a t  in te rn al stress is present^n  ^  ̂  the au th o r can confirm —
I draw from these observations which „tresses present in freshlv-ex-
is that there is a possibility that the rc®‘ disappear in the course
truded lead, shown by crystal growth on annealing, can aisappc
of 2 years. . more cise information as to the

I  have not so far been able to obta 1 mention these observations
time required for stresses to be relieve > . essential in creep tests
mainly to support the author's hot-extruded
on lead to control the previous history o f the specimen
specimens cannot always be rebed o n ^  - asaumption that this eold- 

There seems one further way o f JThe author has given
worked and recrystallized material may whether there is any difference
results on creep tests at- 80 C .; can , d unflattened cable-sheath?
at 80° C. in the creep characteristics o f  flattened an

. i . t  rprrret the author’s title “  Creep o f
Mr. H. C. L a n c a s t e r  t  (Membe ) .  fc. ,  hen dealing with such

Virgin Lead.”  The word virgin has yearly in the U.S.A.
a highly technical subject. 1 housan1 ¿ n(\ in anither 0-050 per cent.
c o n t a in in g  in  o n e  brand 0-0b per een -. P R efin ing processes are such that
bismuth, can claim to be virg m lead with a purity far
from the most impure material a product can m p

* Lecturer in Metallurgy, Royal Tecimica^CoU ^ Johnson and Sons,
t  Technical Adviser, Locke Lancaster and W. W.

Ltd., London.
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exceeding that o f  any material that the author has used in his experiments 
and which he terms “  a very pure lead.”

The author quotes Greenwood, who rightly stresses the importance o 
knowing the complete history o f  the materials tested, and the effect o f small 
amounts o f  impurities on the mechanical properties, recrystallization, gram- 
sizc, and crccp characteristics. Rosenhain emphasized the necessity, when 
carrying out such investigations, o f  starting with absolutely pure metal; 
the author, however, has in effect used far from pure lead for his experiments, 
and, moreover, has compared the physical properties o f an extruded rod o!
11 in. diameter which he has reduced to * in., having put in cold-work, and 
in addition destroyed the skin effect, which naturally remains in the case ol 
the extruded cable and pipe. .

To prove the vital importance o f  carrying out this highly technical work, 
lead o f  extreme purity was prepared by producing 1 ton from 3 tons of 
material. Professor Judd Lewis could find no antimony, arsenic, tin, copper, 
or silver, which are the common impurities, but was not quite positive about a 
mere trace o f  bismuth, and asked whether one millionth part, viz. 15 grains 
in 1 ton, could be added for confirmation. Tw o 12-lb. ingots were cast, one 
with the addition o f  0-001 per ccnt. nickel (analysis gave 0 0006 per cent.). 
An examination immediately showed that this small addition altered the 
usual characteristics (1) when cast, and (2) when rolled down to 5 lb. sub
stance and etched, the difference being most striking. Even this small 
addition im proved the fatigue limit.

Mr. W . Srs'Gi/F.TON * (M em ber): Much o f  the published work on the creep 
o f  lead and lead alloys has suffered in value because little or no attention 
has been given to such factors as composition, work-hardening, precipitation- 
hardening, &c. Dr. McKeown is correcting this state o f  affairs, and in this 
paper he has gone a long way to clarify our knowledge on creep. His observ
ations on the importance o f  factors other than just grain-size, are well sup
ported by his experimental results.

The effect on the creep rate o f  flattening a test-piece cut from a cable 
sheath is important in that it may help to  explain some o f  the discrepancies 
in the results obtained by different workers. This effect o f  flattening will 
probablv become more important when applied to lead alloys which are cap
able o f work-hardening. This method o f  obtaining test-pieces from pipes 
or cable-sheathing appears to bo extensively used in America and in all prob
ability accounts for the difference occasionally observed between the results 
o f  mechanical tests obtained in America and those in this country, where 
the tests are usually carried out on the material in the form in which it is 
manufactured.

Dr. McKeown has not mentioned the effect o f  alternations in temperature 
which occur widely in practice, e.g. in chemical plant when subjected to repeated 
heating and cooling. In this case there is frequently a typo o f  crcep in the 
linings o f  vessels which results in laps and folds, and finally cracks, and which, 
for a”  lack o f  a better expression, is described as thermal creep. It may be 
argued that this is not creep as usually understood, but is the result o f  rapidly 
applied stress in the form o f  repeated expansion and contraction. This may 
be so in some cases, but it is certainly not so in all. In  these practical condi
tions o f  thermal creep the reverse effect o f  that obtained on constant temper
ature tests appears to be the ease— fine-grain material giving better resistance 
than coarse-grain material.

W e are often asked why a lead alloy which work-hardens, and therefore 
does not elongate to  the same extent as ordinary lead at a given load in a

* Technical Adviser, Goodlass Wall and Lead Industries, Ltd., London.



Correspondence on McKeow-n s Papvv 225

tensile strength teat, should elongate more and ^  The two
mitted to a creep test or prolonged te n s ilo te s ta ta s m ila r
appear contradictory. The usual explanation is th a tth c
determined by  the strength o f  the grains thems ’ . This rajses other
is determined by the strength o f the S f f i g S  J S C n tquestions. A t  v hat stage betw een a  tensile k s t  and  a excep t
in the grain boundaries become the main factor ? , W hat determines i 
tion of that change and how is it affected by grain-size .

Dr. M cK eow h  ( «  reply) : I  think that M r.C h aston is
apprehension -with regard to the flattened ca  ^  recrystallization
it for a fairly long period and have been unableto_findany recrysu ^  ^
occurring in it. I  have not attempted to « in  j o  _  8 hjs question.
has been cold-worked or annealed and the . 0f  internal stress
I agree that newly extruded sheath is apparently . annealed. The
and can recrystafiize and be subject to grai i-, . 1 2 vears old when
extruded sheath used in the present invc« iga l < increase
the tests were started and annealing at 100 O. produced yclj 6
in grain-size, as mentioned in the paper. flattened or un-

No attempt has been made to carry out teste a t 8 0 J U m  flattened
flattened cablc-sheath, but it is h opedto  d o » o in th e  futur^ machined

Mr. Lancaster’s quest,on a s  t o  ^ » W j M  . c o m p j ^  ^  

specimens with extruded pipe and si cat pe developed for
raised very frequently. In this work a ° i re does
preparing tensile creep specimens ^ a d  an ca 3^ pechnens have been
not give rise to  any working o f  the mate < * . , 0f  machining has
examined both before and after annealing and our method o f  machim g
not produced any reciystallization or grain grow thermal creep as an

W ith regard to Bfc Singleton’s rcmar^  is due to
entirely different thing from what is examined . ,.jianije in dimensions is 
expansion followed b y  contraction, and the »  ^ ^  greater part
due to the fact that lead has practically no kr I
of any deformation which occurs is inelastic and not rtcos erabie.

C O R R E S P O N D E N C E .

1 W S S 0 E  H . J J j  S c o U  made ii^ th ifp l ’p e it o  S

ground cables and certain cntic^ '!?s a objectives o f  Dr. HeKeown’S study

of various chemical compositions, “ f g  on the market. It is

- « » •  *» “  m
* Research Professor of Engineering Materials, University of Illinois, Urbana, 

111”t UEngiucer of Tests, Investigation of Creep of W  Sheathing, University of 

IUi,^ S l l i ’ T̂ t i g a t i o n  of Creep of U a d  Sheathing, University of 
Illinois, Urbana, 111., U.S.A. p

V O L . L X .



one plant producing lead sheathing. Variations in different processes of 
extruding o f  lead sheathing as well as differences in chemical composition 
produced wide variations— so wide that the effect due to flattening transverse 
specimens seemed to be covered up by the variations in product o f  different 
manufacturers, variations which the experimenters could not control.

W e believe that an investigation o f  available commercial material is a 
legitimate engineering investigation, and, in this case, the investigation has 
been o f  service as a guide to users o f  lead sheathing in forming judgments as 
to the justification for using the more expensive alloys o f  lead sheaths o f under
ground cables. .

The statement * that “  i f  the cffcct o f  flattening specimens was noticeable 
it would have appeared in the tensile tests ”  is criticized by Dr. McKeown.
It  still seems to us, in view o f  the fact that the flattening o f  longitudinal 
specimens wras in a direction perpendicular to the test load, wrhilc the flattening 
o f  transverse specimens wras in a direction parallel to the test load, that if 
this flattening produced much effect there should have been systematic vari
ations in the creep test results o f  longitudinal and transverse specimens.

2000 
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RATE OF CREEP, PER CENT. W  tOCO HRS.
Fio. A.— Rate of Creep of Tensile Specimen from Extruded Sheath of 

Commercial Lead at Various Stresses.

N o systematic wTell-marked difference was observed. Dr. McKeown quotes 
the work by himself and Mr. Hudson on annealed copper very slightly 
overstrained in which it was found that “  a definite proportional limit ”  has 
been induced by this treatment. W e fail to see that an effect produced on 
annealed copper carries much weight in considering the behaviour o f  lead, 
and, furthermore, in common with several other investigators have not been 
able to find either any definite lim it o f  proportionality o f  lead, or any correla
tion between an arbitrarily determined limit o f  proportionality and the creep 
properties o f  lead. In passing, we may say that we are very doubtful whether 
there exists any absolute limit o f  proportionality for any material.

It may well be the case that a careful study o f  the cffcct o f  flattening on 
lead sheet produced under laboratory conditions would show some effect on 
creep properties. In studying available lead sheathing as produced, this effect 
seems to be quite obscured by various other conditions.

The imperfections in the” study o f  the creep o f  sheathing under hydraulic 
pressure due to  effect o f  attached pieces o f  metal on which to take micrometer 
measurements is o f  course a fair criticism. Tn later tests attachments to the 
lead sheath have been made much smaller. Nevertheless, such measurements 
have been o f  value (1) in demonstrating that such creep would actually occur 
in lead sheathing under pressure and, (2) in giving some basis for a study o f  the

* Univ. Illinois Ensj. Exper. Sta. Bull. No. 272.
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C REEP RATE 
F ig . B.

- a — . » ■ » « .
creep characteristics o f  icad cable^heat ¿ f.auseIinember firms had directed 
Non-Ferrous Metals Research Associatio ix ¡- their creep testa and
our attention to the difference*, be t w e e n y J  firm9 had 
our own. I t  was discovered that the mimoles o f cable-sheath
been carrying out their creep testso iq carrie(i  out on unflattened
whereas our tests, up to that date, ha u .vere tjie same as those
sheaths. A t the outset the o b je c t iv e s  m o u r ^ o r k  ^ r e j n e ^  i ^  ^
in the work o f Professor Moore and properties o f commercial lead
effect o f  chemical composition on the creep properties 01

^ p d r» t h » f t h " 1m iS îtog  specimens wire l „ « M  »  '• »  d '™ * » ”  ot

; &J%S?t£tS2M2?gï W «1 » >.
very nearly constant for lead alloys.

Author's Reply to Correspondence

effect on ercep o f  a stress at right angles to the m .«¡m um  stress^ Thismatter
has been token up very fully b v R . f f .  /sVnndam ental formula for variation 
that we are unable to agree with Bailey ,, ‘ , in which A  and n
of creep rate Cx with uni-axial stress X  showed
are constants. A study o f  several lead alloysunder var> m s t rS f r ^  W?— Hue on
bg^og^lotUHg paper ^ .  u l ^ a r i « ^ o p
rate o f S e d  rod and the logarithm o f the tensile tocan ot
show a straight-line relation between these qu ‘ .. ^  foini(l niost 
experience in testing lead at the Umversi y  o  ^  < I f  p r McKeown’s
convenient to plot stress against logari I ■ f  un(] t]lat his room
data in Fig. 5 are plotted on a semi-log diagram it will b e ^ ^ & .  R  
temperature test results do show a linear relation,
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longitudinal axis o f  the sheath. I t  was not possible, from the small diameter 
sheath used, to  prepare transverse specimens, but it seems reasonable to 
conclude, from the evidence given by the other tests on the effect o f  working, 
that such transverse specimens would also have shown the considerable effect 
o f flattening on the creep properties. Whether any difference would be 
observed between the creep properties o f  transverse and longitudinal specimens 
we cannot sa y ; this can perhaps be tried most conveniently by testing the 
effect o f  uni-directional rolling on lead sheet. The evidence o f  the tesla 
carried out indicates that a small amount o f  cold-working can be retained by 
pure lead at ordinary temperatures and the retention o f  this work is shown 
most clearly in the behaviour o f  the lead under creep conditions.

The effect o f  flattening we know to bo even more important in lead alloys 
which work-liarden and retain this work-hardening for longer periods than 
pure leads.

The reference to annealed copper was made to indicate that even drastic 
annealing after small amounts o f  overstrain did not in this material remove 
completely the effect o f  such overstrain. It must be noted, however, that 
only a delicate form o f test, in this particular case a determination o f  limit of 
proportionality using very sensitive measuring instruments, was capable of 
showing the presence and retention o f  the cold-working. I t  is not to be 
supposed that such a crude test as the determination o f  ultimate tensile strength 
would show the presence o f  such small amounts o f  work.

I  have carried out a largo number o f  creep tests on lead and lead alloys 
during the past 5 or 6 years, and all the evidence obtained from these tests 
tends'to verify the formula suggested by  R . W . Bailey. I t  was pointed out 
in the text (p. 207) that the two specimens at the lowest stresses had not yet 
reached the stage o f  minimum creep rate. This was indicated in Pig. 5 by 
the arrows attached to  tho points corresponding to these stresses, and it is 
certainly not correct to draw a line through these points. Plotting the curves 
for the two stresses o f  200 and 300 lb./in.2 to a larger scale shows that the 
minimum creep-rate stage has not been reached, the creep rate is still 
diminishing.
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THE EFFECT OF CAST STRUCTURE ON HIE 7 6 4  
ROLLING PROPERTIES 01 ZINC.

By L. NORTHCOTT.t K i.D ., M.So., Member.

S y n o p s is .

Preliminary work on zino of little
t e n S e  strength, notched-bar impact

showed that the directional properties o f th«  . ^  f owth is
in columnar form  the strength measured m t t a  ° " nced «gfferonecs 
about four times that at right ang] - „ iucg The selective weakness 
were observed in the by the

„ » « * » • » » * ■  *1' l “ ‘ ,00M1 
piano o f the hexagon. . • _ j  ft,e absence of columnarThe connection between «old-working and J¡he a j*  ^  hot.working
crystals was investigated ^7 .d e ^ r m m ^  ^  ^ re la tin g  the results 
necessary to  permit subsequent col ® i>rovided that tho initial
with tho accompanying changes m  structu . couW be
hot reduction was not les9t *ha"  ,abo^ 0f ro£ „  w l  found to be asso- 
completed satisfactorily m the c? ‘ n* refease of internal stress;
dated with recrystallization and c^ e q n e n t mca^e ^  hot reduc.
recrystallization was almost obliterated after half this
tion, although much of the cast 8trutl“  , : a I ;„ i structure in cold-
amount o f reduction. The amportance of e eqm ax.a^ U x ia l
working was confirmed by tests on specially prepared g  
structure. i .  completely cold-rolled if the

Columnar , ^ ' 8^ \ aggrnCf l t p ^ c s  is changcd according to a crystal- 
direction of rolling between lign p , growth of the crystals is in the
lographic plan provided that the P a 8 ^ j t)10 peculiarities
rolling plane. No indication l U . r o  in ziTc at atino-
of zinc in working are due to b°un ?  place bv characteristic, trans. 
spheric or moderate temi£rature 1 g u ,nd to oecur ai0ng tho basal
crystalline cracking m  whwh th would appear to be limited
plane m  any one crystal. This form 011 mainly o{ the hexagonal
to a small range o f metals and alloys, V > fo e  powerful tendency
crystal type. The effect is great y gjnco jn an ingot o f rectangular
of zinc to form large columnar cryst ; mould face have their
section the columnar crystals developed from  one mo 
directions of weakness in the samo Ji ■ • produced a small

The addition of 0-75 per cent ^ “ ^ { ^ ^ p e r a t u r e  so that 
crystal structure but increased the re ry ^ total reduction before
complete cold-rolling was no longer possible. 1 » » ------ -------------------------------

 ------------------ — ----------:— r r ; ----o , 193o Presented at the Annual General* Manuscript received November «4, 19.».
Meeting, London, March 10, 1937. 

f  Research Department, W oolwich.
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cracking started was, however, greater when tho rolling direction was 
changed than when rolling was carried out in one direction only.

An account is also given of the conditions under which zinc ingots can 
be initially rolled during cooling after casting; satisfactory strip was 
obtainable provided the temperature of tho ingot at the commencement 
of rolling was within the, range 350°—!00° Ci., which, when 16 lb. ingots 
were used, entailed an interval of from 2J minutes to 1 hr. after the 
completion of solidification.

I n t r o d u c t i o n .

T h e  research described in  this paper was in itiated to  investigate the 
difficulties encountered in  the first stages o f  breaking dow n  chili-cast 
ingots. Som e m etals and a lloys are liable to  fracture when rolled or 
forged  i »  in got form , and require careful m anipulation  in the initial 
stages o f  w orking, a lthough subsequently the m etal m ay  b e  worked 
w ith ou t special precautions. Ill m any instances difficu lty  in breaking 
dow n  has been  foun d  to  coincide w ith  a coarse colum nar ty p e  o f  crystal 
structure.

This paper deals w ith  one section  o f  a research carried o u t for the 
British N on-F errous M etals E esearcli A ssociation  on  th e effect o f  cast 
structure on  the rolling properties o f  m etals and alloys. In  the first 
instance pure zinc w as selected for  stu dy  as a m etal com m ercially 
obta inable in  a high state o f  purity , kuow n  to  form  a w holly  columnar 
structure under all practica l casting conditions, and o f  w hich  ingots 
can not b e  w orked cold .

M a t e r ia l  U s e d .

T he zinc used was o f  E vans W allow er 99 99 +  per cen t, quality ; 
the m aker’s batch  analysis and con firm atory  tests a t th e Research 
D epartm ent, W oolw ich , are given  in Table I.

T a b l e  I .— Chemical Analysis of Zinc.
Zinc. Iron. Lead. Cadmium. Copper. 1

Maker's batch analysis, 
per cent. 

Confirmatory tests, per 
cent.

09-9930 0-0004 0-0047 0-0008 0-0002

<0-002 0-0041 <0-001

E f f e c t  o f  C a s t in g  T e m p e r a t u r e .

(a) Method of Casting.
Three trip le ingots (9 x  4 }  X  1 in .) were cast b y  the D urville 

m ethod  a t 440°, 500°, and 600° C., respectively . A  coal-gas flam e was 
em ployed  to  prevent oxidation  o f  the m etal, and n o m ould  dressing 
was used.
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(b ) Density.
The density o f  each in got was determ ined after remQving^the h e a ^  

The results are given  in T able I I ,  from  w hich  *  will be  scan, th a t  the 
casting tem perature had a negligible effect on  the density o f  the ingot.

T a b l e  I I .— Ingot Density.

(c) Effect of Casting Temperature on Structure.
The ingots were sectioned as show n d ia g ra m n m tica lly  in  F ig . 1. 

The cu t faces o f  the longitudinal slices, approxim ately  1 in . w ide

Fto. 1.- -Method oi Sectioning Ingot and Po.itien, ol N otch«! B . „

.1  f t .  M l  th io t o e x  o f  the » g o t ,  obtained “ f  " T h “
B  a „d  C o t eaeh gtoup  large
sections show ed a com pletel} colum  . J w hich were later
num ber o f  small fissures (F ig . 2 , P late X X X M I I ) ,  w hich were
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foun d  to  be  due to  the tearing action  o f  th e cu tting  to o l and n ot evidence 
o f pre-existing unsoundness. Increasing the casting tem perature had 
little  effect on  the m acrostructure, b u t slightly  increased th e occurrence 
o f  fissures in the prepared surfaces.

(d) Effect of Casting Temperature on Tensile Properties.
The longitudinal slices cu t from  the “  A  ”  ingots w ere each machined 

to  a tensile test-p iece, 0 '564  in . in  diam eter, b u t one piece from  each 
ingot broke while being m achined. T h e second piece from  the ingot 
cast a t 440° G. was foun d  to  be  slightly  cracked  before loading in the 
testing machine. The m axim um  load o f  the rem aining test-pieccs 
was T 4  ton s/in .2, and the elongation  3 per cen t, on  2 in . Cracking 
was first observed in N N L  2 a t a load  o f  1 to n /in .2 and in  N N L  3 at 
0 '8  ton /in .2. Cracks developed  con tinuously in both  test-pieces until 
the m axim um  load  was reached, w hen the specim ens were withdrawn 
before fracture was com pleted . M icroexam ination  o f  the fractured 
test-pieces show ed th at (a) the cracks were trans-crysta lline; (b) the 
cracks were approxim ately  straight in  any one cry sta l; (c) the un
broken crystals were h ighly tw in n ed ; and (cl) th e  plane o f  fracture 
did  n ot co incide w ith  the tw inning planes.

(e) Effect of Casting Temperature on Notched-Bar Impact Value.
T he fou r slices from  each o f  the ingots “  A  ”  o f  cach  group  were 

m achined to  Izo d  notclied -bar test-pieces, the positions o f  the notches 
in  the test-pieces from  the four slices being show n in T ig . 1. T he test- 
pieces were broken in  a Charpy m achine a t both  atm ospheric and 
increased tem peratures; the results are given  in T able I I I .

T a b l e  I I I .— Notched-Bar Value in Ft.-lb.
Mark. Position. 20® C. 100° c. 125” O. 160“  0 . 200” C.

NNL 1 1 5-6 35-2 03-7 50-3 44-2
0 5-3 f.0-2 ... 60-9 40-7
3 5-6 510 54-1 38-0
4 5-3 40-1 515 45-9 45-9

NNL 2 1 5-8 00-9 53-3 GO-O 55-0
2 5-3 50-2 58-5 52-8
3 5-6 37-8 56-8 55-5
4 0-3 44-2 48-0 56-8 54-6

NNL 3 1 fi-G 57-3 380 56-3 45-0
0 6-1 36-0 ... 41-7 53-7
3 5-3 26-2 33-3 45-0
4 5-1 26-9 44-2 44-2 51-9



These results show  th a t th e m axim um  resistance to  ‘
in the neighbourhood o f  150° C. and th a t th e in got east a t th  g
temperature (600° C.) has th e low est im p a ct va lue.

(f) Effect of Casting Temperature on Rolling Properties.
The four slices from  th e b o d y  o f  th e “  B  ”  and “  C ”  ingots o f  th e

three casts were selected for rolling. T he crystal structure 
columnar, the d irection  o f  grow th  o f  the cr} sta s y m o p ]ane
ness o f  each slice, and therefore a t right angles to  f  
The slices w ere polished and exam ined for craf vs c or slices*
a number o f  sm all m achining fissures were observed  it ag
Sections were rolled  a t atm ospheric tem perature in  t  ^
cast, and after annealing for  5 hrs a t IB< a r ^  •> | | _ rolli
were hot-rolled a t tem peratures,< * 1 5 0  a n d M O  U  ^  & tQ
the pieces were heated m  an oil-bath
300° C. T he rolls were n o t heated. WJ L

All the pieces cracked at less than  10 per cen t r e g i o n  jvhen  
rolling was attem pted  in  th e cold , and n o  im provem ent was i v e ^ y
a previous annealing a t 150° or 300° C. 1 e crac s, m s0usaed
progressively w ith  rolling, appeared to  b e  o f  th e ty p e  al ready «bscussed 
in connection  w ith  m achining fissures and tensile failures, and
shown in  K g .  3 (P late  X X X V I I I ) .  prack iill

On rolling at 150° C „  all sections show ed slight surface j g m g
on one side b y  the tim e th ey  had  been reduced 20 per
ness and also on  th e other side after a fu rt ler P ck  d  n
After reheating, continued rolhng flattened e a t  1
.trip, were rolled to 0 005 1»., the fi n ̂ d  ■̂ ^
cracks or other defects. In  rolling a t n-005 in Sam ples
no difficulty was foun d  m  taking the m atena ^  rcd uction, and
were cu t fo r  exam ination  a t 15, 30, 5 , _ iPIate X L )  show
the m icrostructures o f  th e transverse faces, P igs.
stages in  th e  conversion  o f  th e  coarse colum nar g
small equi-axial recrystallized m aterial. T  e specm
cent, show ed tw inning inside large tw ins m  a colum na c r j  stal and th e
initiation o f  recrystallization  along the b o u n d a n ^  t r a c e ^ o l
original crystals still rem ained a t 30 per cent, reduction , b u t were

• ^ f S T e i S , 8;

appear to be any m e o u M  any difference be

S S 5  betw^M the sections t a .  the ¡„ « .t . cast *
peraturea. F urther to  test w hether any advantage cou ld  be obtained

on the Rolling Properties of Zinc
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b y  high tem perature annealing w hich m ight have the effect o f  coalescing 
an insoluble and em brittling im purity , an in got w as annealed at 375 -  
400° C. fo r  100 hrs. and then rolled . Cracking occurred  at the same 
stage and in the sam e m anner as before , w hich  suggested that rolling 
difficulties w ere n o t due to  a w eak grain boun dary  constituent. This 
is confirm ed b y  the fa c t th at the fracture o f  cast zinc com mences by 
transcrystalline cracking, and n ot b y  fracture along the grain boundaries.

E f f e c t  o f  Cr y s t a l  O r ie n t a t i o n  o n  P r o p e r t ie s .

In  view  o f  the earlier indications th at the zinc crysta l was excep
tionally  weak along certain  planes, tensile and notclied -bar tests were 
carried ou t on  specim ens cu t parallel and transversely to  the direction 
o f  grow th o f  colum nar crystals. In  order to  obta in  crystals o f  sufficient 
size for th is purpose, a circular m ou ld  was constructed  in which the 
sides consisted o f  a Salam ander crucible lagged on  the outside, and the 
base was a 3-in. diam eter w ater-cooled  cop per rod  le t in to  the base of 
the crucible. Three ingots were obta ined b y  the D urville  method, 
the sam e casting tem peratures being used as before, nam ely 410 , 
500°, and 600° C. T he three ingots were sectioned  along the axial 
face, and the tw o cu t faces o f  each in got m achined. T o  determ ine the 
tearing effect o f  the cu tting  too l on  the crystals in different directions, 
one face (A) was m achined in  a d irection  parallel to  the direction  of 
grow th  o f  th e  colum nar crystals and the second face (B) was machined 
transversely. I t  was found th at on ly  w hen the too l cu t across the 
crystals were portions o f  the crystals torn  ou t. The effect is well 
illustrated in the photographs o f  the polished faces o f  one o f  the ingots 
(F ig . 10, P late  X L I ) ; the crysta l structure as developed  b y  etching is 
show n in  F ig . 11. The fissures w ere o f  the ty p e  described earlier 
(p . 232) in connection  w ith th e tensile test-p ieces and rolled slices.

(a) X-Ray Examination.
Slices parallel to  the axial face and n ot m ore than one crysta l thick 

were obtained, and an X -r a y  exam ination  carried ou t to  determine 
the orientation  o f  the space lattice o f  the colum nar crystals. In  every 
instance the basal (0001) plane o f  the hexagonal lattice (F ig. 17), was 
found to  coincide w ith  the d irection  o f  grow th  o f  the crystals, w ith  the 
hexagonal axis transverse to  the colum nar crystal.

(b) Notched-Bar Impact Value.
The effect o f  crystal orientation  on  the notched-bar im pact value 

o f  the material was determ ined b y  taking test-pieces longitudinally 
and at right angles to  the d irection  o f  grow th  o f  the crystal, that is,
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the notch was, respectively , (A) perpendicular .and (B)) p a l l . d  to  
direction o f  crystal grow th. T he results o f  t a b . . o o in o d  ou t 
atmospheric and increased tem peratures arc given  m  Table, IV .

The test show ed th a t resistance to  fracture was appreciably^ greater 
when the notch  was at right angles to  the direction  o f  grow  h  J  
columnar crystals. T h e effect was sm a at room  e 1 t
generally m ost m arked w ith in  the usual w orking range o f  tem peratu  .

nt nr„sfnl Orientation on Notclied-Bar Value in Ft.-lb.
T a b le  IV .' * ~JJ w'wv ’V  ̂ _ ----

Ingot. Position. 20“ C. 100“ 0 . 150“ 0 . 200“ 0 . 250“ C.

NNL4 (A )
(•B)

5-8
5-0

75-5
46-5

69-9
49-0 51-2

49-9
36-6

Increase o£ A over B, 
per cent. 1C 62 43 36

NNL5 (A) 
( « )

Increase o£ A over B, 
per cent.

6-1
5-8

5

73-8
52-0

42

64-7
56-1

15

59-7
320

86

50-4
39-0

19

NNL 0 [A)
{B) r,Increase of A  over B, 

per cent.

0-3 
. 5-8

9

70-3
53-8

31

708
51-7

37

60-6
44-0

; 38

57'5
29-7

93

The average difference due to  orientation  over an u w  —  

per cent.
(c) Tensile Properties.

T w o ingots were cast a t a tem perature o f  500° C.,’J * e

structure confirm ed b y  exam ination  o f  t h n i  f  on both
test-pieces, \\ X  J X  4 in. along the parallel
ingots, w ith  the axis parallel and transverse to  th e  « t a n « *
The test-pieces were polished and etched, an exam ine T able  V
m icroscope during the tests. The tensile results are given  in^Tabte 

The direction  o f  fracture o f  all test-p ieces was 
perpendicular to  the direction  o f  the applied  stress 
failure occurred b y  cleavage parallel to  the basal p 1»  «  ®
the transverse crystal test-p ieces, and to  the hexagonal p lane m

longitudinal crysta l test-p ieces. , , t -u„t *jie
F rom  the results o f  the tensile tests it w ou ld  thus appear 

t e n *  strength  o t t i e  colum nar crystals is in one instance 
fh “ e t C  » a  in  t i e  other, f o . r  » d  a h a lf « - » * £ »  %  
direction o f  grow th  as it  is a t right angles to  it. In  other w or Is, 
crystal in  the direction  o f  the (1010) plane resists fracture m uch  m ore

than that along the (0001) plane.
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M icroexam ination  o f  the tcst-pieces during loading show ed twinning 
to  occu r spontaneously and n ot gradually ; a tw in  once form ed did not 
appear to  grow  in  len gth ; a slight click ing noise occurred with the 
form ation  o f  tw ins. Particu larly  in  th e longitudinal crystal test- 
pieces, tw inning occurred usually along a t least tw o  planes in each 
crystal (P ig . 14, P late  X L I I ) ,  and there was little  ev idence o f  slipping. 
Tw inning was less prom inent and slip-lincs m ore prom inent in  the trans
verse crysta l test-pieces, in w hich  fracture occurred along the w eak  basal

T a b l e  V .—Effect of Crystal Orientation on Tensile Strength.
■

Mark. Number of 
Crystals.

Longitudinal or 
Transverse.

Ultimate Stress, 
Tons/in.*.

Average Tensile 
Strength, Tons/in.’ .

15A1 6 lo n g itu d in a l 3-46
15A2 5 tt 3-12 3-43
15A3 G tt 3-71
10A4 18 tra n sv erse M 2
15BI IS » 1-64
15B2 21 » 0-81 1-11
15B3 24 1-07
15B4 23 » 0-99

16A1 3 lo n g itu d in a l 3'93 |
1GA2 12 * 3-84 3-40
16 A3 6 297
16 A4 4 2-86 J
16B1 24 tra n sv erse 0-68
10B2 38 t t 1-12 f I 0-77
16B3 18 0-81 I
lOBt 17 0-45 1

* Crystals inclined about 20° from longitudinal, 
f  Coarse crack across tho width at 0'67 ton/in.2.

plane parallel to  the slip-planes, w ith  the characteristic cleavage typical 
o f  zinc, and resulting in  m inim um  deform ation  (P ig. 13, P late  X L I1 ).

T h e  D e p e n d e n c e  o f  C o l d -W o r k a b i l i t y  o n  t h e  P r e v io u s  H ot 
B r e a k i n g  D o w n  o f  t h e  Ca s t  S t r u c t u r e .

T o determ ine the degree o f  hot-rolling required to  perm it subsequent 
cold -w ork ing, a series o f  slab ingots was cast and given  preliminary 
reductions varying from  5 to  80 per cent, soon  after th e com pletion  of 
solidification, w hilst the ingots were still hot. T h e slabs were then 
coo led  to  atm ospheric tem perature and rolling continued in th e cold. 
The results o f  these tests are sum m arized in Table V I .

The first ingot, w hich  had been given  a prelim inary reduction 
w hilst h o t  o f  5 per cent., cracked in the first co ld  pass o f  0 '1  in . reduction  ; 
those reduced 15 and 25 per cen t., cracked in the second co ld  pass. 
A s the cracking o f  these three ingots becam e w orse a t th e n ext stage,



rolling was discontinued. O f the tw o  ingots w hich were given a. 40 
per cent, reduction w hilst h ot, one appeared to  have rohed satisfactor y  
but showed transverse cracks w hen  cold , and these extended at the 
next stage T he second w as hot-rolled  to  the sam e prehm m ary r - 
duetion, after allow ing a longer period  o f  cooling  a f t e r e w t o g ,  an 
rolled satisfactorily in the cold . T w o  a n g otew ero  «m d a r iy  ^ v c n  a 
50 per cent, reduction  w hilst h ot, one in got being ia .
lower tem perature before  com m encing rolhng 1 ? ^  
the cooled  in got rolled co ld  w ith ou t d ifficu lty  
showed edge cracking in  th e  first co ld _P a®®> Un.n„  •' Ingots
later, and th e  strip w as successfuHy re uce< o  ^  ^  'rolled to
given prelim inary h o t reductions o f  GO, ,

T a b le  Yl.—Effect of Varying Degree o f  Hot-Rolling Previous
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Original
Thickness,

Inches.

Thickness after 
IIot^Rolling, 

Inches.

H ot Réduction, 
Per Cent.

Thickness at 
which Cracks 

Appeared, Inches.

Thickness at which 
Rolling was Dis
continued, Inches.

2
2
2
2
2
2
2
2
2
2

1-9
1-7
1-5
1-2
1-2
1-0
1-0
0-8
0-6
0-4

5
15
25
40
40
50
50
60
70
80

1-S 
1-5 
1-3 

(1-2) 1-0

0-8

1-7
1-4
1-2
1-0
0-03
0-03
0-03
0-03
0-03
0-03

thin strip satisfactorily , l b e  iraeturu*

0 cen t., b u t tra ce , o f  c o lu m n ..
reduction. A lthough  the fracture c P .  n  n iicro-
to show com plete ^ crysta lliza tion , it m ay
exam ination o f  the hot-rolled  pieces described w  «
that the cast structure is n o t com pletely
The ability  to  eold -roll ingots after a prelim inary h ot *
a p p a r e n t l y "  associated w ith  th e com plete  - n y e - o n  o f  the original
cast colum nar crystals in to  v ery  small equiaxial crysta  .

C o m p a r i s o n - B e t w e e n  C o l u m n a r  a n d  E q u i - A x i a l  C r y s t a l  I n g o t s .

(a ) D e v e l o p m e n t  of E q u i-A x ia l Structure.
In  v iew  o f  the ab ility  to  roll zinc in  the co ld  once it  has been  given 

sufficient hot-rolling  to  cause com plete  recrystallization an
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the coarse colum nar ty p e  o f  structure in to  sm all equi-axial crystals, 
attem pts were m ade to  obta in  th e equi-axial structure in the cast 
ingot. Earlier experim ents on  the effect o f  casting tem perature had 
show n that w ide variations had little effect in  m od ify in g  the columnar 
structure w hich  is so pronounced a feature o f  all zinc castings. Reduc
ing th e  casting tem perature to  a m inim um  w hilst still retaining the 
flow ing characteristics o f  liquid m etal in  n o instances resulted in an 
equi-axial structure, a lthough different m ould con ditions were em
p loyed  ; other expedients were therefore necessary. “  Seeding ”  with 
zinc dust, either in the D urville  process or w hen pouring direct from 
th e crucible a t as low  a tem perature as possible, failed to  prom ote the 
required structure, and n o advantage w as gained b y  pouring slowly 
in to a w ater-cooled  m ould . S low  pouring and stirring the liquid in 
the m ould w ith a carbon  rod  resulted in som e im provem ent, and wholly 
equi-axial crystal structure was finally  obta in ed  b y  transferring pasty 
m etal from  a large crucible, seeding w ith  a little  zinc dust, and stirring 
whilst pouring. In  order to  com pare th e m echanical and working 
properties o f  th e colum nar and equi-axial crystal types o f  ingots, a 
50 lb . in got o f  each ty p e  was cast from  the same crucible. The columnar 
crystal ingot was D urville  cast at 600° C., th e sides o f  the m ould  con
sisting o f  a w arm ed carborundum  ring and the base o f  a cop per plate, 
the underside o f  w hich  was sprayed w ith  w ater im m ediately  after 
casting. The equi-axial crysta l in got was obta ined  b y  the method 
described above, the m ou ld  consisting o f  a carborundum  ring and 
baseplate both  heated to  about 200° C . ; the ingots were o f  the same 
dim ensions. The etched axial faces o f  the tw o  ingots are illustrated in 
Figs. 15 and 10 (P late X L IIT ) from  w hich it  will be seen th at the crystal 
structures are w holly  colum nar and w holly  equi-axial, respectively .

(b) Comparison of Rolling Properties of Columnar and Equi-Axial 
Structures.

Slices about y s- in. th ick  were obtained from  three planes to  permit 
rolling to  be carried out, in  the case o f  the colum nar crystal sections, 
w ith the direction  o f  grow th  o f  the crystals (a) parallel to  the direction 
o f  rolling, (b) parallel to  the axis o f  the rolls, and (c) at right angles to 
the rolling plane. D ealing w ith  the colum nar crystal sections first, 
it  was observed th at after about 5 per cent, reduction  cracks developed 
parallel to  th e axis o f  the rolls irrespective o f  the orientation  o f  the 
crystals and increased on  further rolling, and that cracking occurred 
m ost easily along the direction  o f  grow th  o f  the crystals. Sections 
o f  the equi-axial crystal in got w hen rolled in one d irection  on ly  also 
cracked , although at a slightly later stage and on  con tinued  rolling



the degree o f  crack ing was less than  w ith  th e colum nar crystal

(c) Cold-Rolling of Cast Zinc.
According to  M athew son and P h illip s*  t w i n n i n g  can  occu r along

the pyram id face w ith  a m axim um  deform ation  o f  P >
measured as a reduction  in thickness pe|Etendicular t & a  ^
Although tw inning does n ot in ^

effect o f  producing a re -on r 
which the basal plane is 94°
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Although twinning does nuv m — — . , , , ■  A :n fU„
has the important effect of producing a rc-onented space lattce in t
twinned layers, in w hich the basal plane is 94 rem ov e ^
existing basal plane, b u t lie . a p p . o a m a g y  m  » -  " ™existing basal plane, Dut uca j +winninff
prism face positions according to the pyrami ace on \\ jj j

- Additional deformation in the d.rection of the applied

0001
>

S / 's / /  / 
v / X / ' y \

\

< o o o i  X

Fxo. 17.— Zinc ; Crystal 
Structure.

has occurred. -----------------------------
stress m ay then occu r b y  slip on  the new basa 
plane; the d irection  o f  the stress w ith respect to  
the orientation o f  the crystal will determ ine 
whether basal slip or tw inning occurs first.

A lthough M athew son and Phillips incline to  
the view  th at less stress is required to  produce 
slip than to  cause tw inning, from  the m icro- 
examination o f  tcst-pieces in the present w ork it 
appeared th at although som e slip occurred  a t an 
early stage and developed  on  further loading, 
twinning was m uch  m ore general. In  no instance 
have crystals o f  cast zinc been  foun d  free from  
twinning. A n  attem p t was m ade to  prepare • ,
such crystals b y  v ery  slow  cooling  from  the m elt, b u t a ^ ' 
type o f  tw inning was observed, apparently resulting from  cooling  
stresses; som e uncerta inty exists as to  how  far the ingot ^ t r a m e d  
in the cu tting operation, a lthough continual polishing and deep g
did n ot appear to  reduce the proportion  o f  tw ins. ,

From  a consideration  o f  the above  conclusions o f  M athe' v80“  
Phillips, and the observations o f  the m ode o f  deform a ion  and r e c ^ t a i -  
lization m ade in  th e present w ork, it was th ou g h ^ th a t co id -ro  g 
the cast m aterial should be possible prov id ed  that 
reduction is m ade in a d irection  norm al to  a tw in n ing ,(1012) pi e, 
to initiate slip on  th e basal plane and the form ation  o f  the f i ^ o r d c r  
o f tw ins on  one o f  the pyram idal planes, and th at b e f o r e  fracture can  
occur th e direction  o f  rolling is changed to  the norm al o f  another 
twinning plane. This w ould  arrest the application  o f  m uch further 
stress on  the original planes now  h ighly stressed and divert it  to  planes 
which had been  stressed on ly  slightly. The purpose o f  changing the

* Amur. /«si. Jlin. J let. Eng., Inst. Met. Div., 1 9 2 7 ,  p .  1 4 3 .
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direction  o f  rolling repeatedly w ould  b e  to  obtain  advantage o f  the full 
capacity  o f  the m aterial to  d istort b y  tw inning and s lip ; any tendency 
tow ards recrystallization w ould  be to  perm it unlim ited distortion. 
T he succcss o f  the m ethod in the case o f  small reductions would depend 
on  changing the direction  o f  rolling before  the com m encem ent of 
cracking, and for  large reductions add itionally , on the initiation of 
recrystallization at a suitable stage.

This m ethod  w as adop ted  in  the further rolling o f  sections from 
the tw o  50 lb . ingots described above, and proved  successful when the 
correct conditions were fo llow ed. T he m ethod  finally adop ted  for the 
colum nar crystal sections was to  roll first in the direction  o f  growth, 
then, d iagonally, w ith  th e  direction  o f  crysta l grow th  at about 45' to 
the rolling direction, turn through  90° to  in itiate tw inning on  another 
pyram idal plane, then  in a d irection  at righ t angles to  the original 
direction  to  perm it d istortion  from  slip on  th e basal plane o f  the twins, 
and then repeat as before. A fter  a reduction  o f  a b ou t 50 per cent., 
rolling .cou ld  be continued satisfactorily  in  one d irection  on ly . Ihin 
strip, free from  cracking, was obta ined b y  this m ethod  in  both  the 
colum nar crysta l and  equi-axial crysta l section. T h e process was 
found to  bo  com paratively  sim ple to  carry  ou t w ith  the equi-axial 
structure, b u t care was needed w ith  the colum nar crystals to  obtain 
th e m axim um  deform ation  in any one direction  w ith ou t exceeding 
the perm issible lim it and so cause cracking. The advantage o f  the 
equi-axial structure is th at the orientation  o f  the crystals is different 
over three planes instead o f  tw o  in the case o f  colum nar crystals, so 
th at w ith any given  reduction  there is less fear o f  exceeding the safe 
lim it. T h at th in  strip w as obtainable suggested th at recrystallization 
occurred even at atm ospheric tem peratures w hen sufficient reduction 
was g iv e n ; this was confirm ed b y  m icro-exam ination  o f  a section 
reduccd  a b ou t 50 per cent. F ig . 9 (P late X L )  shows evidence o f  the 
cast structure and an are» o f  apparently  strain-free recrystallized 
m aterial. T h a t recrystallization  has taken p lace  in  these samples at 
atm ospheric tem perature to  a degree com parable w ith  that observed 
in  the hot-rolled  pieces after, say 30 per cen t, reduction, is probably 
due to  the higher stress w hich it has been possible to  ap p ly  to  the metal 
w ith ou t fracture b y  the m ethod  described a b o v e ; it  is a general feature 
o f  the stress recrystallization  o f  all m etals th at the greater the stress the 
low er is the tem perature o f  recrystallization. Changing the direction 
o f  rolling o f  slices in w hich the colum nar crystals w erG disposed a t right 
angles to  the rolling plane was n ot effective in preventing cracking, nor 
was it  exp ected  to  be since w ith  such an orientation  the rolling stresses 
reach their m axim um  along the w eak basal plane o f  the crystals.



P l a t e  XXXVIII.

Unetched. Etched.

w *»*» » * * -  -*
r « .  p > .... -  B~  *  ••

[ To face p, 210.



P l a t e  XXXIX.

Fig. 5.— Fractures of Ingots As Cast and After Hot-Rolling, x



P l a t e  XL.

» . » .  A . »  “
F ig . 6 . - 1 5 %  Reduction at 300 t .
F ,c. 7 .-3 0 %  Reduction at 300 C.
p ,r  Q__gno/. Reduction  at ouu c .
F ,g . 9.__C o l d - R o l i e d  50%  in Different Directions.



P l a te  X L I.

a  B
F i g . 10.— Two Halves of Ingot Machined; A, Vertically; B, Horizontally, x  
F ig . 11.— Etched Axial Faces of Ingot Shown Above, x



P l a t e  X L I I .

tf r a c t u r e .  ,

Fl0 X3.— F r a c tu r e ''o f  T ra n sv erse  C rysta l Test-Piece, S h ow in g  S lip  

FIC . ! 4 .— F ra ctu re  ^ S t r u c t u r e  o f  L on g itu d in a l C rysta l T e st-
Picce- X 4.
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The m ethod has been applied satisfactorily to  an ingot, 4 X  4 X  i  
in., in which the crystals were disposed vertica lly  for the fu  fe 
4 in. {Fig. 4, P late  XXXVIII), b y  using a ch illed cop per base and ho 
iron sides. A lthough  th is m ethod  o f  rolling zinc is n ot rcconi m lod s 
an alternative to  hot-rolling, it  is interesting as showing how  crystal

deformation m ay be con trolled . - _ „u :nrr nronerties
There rem ains to  b e  explained the difference in rolling propw toej

between the recrystallized rolled  m aterial an e cas ^
crystals. I t  is suggested th at th e  responsible ac or m J
the large size o f  the cast crystals, the average diam eter o f  ^
about H  o f  the thickness o f  th e section  at the c o m m e n c e m e n t^
rolling. N o success lias y e t been  obta in ed  in  p io  ucin . ,
having equi-axial crystals o f  a size com parable w ith  th at developed b y

recrystallization.

Table V II .— Tensile Strength of Columnar and Equi-Axial Crystals.
Equi-Axial Crystals.
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Maximum stress, 
tons/in.2

Elongation on 2 in., 
per ccnt.

Reduction of area, 
per cent.

Columnar Crystals.

Longitudinal. Transvcree. Longitudinal. Transverse.

1. 2. 1. 2 1. 2. 1. 2.

3-3 3-3 0-89 0-78 1-6 1-9 2*7 208

3-5 5-5 4-0* 1-5 6-0 5-0 1-5 4-0

4-4 6-4 2-6 1-6 0-8 3-2 2-2 0-4

* H igh  va lue due to  cracking and  slight separation  in  crysta ls near the  fracture.

(d) Tensile Teste.
Tcet-piccc, 2 X  4 X  i  m .  parallel p o rt™ ,

¡a jota  in the longitudinal aniL*™ “ " ™  t“ M g b ,  tk » t  to o  m uch 
the tensile tests are given  in  T ab le  V I I .  «  a  ™  B reduction
reliance need n ot be placed on  tb e  d g u re . f o r  e lo n g a t» »  “ *“ uc “  
e f area, w bich  arc in clndcd  on ly  to  g ive a
lack o f  du ctility . T he m axim um  stress results for  the colum nar cry sta 
a Í r e Í a i  con firm  those obtained on  sm aller test-pieces given  m  
Table V  and show  th at th e  tensile strength o f  th e colum nar crystals 

t a t h .  d irection  o f  eryatal grow th  is abont 
it is across th a t direction . T he m axim um  stress
, xi„, rrvstal p ;CCes are, as w ould  be  expected , roughly m id d a y  between 
those obta ined  in the longitudinal and transverse directions for the

columnar crystals. 0
VOL. LX.
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T o obta in  small equi-axial crystals, an a lloy o f  zinc containing 
0 '75  per cent, cadm ium  was cast a t low  tem perature. T he small 
equi-axial structure was confirm ed and pieces cu t for  rolling. The 
cadm ium  addition  had, however, appreciab ly  increased the temperature 
o f  recrystallization. Sections o f  the a lloy  were rolled in different 
directions and in one direction  on ly , and cracking was first observed 
after tota l reductions o f  24 and 14 per cen t., respectively . When 
sim ilarly rolled a t 100° C., cracking was observed at 45 and 25 per cent., 
respectively , and although further rolling was possible, particularly 
o f  that piece in  w hich the direction  o f  rolling was changed, it  appeared 
that the tem perature w ould have to  be still further increased to  ensure 
com plete freedom  from  cracking.

R o l l in g  o f  I n g o t s  I m m e d i a t e l y  a f t e r  Ca s t in g .

In  view  o f  the ease w ith  w hich zinc cou ld  be rolled w hilst hot, 
experim ents were m ade to  determ ine whether practica l advantage 
cou ld  be  taken o f  the heat in the in got im m ediately  a fter casting. 
The general procedure adop ted  was to  cast the pure zinc in to  a chill 
m ould  9 x  4 X  2 in. th ick , strip the m ou ld  as soon  as solidification 
was considered to  be  com plete, and com m ence rolling as qu ick ly  as 
possible. In  the first instance three ingots were cast and were rolled 
successfully to  th in  strip w ithout reheating; particulars are given  in 
T able V II I .

TjLBLE V I I I .

Casting. Casting Tem 
perature, °  C.

Ingot Thickness, 
Inches. Number of Passes. Final Thickness, 

Inch.

1 600 2 13 0-075
2 500 2 11 0-08
3 450 2-2 11 0-00

The first ingot was actually  stripped a little to o  soon, thus allowing 
som e liquid m etal to  escape, and the strip show ed a little  edge cracking. 
A  greater tim e interval (5 -1 0  minutes) was allow ed before rolling the 
other tw o ingots, and these rolled satisfactorily . T he th ird  in got was 
broken dow n  from  the original thickness o f  2 '2 - l  in. in  on ly  three 
passes w ithout difficulty.

Determination of Most Suitable Initial Rolling Temperatures.
I t  appeared desirable to  determ ine (a) the m ost suitable tem perature 

for com m encing rolling and (b) the perm issible tim e interval between 
casting and rolling. The general procedure was to  cast from  the crucible 
in to  the 9 X 4 x  2 in. m ould, strip the m ould as soon  as possible, and



measure tlie tem perature o f  the in got and the tim e interval between 
the end o f  solidification and the com m encem ent o f  rolling. A  surface 
type o f  pyrom eter was used to  measure in got tem peratures, the bare 
couple being pressed against the m iddle o f  one face o f  the in g o t; the 
lag in tem perature indication  was quite small. R ollin g  was n ot con 
tinued beyond the 0 -l  in. stage. T he results are sum m arized in 
Table IX .

Thus, rolling was satisfactory  when carried ou t in the tem perature 
range 300°-100° C., and even the rolling com m enced at 350° yielded 
strip which was sound excep t for som e edge roughness.
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T a b le  I X .—Variation in Rolling Températures.
Temperature 
it Commence

ment of 
Rolling, ° O.

Time Interval 
between Solidi

fication and 
Bolling.

Remarks.

380 10 seconda Little edge cracking at 0-8 in.; 01 in. strip showed 
cracks up to 0'25 in. in from edge.

350 2\ minutes Slight edge cracking at 0-5 in.; 0-1 in. strip only 
rough at edges.

300 6 „ Strip satisfactory.
250 11 »» *»
200 21 »» »
150 33 „ »  »»
100 59
75 04 Cracking started at 1-fi in. stage extended at 1-4 in. 

stage and rolling discontinued.
50 84 Cracking started at first pass but became increas

ingly confined to edges; 01 in. strip appeared
satisfactory.

D uring the rolling com m enced at 50° C., tem perature measurements 
and visual exam ination were m ade at each stage. T he original th ick
ness was 2 in. and the tem perature 50° C. The first pass to  T 8  in. 
resulted in general surface crack in g ; at the second pass to  1 6  in. the 
cracks w idened but were m ainly confined to  the surface and the tem 
perature had increased to  62° C . ; at the 1'4 in. stage the surface quality 
was im proved  and the tem perature was now  71° C . ; the surface quality 
continued to  im prove at the T 2 , 1 0 ,  and 0 8 in. stages, the tem perature 
having n ow  increased to  101° C. and cracking was m ainly confined to  
about J o f  the w idth  along each s id e ; the 0 ‘65 and 0 '50  in. stages 
increased the tem perature to  109° C. and the m iddle w idth  o f  the strip 
appeared quite free from  crack in g ; further reduction  to  0 ’4 and 0  3 in. 
caused the strip to  reach its m axim um  tem perature, 113° C., after which 
the m aterial was becom ing sufficiently thin to  lose its heat to  the rolls ; 
at 0 '2 2 -0 'l f i  in. the tem perature had decreased to  106° C. and a t the 
last stage o f  0 -10 in., the tem perature was 97° C. There was a continual
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improvement in the surface quality of the strip as rolling was continued 
such that the finished strip appeared free from cracks.

The results o f the experiments show that even with relatively 
small ingots (16 lb.), the material is readily workable if rolling is com
menced within 1 hr. after completion o f solidification, and that, provided 
that the hot reduction is not less than about 50 per cent., rolling may be 
completed in the cold.

Conclusions.

The investigations described in this paper have shown that the 
crystals of zinc, wfiich belongs to the hexagonal system, are weaker 
along certain planes— the basal (0001) plane of the hexagon—than 
along others. In columnar form zinc crystals are for this reason weak 
at right angles to the direction o f growth. The cracking o f ingots 
of pure zinc when cold-rolled under ordinary conditions is thus due to 
the properties o f the crystals themselves and not to grain boundary 
effects. The effect is greatly intensified by the powerful tendency of 
zinc to form large columnar crystals, since in an ingot o f rectangular 
section the columnar crystals developed from one mould face have their 
direction of weakness in the same planes. The cold-rolling of pure 
cast zinc is possible under certain controlled conditions, but the method 
is not likely to be applicable to commercial work.

A cknowledgment.
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DISCUSSION.
Mr. 0  . L. Bailey,* M.Sc. (Member): As Dr. Northcott has said, this work 

is part of a larger investigation on the effect o f cast structure on the working 
properties of metals and alloys, with particular reference to cold-roiling. It is 
known that there are materials which are liable to crack in the breaking-down 
stages of cold-rolling, particularly when in a condition o f coarse grain in the 
cast ingot. Zinc is not normally cold-rolled, and is so easily rolled hot that 
there is no particular point industrially in developing a technique of cold-rolling 
zinc from the cast ingot; at the same time, zinc forms a very interesting case, 
the study of which was expected to throw some general light on the whole 
question of the cracking o f certain materials in cold breaking-down. Zinc has 
the added advantage that it can be easily obtained o f an extremely high degree 
of purity, and it is with that high purity zinc that the author has worked.

It has become apparent as a result of this investigation that there are 
various causes for the cracking of materials in cold breaking-down, and the

* Development Officer, British Non-Ferrous Metals Research Association, 
London.



Discussion on Northcott’s Paper 245
remedies are correspondingly diverse. Some materials are particularly sensi
tive to small changes in com position; ingots o f  some alloys arc cold-rollable 
over a fairly wide range o f  composition if  o f  a fine-grained structure, but will 
crack if o f  coarse grain as cast. In the case o f  zinc, however, the difficulty has 
been shown clearly to  be due to the inability o f  the individual crystal to with
stand severe deformation in the cold.

Dr. Northcott’s study o f  the behaviour and the properties o f  crystal 
aggregates, both columnar and equiaxial, o f  pure zinc has led to the clear 
conclusion that it is not possible industrially to cold-roll zinc even o f  high 
purity unless possibly— and this point has not finally been settled— some 
method o f  casting can be devised which will give an even finer cqui-axial grain 
than Dr. Northcott has yet succeeded in obtaining. I  confess that I  am very 
interested to  know whether it is possible to produce such a fine-grained zinc 
ingot and, i f  so, whether such an ingot, having a grain-size approximately tho 
same as that o f  rolled and annealed strip, could bo cold-rolled direct from the 
cast state. That interest, however, is theoretical and not practical so far as 
zinc is concerned, and the hot-rolling o f  zinc is likely always to be tho easiest 
method o f  dealing with this particular metal.

There is one point on which the paper is open to criticism. Many o f  the 
points brought out by  the author are not new. A  very great deal o f  work has 
been carried out 011 zinc, its macrostructure, working properties, and the effect 
of composition (particularly in Germany), but the author has not referred to 
this published work. I t  is difficult to quote particular instances, because the 
literature is so voluminous, but Seidl and Bauer and Zunker have worked on 
zinc on somewhat similar lines to those which Dr. Northcott has followed, and 
some o f their conclusions arc closely parallel to those which lie has reached. 
This paper would have been improved very considerably, in bringing out t ho 
new methods o f  approach which the author has adopted and the new results 
obtained, if  it had included a careful and detailed comparison between the 
author’s work and that o f  other investigators.

Mr. H. M. R idge * (M em ber): Zinc o f  99-99 per cent, purity has been on 
tho market for a comparatively short time. I t  is used in die-casting and should 
be important, amongst other things, because o f  its anti-corrosive properties.

I  hope that in due course the author will be able to publish similar data 
and information for the kind o f  metal which is normally used for rolling zinc 
sheets, and to extend the investigation to cover electrolytic zinc. The changes 
and improvements in the production o f  zinc in recent years have been so 
rapid that much research is still required.

I  would emphasize that figures such as arc given, for instance, in I able 
IX  cannot be applied to metal o f  slightly different composition. I  know o f  110 
instance where the effect o f  even very small amounts o f  impurities is so great 
as in the ease o f  zinc.

Of almost as much importance as the actual casting temperature, and 
possibly o f  even greater importance, is the rapidity o f solidification and o f 
cooling, particularly round tho solidification temperature. It is obvious, o f 
course, that that will affect the crystal growth, but it also affects a good many 
other things, as is found in rolling zinc sheets.

Another point to which I  would particularly direct attention, is the effect 
o f gas in the metal. This 99-99 per cent, pure metal, so far as 1 know, has a 
reasonably low gas content, but in most o f  the zinc now used in this and other 
countries the effect o f  gas is very important.

Mr. R . C h a d w i c k ,f  M.A. (M em ber): I  am surprised that the author was
* London.
t  Research Metallurgist, I.C.I. Metals, Ltd., Birmingham.
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troubled with the cracking o f  pure zinc ingots rolled at 150° C. In spite of the 
fact that ingots were etched and examined before preheating, it appears likely 
that fine cracks were in fact present; these may have been produced during 
the cutting and machining operations, but it is quite likely that stresses during 
the cooling o f  the ingots, or even in the early stages o f  preheating, gave rise to 
some cracking. In commercial rolling practice it is considered undesirable to 
allow ingots to cool below 100° G. between casting and rolling because of this 
danger o f cracking.

Prolonged annealing o f  pure zinc ingots was carried out in an attempt to 
improve rolling properties, but unfortunately on the one alloy for which such 
a treatment would have been useful, i.e. the 0-75 per cent, cadmium alloy, this 
was not apparently done. Alloys containing cadmium in excess o f  0-1 per cent, 
are always heavily cored, but this can be largely removed by  soaking at 200° C. 
for about 24 hours, without in any way affecting grain-size. I f  this had been 
done it would undoubtedly have improved the ductility, and it should have 
then been possible to obtain a greater amount o f  cold-rolling without cracking.

Regarding the recrystallization o f  partially rolled cast material, the author 
observed rccrystallization at room temperature after 50 per cent, rolling 
reduction. I would direct attention to diagrams which I published * showing 
the extent o f  such rccrystallization from cast zinc carefully cold-rolled so as to 
avoid any increase in temperature, and showing that work-hardening and rc
crystallization occurred to the same extent as in the cold-rolling o f  annealed 
strip. Dealing with rather less pure material, I  obtained complete re- 
crystallization after 30 per cent, reduction in a period o f  about 3 months, 
whilst after 50 per cent, reduction only about 1 week, and after 60 per cent, 
reduction only 24 hours was required. The author does not state what period 
elapsed between rolling and examination, but it doe3 not appear that the 
purer material employed has very' greatly affected the rate o f  rccrystallization 
after varied amounts o f  cold-rolling.

Mr. C. W ainwright t : During an investigation o f  the properties o f  certain 
magnesium alloys,J X -ray examination showed that above rolling temperatures 
o f  about 200° C. little or no strain was left in the material by  rolling, as deter
mined by an absence o f  broadening o f  the high-angle reflection lines. At 
lower rolling temperatures, however, where there was a considerable deteriora
tion in mechanical properties, broad lines were invariably obtained. This 
strain could be removed by an extremely short anneal at 200° C., and it was 
therefore remarked that “  the ‘ rate o f  annealing ’ factor is o f  considerable 
importance, and that for successful hot-rolling the rate o f removal o f  distortion 
by annealing should exceed the rate at which distortion o f  the lattice by 
deformation would occur.”  In  the present work, were any observations of 
residual strain made by the X -ray method, and, if  so, was there evidence, 
under any conditions, o f  a similar fairly critical region ?

Dr. X o r t h c o t t  (in reply) : I  am very doubtful about the possibility of 
developing a method o f casting to give a very fine crystal structure in  the ease 
o f  very pure zinc. The purer the zinc, or the purer any metal, the greater will 
be the difficulty in preparing a fine equi-axial structure. As indicated in the 
paper, the less pure the zinc, or alternatively the greater the quantity or 
number o f  additions made, the greater is the ease in obtaining a fine equi-axial 
structure. That, however, has another disadvantage, which arises in con
nection with Mr. Chadwick’s remarks.

* J. hist. Metals, 1933, 51, 102, 120.
t  Scientific Officer, Metallurgy Department, National Physical Laboratory. 

Teddington.
}  Prvtherch J. Inst. Metals, 1935, 56, 133.
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With regard t<j the omission from the paper o f  references to previous work, 

and particularly to that o f  German workers, I would say that this would 
probably have involved a general survey as long as the present paper. More
over, most o f  the German work deals with impure zinc, or else on single 
crystals o f zinc, and there is no doubt that the method o f deformation o f  single 
crystals in the case o f  an hexagonal material like zinc is very largely different 
from the mode o f  deformation o f  crystal aggregates as found in ordinary 
ingots.

As to the extension o f  the work to other qualities o f zinc and the type o f 
material used commercially, that is a matter for the British Non-Ferrous 
Metals Research Association. No determinations were made o f  the rate o f 
cooling around the solidification temperature. It might be said that the purer 
the material the less important is the rate o f  solidification through the 
solidification temperature, because a perfectly pure metal will solidify at one 
temperature only, and, provided that the rate is such that there is a decrease 
in temperature, it does not matter what the rate is. No determination was 
made of the effect o f  gas on the solidification o f  zinc, but it is probable that 
with good quality zinc no great trouble need be feared from the presence o f 
gas (I assume that Mr. Ridge referred to gas absorbed from furnace atmo
sphere) unless the metal is taken to a very high temperature, and even then 
the high vapour pressure o f  the zinc would prevent much gas absorption and 
its release during solidification.

I agree with Mr. Chadwick’s suggestion as to tho cracking o f the zinc at 
150° C. that it was probably due to incipient cracks developed in the machining 
of the original slices. As to the rolling o f  the zinc containing cadmium, this 
bears on the point raised by Mr. R idge; the cadmium was added for one 
purpose only, namely to reduce the crystal size, and in no sense was an)' 
attempt made to compare the cadmium content with that found in industrial 
qualities o f  zinc. W ith pure zinc it is found that very small additions o f  a 
large number o f elements, i f  not o f  most, will decrease the crystal size in a 
pronounced manner, but such elements have the disadvantage o f  raising the 
recrystallization temperature.

CORRESPONDENCE.
T h e  A u th o r  (in further rep ly ): The purpose o f  the prolonged annealing 

was not to improve the rolling properties o f  zinc alloys but to determine whether 
there was any embrittling constituent present in the commercially pure zinc. 
Mr, Chadwick’s experiments, to which he refers, were o f  course carried out 
upon previously hot-rolled and recrystallized material. In reply to Mr. 
Wainwright, X -ray examination has shown that there was evidence o f  
residual strain in zinc cold-rolled throughout though not in the hot-rolled and 
annealed strip, but no work was carried out to determine the critical region.
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THE THEORY OF AGE-HARDENING.*
By MARIE L. V. GAYLER.f D.Sc. (Mrs. H axto h to n ), M e m b e r .

S y n o p s is .

A general theory of age-hardening ia put forward, based on data relating 
mainly to the age-hardening of alloys of the Duralumin type and of beryllium- 
copper and ailver-copper alloys.

Age-hardening takes place by two processes: (i) diffusion, and (11) pre
cipitation, the second overlapping the first. Both processes take place within 
wide temperature limits which are peculiar to every alloy system, i.e. the 
.** temperature range.”  The rate at which each process takes place depends, 
apart from other factors, on the temperature of ageing. The limits of̂  the 
temperature range are indeterminate, but approximations can be obtained 
for all practical purposes. If the temperature of agoing be close to the lower 
limit, both stages of the ageing will take place excessively slowly; if the temper
ature of ageing be close to the upper limit, the first stage will proceed so rapidly 
that its effect will not bo detected. Each of the two processes is characterized 
by changes in physical properties which will present maxima, or minima, 
depending on the ageing temperature, the characteristics of the first being 
gradually replaced by those of the second. The softening which occura when 
an alloy is aged at a higher temperature, after being previously aged at a lower 
temperature, is now explained in the light of the new theory.

Curves are given representing the relationships between (i) hardness and 
duration of ageing, (ii) maximum hardness and temperature of ageing, and 
(iii) time of attaining maximum hardness and temperature of ageing.

This paper forms part o f a research carried out for the Metallurgy 
Research Board of the Department of Scientific and Industrial Research, 
who have granted permission for publication.

Introduction .
From the published researches1 on copper-aluminium alloys, 

the view has been put forward that two kinds of hardening take place 
during ageing, one of which has been termed “  incipient ”  precipitation 2 
and relates to the changes taking place prior to the rejection of copper 
from solution, while the other is connected with precipitation proper. 
The suggestion 3 has also arisen that, owing to diffusion, a concentra
tion o f copper atoms takes place at certain definite positions on the 
aluminium lattice. Intensity measurements 4 o f the lines of the X-ray 
spectra during age-hardening have given experimental support to this

* Manuscript received November 9, 1936. Presented at the Annual General 
Meeting, London, March 10„ 1937.

t Scientific Officer, Department of Metallurgy, National Physical Laboratory, 
Teddington.
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view, while the discovery of a structure intermediate 5 between that of 
CuA12 and the aluminium solid solution is still further confirmation of it. 
On the other hand, X-ray evidence has also shown that considerable 
ageing takes place without (as yet) any measurable change in lattice 
parameter.

These facts are not easy to explain on the basis of the precipitation 
theory alone, as it stands, while the two different kinds of ageing taking 
place during age-hardening have not yet been united in a common theory.

A .  N e w  T h e o r y  o p  A g e - H a r d e n i n g .

The author and Preston 1 put forward the theory that precipitation 
from solid solution entailed two processes : (i) the rejection of atoms of 
the dissolved metal from the lattice of the solid solution, accompanied 
by the possible formation of molecules; (ii) a “  coagulation ”  of these 
rejected atoms or molecules, resulting in the formation of minute crystal
lites. The second of these two processes was considered to follow the 
first closely and largely to overlap it. The present author now considers 
that- as it stands this theory does not explain the cause of the hardening 
which she and Preston called “  incipient ”  hardening,2 i.e. the state of 
the alloy prior to actual precipitation, but the theory accounts for the 
changes in hardness due to the actual precipitation of discrete particles. 
There is need, therefore, for a theory which will account for these two 
kinds of hardening and, in the opinion of the present author, an examina
tion of published data and that now submitted reveals the fact that they 
are really dependent on each other and must co-exist to a greater or less 
extent according to the temperature and duration o f the ageing process. 
Briefly, age-hardening takes place in two stages, the second overlapping 
the first. The theory put forward by the present author and Preston 
embraced the second stage only.

I. First Stage.
In this stage, ageing is considered to be due to the diffusion of 

solute atoms to planes about which precipitation proper will ultimately 
take place, as already suggested by Desch.0 This diffusion will cause 
increasing concentration of solute atoms about planes of precipitation 
o f the lattice of the solid solution, and consequently will cause an increase 
in resistance to deformation and an increase in electrical resistivity. 
No change in the lattice parameter of the solid solution has, as yet, 
been detected during this stage of the ageing process.

II. Second Stage.
This stage directly follows the first and takes place nearly simul

taneously. Some of the diffusing atoms will form molecules with
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neighbouring atoms of the solvent metal (or other diffusing solute atoms, 
depending on the constitution o f the alloy in question), and these will 
gradually form groups of molecules which will tend to produce, when a 
sufficient number is present, a gradual decrease in electrical resistivity 
and a lessening of the rate of hardening. As the molecular groups 
increase in size local stresses will be set up in the lattice of the solid 
solution, as shown by diffuseness of the lines of the X-ray spectra.

When a group o f molecules thus formed grows to such an extent 
that the solid solution can no longer withstand the stresses set up, 
release of these stresses is caused by the rejection of this group from the 
solid solution lattice and precipitation proper has taken place.

It follows, however, that where large groups of molecules are adjacent 
to each other, precipitation o f molecular grouping intermediate between 
that of the solute and solvent metal may conceivably take place owing 
to the fact that the parent lattice cannot stand the stress set up. One 
or more of the molecular groups may, therefore, be rejected from 
solution before a group which constitutes the phase to be precipitated 
is formed.

These stages of age-hardening form part of one process, i.e. the forma
tion of molecules and crystallites of a phase which is ultimately pre
cipitated from solid solution. In other words, age-hardening may bo con
sidered not so much as due to ■precipitation but rather as the process by 
which crystals of a phase are formed on passing through a metastable 
to a stable state. An analogy may be found in the recrystallization of 
a cold-worked material. The first effect of cold-work is the break
ing down of crystal grains, and consequent hardening; on annealing 
at different temperatures, recrystallization and growth of crystal grains 
will occur and will proceed at rates depending on the temperatures of 
treatment. This results in a decrease of hardness until ultimately a 
minimum hardness value is reached which is dependent on the grain- 
size developed.

An examination of data already published, and those now sub
nutted, reveals the fact that the two hardening processes mentioned 
above are really dependent on each other and must co-exist to a greater 
or less degree according to the temperature and duration of ageing.

The following generalizations hold for the age-hardening of alloys 
of any system of alloys which show that phenomenon :

(1) Age-hardening is due to two processes: (i) diffusion; and (ii) 
precipitation, the latter taking place concurrently with the former.

(2) Both processes take place within wide temperature limits 
which are peculiar to every alloy system, and which will be termed the 
“ temperature range.”  It would appear that the upper limit of the
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range is determined by the slope of tlie solid solubility curve, while the 
lower limit, whilst depending on the above, also is affected by the 
character of the solid solution itself.

(3) The rate at which each o f the processes can take place depends, 
apart from other factors, on the temperature of ageing. Each rate is 
excessively slow at the lower limit o f the temperature range and 
exceedingly rapid at the upper limit.

(4) The limits o f the temperature range within which the age- 
hardening can take place are indeterminate, but approximations can be 
obtained for all practical purposes.

(5) I f  the temperature of ageing be close to the lower limit of the 
temperature range, the first stage o f the ageing process, i.e. diffusion 
o f solute atoms, will take place so slowly that the second stage will only 
enter after an exceedingly long time, and then excessively slowly. 
Ageing at temperatures close to the upper limit will cause the first stage 
to proceed so rapidly that its effect will not be detected. At inter
mediate temperatures of ageing both processes will take place, but the 
degree to which they do so will depend on the temperature and 
duration of ageing.

(6) Each o f the two ageing processes will be characterized by 
changes in physical properties which will present maxima or minima 
depending on the ageing temperature, the characteristics of the first 
gradually being replaced by those due to the second.

B. D i a g r a m m a t i c  R e p re se n ta tio n s  o f  A g e -H a rd en in g .

In accordance with the theory now put forward, a curve representing 
change of hardness in an alloy during ageing must embrace both stages 
o f the ageing process. Since the rates at which these stages proceed 
depend on the temperature at which the alloy is aged, it follows that the 
changes in hardness cannot be represented by one curve alone, as 
suggested by Jenkins and Bucknall,7 but that they must be represented 
by curves characteristic of the ageing temperature. In Fig. 1 arc given 
the general types o f hardness-time curves which are likely to be observed, 
the temperature being highest in curve A and decreasingly lower in 
curves B, C, D, E, and F.

It has just been stated that the first and the second stage of the ageing 
process both take place at excessive speed when the temperature of 
ageing is near to that of the upper limit of the range of temperature in 
which age-hardening takes place. In Fig. 1, curve A represents the 
hardness-time curve o f an alloy aged at such a temperature. The 
first stage of the ageing process takes place at excessive speed and its
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effect cannot be determined, since the second stage sets in almost 
instantaneously and is immediately followed by precipitation proper.

Since softening at this temperature will occur almost simultaneously 
with the hardening, it follows that at such a temperature the maximum 
hardening obtained must ever be appreciably lower than that which 
it may be possible to attain at some lower temperature.

If the ageing temperature corresponds with that of the lower limit 
of the temperature range, the first stage will take place at an exceedingly 
slow rate and, consequently, the second stage also can only proceed at 
an excessively slow rate. Curve F  (Fig. 1) represents the hardness- 
time curve of an alloy aged at such a temperature. Theoretically, the

T IM E

Fxo. 1.— Curves Representing Time-Hardness Changes at Different 
Ageing Temperatures.

Curve A .—Upper Temperature Limit of Ageing: Both Stages of Ageing Take 
Place Excessively Quickly. Curve B .—Second Stage of Ageing, Perhaps Slight 
Indication of First Stage. Curves C and D .—First and Second Stage of Ageing 
Both Apparent. Curve. E .—First Stage of Ageing and Perhaps Entry of Second 
Stage at an Excessively Slow Rate. Curve F .—Lower Tem perature Limit of 
Ageing: Both Stages of Ageing May Take Plaeo Excessively Slowly.

curve F should be extremely close to the time axis, as similarly the 
first part of curve A  is exceedingly close to the hardness axis.

Curves representing changes during ageing at temperatures within 
these two temperature limits, must be represented by general types 
such as B, C, D, and E. Curve E represents the changes taking place 
when the first stage of the ageing process predominates, but the entry 
of the second stage may take place after prolonged ageing and may be 
detected by electrical resistivity measurements.

When both stages o f the ageing process are definitely detectable, 
i.e. at higher ageing temperatures, the time-hardness curves take 
forms similar to those given in curves C and D. The maximum hardness 
attained during the first stage o f the ageing process increases and then 
decreases with increase of ageing temperature, while simultaneously
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the maximum hardness attained during the second process increases 
and decreases, but at a different rate.

Illustrations of these types of curves may be seen in Fig. 4, which 
will be referred to later. These represent the ageing of an alloy of 
Duralumin composition aged immediately after quenching at room 
temperature, 100°, 150°, 200°, and 250° C.

The straight line relationship between log-time o f attainment of 
maximum hardness, or of maximum electrical resistivity, and the 
reciprocal of the ageing temperature, must be reconsidered, therefore, 
in the light of the theory o f age-hardening now put forward. The

maximum hardness thus plotted 
represents that obtained during 
the latter part of the second 
stage of the ageing process, while 
maximum resistivity which is 
plotted against time indicates 
that the alloy is in quite a 
different state. Maximum re
sistivity occurs when the effect 
of the first stage o f the ageing 
process is balanced by the effect 
of the entry of the second stage 
o f the process. Maximum hard
ness and maximum resistivity, 
therefore, cannot be compared, 
since they are indicative of

Maximum Hardness of the First Stage different conditions ill the alloy.

i  £  tS S :SSSSri)1’ "■* II ‘1» «1 attaining »,'a»-
mum hardness of both stages of the 

ageing process be plotted against temperature, curves of the type 
shown in Fig. 2 will be obtained. The maximum of both stages of 
ageing takes place after an exceedingly long time at low temperatures 
(that of the first, however, being attained before that of the second), 
while at high temperatures both maxima are reached in an extremely 
short time. Here again there is a difference in the time taken to reach 
the maximum of both stages, that corresponding to the first being 
reached in appreciably less time. Hence, in Fig. 2, curves I and II 
(which represent the times of attaining maximum hardness of each stage 
o f the ageing process in relation to temperature) are displaced relatively 
to the time axis.

There remains, finally, the relationship between maximum hardness 
and temperature. Since a maximum is obtained in the physical

F i g . 2.—Relation Between Ageing Temp
erature and Time of Attainment oj
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properties during both processes, and since at 110 temperature can the 
second stage take place independently of the first, it follows that the 
maxima relating to the first stage of the ageing process must precede 
that of the latter, but will probably take place at a lower temperature 
(cf. Figs. 1 and 4). Electrical resistivity measurements as well as 
measurements of mechanical properties confirm this conclusion, as 
shown later. It follows, therefore, that the straight line relationship 
between maximum hardness and temperatures does not completely 
express the full facts since (a) two maxima play their part, (b) there is a 
maximum on each maximum hardness-tcmperaturc curve. Eig. 3 
represents diagrammatically the relation between the maximum hard
ness and temperature of both stages of the ageing process. The point 
C, where both curves meet, 
corresponds to the “ balance ” 
between the first and the 
second stage of the ageing 
process. At such a point, § 
electrical resistivity will im- 5 
mediately decrease and the J 
hardening duo to the first stage j 
of the ageing process will not be 
apparent.

The m axim um  A m ay or 
may not be greater than that 
of B, but the experim ental 
evidence at hand suggests th at it is m ost probably  a great deal lower.

In cases where more than one phase is being precipitated from the 
supersaturated solid solution, the changes taking place during ageing 
will be complicated by the interaction of the various constituent 
atoms on each other, and the total effect of the precipitating phases 
■"'ill depend on the mutual effect on (a) their solid solubility, (b) rato 
at which the first and second stage of ageing proceed for each phase to 
be precipitated, and (c) the combined effects of (6) which may lie 
represented by the resultant of several superimposed cffects of the type 
shown in Fig. 3.

C. E x p e r i m e n t a l  E v id e n c e  o f  t h e  N e w  T h e o r y  
o f  A g e - H a r d e n in g .

I f  an a lloy  be quenched and aged, it  follow s that there m ust be a 
temperature near th e  low er lim it o f  the critical tem perature range at 
which diffusion o f  the solute atom s will proceed too  slow ly to  be detected 
by physical m eth od s ; bu t i f  the tem perature o f  ageing be slightly

TEMPCRA TUf i e

FlO. 3.—Relation Between Maximum 
Hardness and Temperature.



increased diffusion may occur at such a slow rate that it can only bo 
detected after a lapse of time. Ageing temperatures which are well 
within the temperature range will result in more rapid diffusion and the
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F ig . 4 .— Alloys Heat-Treated at Temperaturo Indicated, Immediately 
After Quenching from 500° C.

Alloy H , 4 -0  Per Cent. Cu 
0-51 „  M g
0-3 „  Si
0-U ., Fe

consequent possible detection of the first stage of the ageing process 
by various physical means. The subsequent entry of the second stage 
may take place only gradually, and will also be demonstrated by another
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change in the physical properties of the alloys. Such a type of ageing 
is that which occurs, for example, in alloys of the Duralumin type when 
ageing at room temperature (cf. Fig. 4).

Further, the ageing temperature in the extreme case may be so high 
that the diffusion of the solute atoms and their subsequent re-arrange
ment into molecules, &c., will take place so rapidly that the first stage 
of the ageing process cannot be detected and the second only will be 
apparent; this occurs when Duralumin is aged at 250° C. immediately 
after quenching from 500° C. (Fig. 4).

In Fig. 4 also are plotted, on a more open scale than originally 
published, the results of a previous investigation by the present author 
and Preston 1 on the ageing of an alloy (II2) containing copper 4, 
Mg2Si 08, and iron OT per cent. The alloy was quenched after prolonged 
annealing at 500° C. and immediately heat-treated at the temperatures 
indicated.

Ageing at room temperature results in a gradual increase in hardness, 
while ageing at 100° and 150° C. produces an initial rapid increase 
within the first half-hour, after which there is a definite slowing of the 
hardening, which is followed by a more rapid increase in hardness. If 
the temperature of heat-treatment be 200°-250° C., the initial increase 
in hardness to a definite maximum is rapid, but this is followed by 
marked permanent softening.

Ageing Duralumin at a temperature below room temperature, 
viz. 0° C., decreases the rate of hardening as compared with that at 
room temperature, as shown by Meissner’s results.8 Aitchison9 
points out, also, that the ageing of quenched Duralumin is delayed 
for a period of many days if maintained at a temperature of — 80° C., 
while at the temperature of liquid air the alloy appears to remain 
permanently soft. These results, together with those shown in Fig. 4, 
indicate that the first stage of the ageing process of Duralumin is 
characterized by an increase in hardness which increases to a maximum 
at or about some temperature near room temperature, and that the rate 
of hardening increases with ageing temperature. Additional support 
for this first hardness maximum is shown in diagrams submitted by 
Teed 10 in his discussion on Jenkins and Bucknall’s paper. In these 
figures are plotted changes in mechanical properties taking place in 
Duralumin heat-treated at 0° C., room temperature, 65°, and 1003 0. 
These observations show that the temperature giving maximum pro
perties due to the first stage of the ageing process lies possibly between 
room temperature and 65° C., the subsequent increase in mechanical 
strength, &c., being due to the gradual entry of the second stage of the 
ageing process.

v o l . l x . K
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With further increase in the ageing temperature, the rate at which 
the first stage proceeds becomes so rapid that it is quickly masked by 
the definite entry of the second stage of ageing (cf. Fig. 4, ageing at 
200° and 250° C.). Ageing at temperatures below that at which the 
maximum hardness of the first stage of ageing is obtained, i.e. — O3 
and — 80° C., causes the rate of ageing to be reduced and consequently 
the second stage only appears after prolonged ageing (cf. Fig. 1). From
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Fla. 5.—Alloys Age-Hardened at Boom Temperature and Then Heat-Treated.
Alloy H2 4-0 Per Cent. Cu 

0-51 „  Jig
0-3 „  Si
0-11 „  Fe

the above remarks it is clear, however, that the first stage of the ageing
process is mainly responsible for the ageing of Duralumin at room 
temperature. Whether the second stage enters during room temperature 
ageing can only be determined by use of more sensitive physical pro
perties than hardness, such as electrical resistivity. Such measure
ments, however, have been carried out by the author and Preston 1 
during their original investigation on the ageing of aluminium alloys, 
and they found, during ageing over a period of 6 days, that in the case of
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alloy H2 (copper 4, magnesium 0‘5, silicon 0'3, iron 0T1 per cent.) 
the electrical resistivity increased, remaining practically constant 
after two days. Eucken and "Warrentrap,11 however, have since 
shown that in the case of an alloy containing copper 4 and magnesium
0 5 per cent, only, the electrical resistivity remained approximately 
constant over the period 3-8 days, after which it gradually decreased. 
Both these results suggest that the second stage of the ageing process is 
beginning to overlap the first stage.

0 ) 1

70
60 50  *C

JO — —  ----- “ 1 ■ . ----------
---------------

i i  i  i  r  to W  ,  *o  »

Additional evidence is found in results of the same investigation by 
the author and Preston,1 in the case o f the alloy II3, containing copper 
4’5, silicon 0T7, and iron 0-13 per cent., which shows only a small in
crease in hardness on ageing at room temperature, while the electrical 
resistivity increases over a period of 2 days, after which it appears to 
decrease slightly. Stenzel and Weerts,1* using an alloy containing 
only 4-3 per cent, copper (which shows a marked increase in hardness 
on ageing at room temperature), have found that the electrical re

Fio. 0.—Forged Sand-Cast Bars Heat-Treated for 20 Hrs. at 500° C., Quenched in 
Water at Room Temperature and Then Aged at the Temperatures Given.

Per Cent.
Cu Fe Si
4 01 , , ,

4 0-1 1-0
4 0-1
4 0-6 01
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sistivity increases rapidly up to 1 day, after which it decreases more 
gradually.

Again, further support o f the existence of the first stage of the ageing 
process is to be found in the data obtained by the author and Preston 
during ageing, at different temperatures, of other aluminium alloys, 
and also from measurements obtained on the alloy o f the Duralumin 
type already mentioned (II„) when heat-treated after previous ageing at 
room temperature.

Ageing at higher temperatures alloys previously aged at room tem
perature causes a profound effect, viz. a marked softening. This was 
originally observed by the author 13 in alloys of the Duralumin type of 
various compositions. In the case of alloy H , (copper 4, magnesium 0'5, 
silicon 0-3, iron O 'll per cent.) the author and Preston 1 obtained the 
results shown in Pig. 5, which have been plotted on a very open scale; 
in Fig. 6 are also given some new results obtained by the present author 
in the case o f forged sand-cast bars which have been aged at room 
temperature and then heat-treated at the temperatures indicated. 
The compositions are given in Table I.

T a b le  I.

Alloy.
Per Cent.

Copper. Silicon. Iron.

A, 4 nil 0-1
A s 4 1-0 0-1

4 0-1 nil
o* 4 0-1 0-6

It is interesting to note that in all cases : (a) an initial softening 
occurs which is followed by an increase in hardness; (b) the higher 
the ageing temperature, the greater is the softening; (c) the higher the 
ageing temperature, the more rapidly the subsequent increase in hardness 
sets in ; or, conversely, the lower the ageing temperature the greater 
the time interval over which softening persists.

This is a most important experimental fact, which, however, can 
be fully explained by the new theory.

Masing and Koch 11 have found that the same phenomenon of 
softening followed by hardening takes place in the case of a beryllium- 
copper alloy containing 2-52 per cent, beryllium which was partially 
aged at 150°-200° C. and then at 200°-300° C. The electrical resis
tivity increases in the range 150°-200° C., but decreases in the range 
200 -300° C. These authors note that this change in electrical resis
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tivity suggests that some distinction might be made between two 
types of ageing, but they consider that the initial hardness decrease, 
which depends only 011 an increase in the ageing temperature, is against 
this view, and that the effect can be explained on the basis of Volmer 
and Weber’s 15 hypothesis o f a minimum size for crystallization nuclei, 
decreasing with decreasing temperature.

Masing and Koch also studied this “  anomaly ”  in more detail by 
investigating the changes in hardness and in clectrical resistivity during 
ageing of a Duralumin containing copper 4'40, zinc 0'09, iron 0‘40, 
manganese 035, magnesium 0‘66 per cent., and the rest aluminium. 
They found that the initial decrease in hardness was associated with a 
more or less pronounced decrease in electrical resistivity. An explana
tion of the phenomenon of the softening followed by hardening on heat- 
treating alloys aged at some lower temperature may now be given as a 
result of the new theory o f age-hardening. The initial softening is due 
to the fact that the second stage o f the ageing process has started and 
is overlapping the effects of the first, causing (a) the softening which is 
the first sign that the second process is proceeding (cf. Fig- 4), and (£>) 
also causing the increase in electrical resistivity, due to the first stage 
of the ageing process, to be replaced by a decrease. Further, the fact 
that the degree of and the rate of softening depend on the temperature 
of ageing is in support of the theory put forward that the second stage 
of ageing takes place more rapidly as the temperature is increased; 
consequently, the effect o f the first stage is overlapped at a rate and to a 
degree dependent 011 temperature.

This so-called “  anomalous ”  behaviour is shown, therefore, to be 
the natural effect of the sequence of the second 011 the first stage of 
age-hardening.

It is interesting to note that this decrease in hardness is not ac
companied by a decrease in tensile strength.

The present author and Preston2 examined the X-ray spectra 
of an alloy containing 4 per cent, copper only (1) immediately after 
quenching from 500° C .; (2) after ageing for 7 days at room temperature,
(3) after heat-treating the aged alloy for 20 minutes at 200 C., i.e. 
when the minimum of the softening would be attained; and (4) after 
24 hrs. at 200° C. To quote from the original:

“  The first three photographs are indistinguishable although marked 
hardness differences are found for the alloys in the three conditions. 
In the first and third, the Brinell numbers are in the neighbourhood of 
60, whilst in the second condition the figure is o f the order of 80 or 
thereabouts, as shown in the graph (Fig. 1, Plate X V III). In the fourth 
condition the hardness has a value of about 100, and the displacement
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of the lines in the X -ray photograph shows that the copper has been to 
a very large extent precipitated. . . The entry of the second stage, 
therefore, is accompanied by no measurable (as yet) change in lattice 
dimensions. Further confirmation of this statement will be found in 
v. Goler and Sachs’s 3 results on ageing 5 per cent, copper-aluminium 
alloy. These investigators also show that the first effect of heat-treating 
the alloy aged at room temperature produces no change in lattice 
parameter but a definite change in mechanical strength.

Fink and Smith 16 have recently shown that the age-hardening of a 
5 per cent, copper-aluminium alloy is accompanied by visible pre
cipitation on crystallographic planes, but that no lattice parameter 
change could be detected until the specimen was aged for a much longer 
time than was necessary to produce visible precipitation. Fink and 
Smith consider, in view of their results, that it is unnecessary to com
plicate or modify the original theory of age-hardening, as put forward 
by Merica, Waltenburg, and Scott,1 that age-hardening is caused by the 
precipitation of particles from super-saturated solid solution. They do 
not explain satisfactorily, however, the anomalous behaviour of 
electrical conductivity and density, &c., which takes place prior to the 
visible precipitation on the crystallographic planes.

The fact that age-hardening at room temperature proceeds for 
3 months before it can be detected visibly is additional confirmation 
of the view put forward by the present author. Fink and Smith have 
shown visible evidence of precipitation taking place during the ageing 
of their alloy, but their results do not show what change has been going 
on in the alloy before this precipitation has occurred. The marked 
increase in hardness at room temperature, the increase in electrical 
resistivity followed by a marked decrease during the ageing period of 
three months according to Stenzel and Weerts,12 the changes in density, 
&c., all take place prior to the visible precipitation demonstrated by 
these authors and need explanation. In the light of the present theory, 
the second stage of the ageing process is taking place in these authors’ 
alloy when precipitation is observed, but the first stage of the ageing 
process is the cause of the change in physical properties which occur 
before visible precipitation can be detected.

Hengstenberg and Wassermann4 have shown that while no ap
preciable diminution of the sharpness of the X -ray  lines of the X-ray  
spectra occurred during ageing of Duralumin at room temperature, 
ionization measurements of intensity showed a decided increase during 
ageing. Their results suggested that the precipitation process is most 
likely an agglomeration of copper atoms at numerous points within the 
aluminium solid solution. These authors also considered that this
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aggregation of copper atoms on the slip planes would account for an 
increase in strength.

Mehl, Barrett, and Rhinos 17 suggest two possible mechanisms by 
means of which copper atoms lying on the 100 plane of the aluminium 
lattice could move for the transformation into CuA 12, and suggest that 
the easier one may be the manifestation of the room-temperature 
ageing process in a 4 per cent, copper-aluminium alloy, and the more 
complicated precipitation that of the other. This supposition, however, 
does not explain the fact that ageing at room temperature is accompanied 
by changes in physical properties quite distinct from those occurring 
when precipitation can be detected.

Stenzel and Weerts 12 in the case of a copper-aluminium alloy 
containing -4'3 per cent, copper found that during ageing at 20° and 
75° C. the lattice constants remained unchanged within the limits of 
error, but that, nevertheless, variations occurred in the solid solution. 
They showed that the electrical resistivity increased and decreased, 
whilst the tensile strength increased and then remained approximately 
constant after 4 days on ageing at 20° C. and after 1 day at 75° C. 
Further, heat-treating the quenched alloy containing 5 per cent, copper 
at 100° C. for 1 week produced no sign of precipitation but considerable 
change in mechanical properties.

To sum up : there is much evidence that the first stage of the ageing 
process is accompanied byno— as yet— measurablechange of lattice para
meter, but that changes in other physical and mechanical properties 
indicate that this first stage is gradually being replaced by a second, 
which results ultimately in the visible precipitation of discrete particles. 
The maximum hardness obtained during the second stage of the 
ageing process is attributed to the formation of groups of molecules, 
of such dimensions that maximum distortion of the parent lattice 
occurs. The actual precipitation of a crystallite is the result of sub
sequent growth and consequent increase of lattice strain and internal 
stresses. More crystallites are formed with time, and then coagulation 
sets in and produces marked softening.

Whether the precipitated crystals themselves are perfect crystals 
is a matter on which the researches of Wassermann and Weerts 
throw doubt. From the X-ray analyses of an alloy containing copper 
5, iron 0'3, and silicon 0 -3 per cent., quenched and aged for 30 hrs. at 
200° C., these authors observed interferences belonging neither to those 
of the aluminium solid solution nor to CuA12. Wassermann and Weerts 
designate this as an intermediate structure and assume that it has a 
form corresponding with that of CuA12, but that it is structurally still 
closely related to that of the solid solution.
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The present author and Preston,1,2 v . Goler and Sachs,3Schmid and 
Wassermann,18 and Stenzel and Weerts 12 have shown that a diffuseness 
and broadening of the X -ray  spectra takes place during the ageing of 
alloys of the Duralumin type at certain temperatures, which corresponds 
with a marked increase in mechanical strength and decrease in ductility. 
The maximum hardness was attained at the same time as the maximum 
amount of broadening and diffuseness of the lines of the X-ray 
spectra.

A t the same time as the above, other physical changes occur in the 
alloys. A  very rapid decrease in density was first observed by the 
present author and Preston and confirmed by Kokubo and Honda.1 
Accompanying this change in density is a marked decrease in electrical 
resistivity (cf. Fraenkel, Gayler and Preston, Stenzel and Weerts).

It is seen, therefore, that during the age-hardening of an alloy two 
stages are passed through which are characterized by definite physical 
properties. The first of these stages is gradually overlapped by the 
second and the physical properties of the alloy will vary, therefore, 
according to the rate at which the second stage overlaps the first.

In the case of silver-copper alloys, W ie st19 concluded that during 
ageing the super-saturated solid solution passes through three stages;

(a) a stage in which no change in lattice parameter could be 
detected;(b) a second stage indicated by a slight broadening of the inter
ferences ;

(c) an increase in hardness accompanied by a large change in lattice 
parameter due to the precipitation of the solute atoms.

The increase in hardness accompanying (a) and (b) is attributed to 
changes within the lattice caused by atomic movements preparatory 
to precipitation.

As compared with the theory now presented, fundamentally they 
are very similar, but in the present theory W iest’s three stages of 
ageing are considered inter-dependent; his second stage is not given 
a separate existence, since it is merely the beginning of the present 
author’s second stage, overlapping the first.

After this paper was written and before it was submitted for 
publication an advance copy of an invaluable contribution on 
“  Ageing Phenomena in a Silver-Rich Copper Alloy ”  by Cohen 20 
reached the present author. Cohen finds that “  The fundamental 
mechanism of ageing of the silver-copper alloys, therefore, appears to 
be quite similar to that of the aluminium-copper alloys, in that both will 
age-harden by knot formation and by precipitation. The detection 
of these pre-precipitation effects in the silver-copper alloys, which have
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generally been considered to harden by precipitation only, is sufficient 
to indicate that perhaps we are 110 longer justified in classifying age- 
hardenable systems as either knot-hardening or precipitation-hardening. 
Such a classification seems both arbitrary and unnecessary. . . .” 
“ Thus, it is believed that the mechanism of ageing (not of hardening) 
in these alloys is actually the same at all temperatures. It is only the 
increased overlapping of the knot and precipitation stages as the ageing 
temperature is raised that gives rise to the different hardening effects 
above and below 169° C.”

Cohen has found experimentally that two hardness peaks occur on 
ageing his 8 per cent, copper-silver alloy at temperatures below 169° C. 
and attributes the first to “  knot formation.”  The softening that occurs 
between the two peaks he considers is caused by relief of strain when 
precipitation takes place.

The theory put forward by the present author, based mainly on the 
ageing of alloys of the Duralumin type as well as on that of beryllium- 
copper and silver-copper alloys, is in general agreement with that of 
Cohen. There are differences, however, in interpretation of the first 
stage of the ageing process and of the “  intermediate softening; 
also the existence of a maximum has been shown to exist on the 
maximum hardness-temperature curves of the first stage of the ageing 
process as well as on that of the second; the theory has also been 
developed on more general lines.
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NOTE.
Discussions on this paper have shown that it would be helpful if  the sug

gestion o f  the presence o f  “  molecules,”  “  groups o f  molecules,”  and of 
“  crystallites ”  in the lattice were diseu&sed more fully.

The term “  molecule ”  is used in its chemical meaning, i.e. in the case of 
copper-aluminium alloys, one atom o f  copper associated with two atoms of 
aluminium represents a molecule o f  CuAl,. X -ray analysis shows, however, 
that the unit cell is made up o f  four molecules o f  CuAl2, viz. four atoms of 
copper and eight atoms o f  aluminium.

In the first stage o f  the age-hardening process o f  such an alloy, concentra
tion o f  copper atoms takes place in definite positions on the lattice. I t  cannot 
be assumed that this results at once in an ordered arrangement o f  these atoms, 
but it is likely that this concentration o f atoms is likely to cause localized 
stresses to be set up. X-ray evidence indicates that localized regions o f  high 
concentration o f  solute atoms exist; the fact that no change in the X -ray line 
spectra has as yet been detected during the initial stages o f  ageing, suggests 
that localized strain-hardening is responsible for the increase in hardness on 
ageing the alloy. The increase in electrical resistivity o f  such alloys supports 
the view that no disorder-order transformation is occurring.

A  re-arrangement o f  these solute atoms, taking place more or less at once, 
results in the formation o f  “  molecules ’ ’ by some o f  the copper atoms attaching 
themselves each to two neighbouring aluminium atoms. A  certain amount of 
local distortion o f  the lattice will also be caused by these attachments.

This “  molecule ”  formation constitutes the beginning o f  the second stage 
o f  the age-hardening process, which proceeds concurrently with the first. 
These “  molecules ”  will increase in size, owing to diffusion, causing distortion 
which, in its early stage, may be localized, but which as growth proceeds 
rapidly affects the whole matrix. When four atoms o f  copper have attached 
themselves to eight atoms o f  aluminium, the unit cell o f  CuAl, is formed. 
This has been termed a “  crystallite.”  It is not known how many unit cells 
associated together form the critical size o f  crystal which sets up such high 
distortion in the lattice o f  the matrix that it can no longer be held in solid
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solution, but is rejected. It is known that phases o f intermediate structure 
arc precipitated, and it is now suggested that there is a critical number o f atoms 
of copper and aluminium grouped together in an arrangement approaching 
that of the unit cell, above which precipitation o f the phase occurs, and up to 
which the grouping can bo held in solid solution, causing great distort ion o f the 
matrix.

This building-up process o f  crystals o f  the phase to be precipitated must 
bear relation to certain definite planes, as the researches o f  Mehl and his 
colleagues * on Widmanstattcn structures show. N o attempt is made here to 
analyze this actual process; it is desired, however, to emphasize the idea that 
association o f  groups o f  atoms and molecules is necessary for the precipitation 
of a crystal, since it is unlikely that such a complex structure can be formed 
directly from the solid solution without being the result o f  some “  building- 
up ”  process.

The localized distortion due to concentration o f  solute atoms and the for
mation o f comparatively few “  molecules ”  or small “  groups o f  molecules ”  
of CuAl, «nil result in high tensile strength and high ductility. Heat- 
treating at higher temperatures will first remove these localized stresses, by 
diffusion rather than by precipitation. On extending the time o f  hea t - 
treatment an increase in the number and size o f  “  groups o f  molecules ’ ’ will 
occur, until precipitation proper takes place. As suggested by Menca, a 
critical dispersion o f  discrete particles is probably responsible for the high 
tensile strength and low ductility o f  alloys heat-treated at high ageing 
temperatures.

DISCUSSION.
P r o fe sso r  X . F. MoTT,t M.A., F.R.S. (University o f  B ristol): I am 

interested in what the author has said about the resistance o f  age-hardening 
systems. According to the ideas o f  wave mechanics, the resistance o f  an alloy 
is explained in the following way. The electron wave which accompanies a 
beam o f  electrons is pictured as being scattered by the dissolved atoms, for 
instance by the copper atoms dissolved in a supersaturated solution o f  copper 
in aluminium. I f  one wants to understand the change o f  resistance during 
precipitation, one has to ask whether isolated copper atoms in the aluminium 
lattice will have more scattering power than little groups of, say, 3 or 4 or 10 
copper atoms which have segregated together in the lattice. From the point 
of view o f  wave mechanics, therefore, it seems that one would expect the resist
ance first to increase and then to decrease, because the maximum scattering 
power o f  the groups o f  copper atoms will arise when the size o f the groups is 
comparable with the wave-length to be associated with the electrons. 1 his 
wave-length is about four or five inter-atomic distances.

The problem is analogous to the scattering o f light when it passes through an 
atmosphere saturated with water-vapour. When the atmosphere contains 
water-vapour molecules, small compared to the wave-length o f  light, there is 
ven- little scattering and the atmosphere is transparent. I f  the water-vapour 
molecules condense into little particles o f  a size comparable with the wave
length o f  light, we get the all too familiar fog, the light being scattered as it 
goes through the atmosphere. I f  the little droplets which form the fog con
dense still further and form rain-drops, the atmosphere becomes transparent 
again.

* R. F. Mehl, C. S. Barrett, and F. N. Rhines, Tram. Amer. Inst, i f  in. Met. 
Eng., 1932, 99, 203. ,

t  ^lelville Wills Profesor of Theoretical Physics, University of Bristol.
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I  suggest that Iho author’s eurvcs, giving the change o f  resistance with 

time, arc to he explained in a similar way. There are first the small copper 
atoms, which do not scatter much, and then the little aggregates o f  copper— 
Dr. Gayler’s first stage in the precipitation— which scatter moro strongly, and 
finally, big aggregates o f  the copper-aluminium compound, which again 
scatter less, so that the resistance decreases.

I t  may be true, o f  course, that the initial increase in the resistance is due 
to strain, as has been suggested elsewhere. These remarks are only meant to 
suggest a possible alternative explanation.

Dr. Gayler has given curvcs plotting hardness against time for various 
temperatures. I f  those are plotted logarithmically against the reciprocal of 
the temperature will a straight line be obtained, and is the variation o f  the rate 
o f  hardening with temperature at all the same as the rate o f  diffusion o f copper 
in aluminium ?

Dr. W . 0 . A l e x a n d e r ,  B.Sc. (Member) took part in the discussion but 
later amplified his remarks in writing, for which see p. 269.

Dr. L. H. Callendar,* B.Sc., A.R.C.S. (M em ber): In an early stage of 
the process o f  ageing, an examination o f  the lines o f  the X -ray spectra shows a 
diffuseness and broadening. Is this visible evidence for the first stage o f the 
process acpording to the author’s theory, that is the diffusion o f  the solute 
atoms, or would this stage not show up at all in tho X -ray spectra ? In the 
latter case, is this broadening, &c., attributed by the author to the beginning 
o f  the formation o f  molecular groups, or is it evidence o f  a later stage, the 
formation o f  crystallites ?

The formation o f  molecular groups is stated to be accompanied by a decrease 
in electrical resistivity. I t  seems that there is here only indirect evidence that 
any precipitation has actually started, for the particles do not become visible 
under the microscope for a very long time after the process has started.

Using a direct chemical method for investigating tho precipitation of 
silicon from aluminium, I  found f  that starting with the silicon in solid solution 
and then annealing at 200° C., the beginning o f  the precipitation o f  graphitic 
or molecular silicon coincided in a remarkable manner with the beginning o f a 
decrease in electrical resistance. As the direct chemical method used was of 
the same order o f  accuracy as the resistance measurements, and it indicated 
precipitation after annealing for only 3 hrs. at 200° C., whereas the particlcs 
only became visible under the microscope after annealing for some 500 hrs. at 
200° C., it was evident that I  was observing a much earlier stage o f  the process 
than that indicated by microscopic methods or lattice parameter measure
ments.

Connecting m y results with Dr. Gayler’s theory, it is possible to get con
siderably nearer to direct evidence for the beginning o f  precipitation, using as 
links the indirect evidence o f  falling electrical resistance, broadening o f  the 
lines o f  the X -ray spectra, &c.

Rosenhain,J in discussing m y results said there was some doubt whether 
we were dealing with molecules or crystallites, and also that my results did 
not show' an initial increase o f  resistance with the beginning o f  precipitation, 
as might have been expected under tho older precipitation theory. Dr. 
Gayler’s new theory' clears up this apparent anomaly, for the first stage, the 
diffusion o f  solute atoms, accompanied by an increase o f  elcctrical resistance 
w ould take place too rapidly at 200° C. to be detected.

* Research Laboratories, Chloride Electrical Storage Company, Ltd., Clifton 
Junction, .Manchester.

t  J. Inst. Metals, 1933, 81, 199. t  J. Inst. Metals, 1933, 51. 213.
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The A uthor [in rep ly ): I  am glad that Professor Mott is studying this 

problem o f  age-hardening on a mathematical-physical basis, because, it is a 
problem which is now really in the realms o f  physics. As regards plotting the 
logarithm o f the time o f  attaining maximum hardness against the reciprocal o f 
absolute temperature, I  think that the straight lino relationship holds over a 
definite range o f  temperature at which age-hardening takes place, but that at 
high and low temperatures there is a slicrht curvine awav at either end o f the 
line, as shown by the dotted line in 
Fig.A. Cohen, in a recent paper on 
copper-silver alloys, whichembraces 
the theory which I  have put forward, 
has plotted the beginning o f  harden
ing as well as maximum hardness,
&e.; he states that they take place 
according to this straight line 
relationship. I f  his results aro 
extrapolated, which I  think is 
justified, the beginning o f  harden
ing in the copper-silver alloys 
should take place in 5J- days at 
room temperature, and in 24 hrs. at 
50° C. Cohen examined the age- 
hardening o f  these alloys over a 
period o f  “  several days ”  at room 
temperature, and could not detect 
any ageing. I f  that “  several days ’ ’ 
was more than days, I  suggest 
that there is evidence that this 
straight line relationship does not 
hold over the whole temperature 
range, and that the curve should be 
of the form given in Fig. A. If, 
however, the “ several d a y s ”  was 
only 3 or 4 days, there is a possibility 
that the straight line relationship 
holds. A t any rate, this fact is 
now capable o f  experimental proof in a reasonable time, since at 50 C. the 
beginning o f  hardening should tako placc in the copper-silver alloy' in about 
1 day.

1 do not know whether the variation o f  the rate o f  hardness is similar to the 
rate o f  diffusion. I  would refer Professor Mott to a paper by Brick and 
Phillips * on the diffusion o f  copper and magnesium into aluminium.

C O R R E S P O N D E N C E .

D r. W . O. A l e x a n d e r ,+ B.Sc. (.Member): I have made observations of 
age-hardening phenomena and the attainment o f  equilibrium o f  supersaturated 
solid solutions o f  aluminium-, copper- and nickel-base alloys. The chief 
physical properties measured were electrical resistivity and hardness.

Dr. Gayler’s explanation has much to commend it ; 1 advanced it as a 
working hypothesis in a D .S.I.R . report and thesis in 1933. It is obvious and 
logical that such a first stage as diffusion o f  the atoms towards planes where they

* Metals Tei-.hnologi/, 1937, 4, (2).
t  Research Fellow,' Metallurgy Department, Birmingham University.

Flo. A.
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eventually precipitate does exist, but the supreme difficulty is to determine 
the influence o f  the diffusing atoms on the physical properties. This theory 
involving as it does a knowledge o f  diffusion, is given without any reference by 
t ho author to the mechanism o f  diffusion, a certain knowledge o f  which I con
sider to be essential before there call be a further discussion o f  a general theory 
o f  age-hardening. In “  mechanism o f  diffusion ”  I  include such problems as 
the nature o f  the driving force causing the atoms to diffuse and embracing 
uphill diffusion; whether aggregation is to be solely attributed to chance 
encounters, and if  so why this first stage should be self stopping; and whether 
the author suggests that one CuA12 molecule exists as a separate entity 
and whether, having been once formed, aggregation to CuA12 particles occurs 
by movement o f  the molecule or by resolution and diffusion as a copper atom.
I submit that much o f  the author’s experimental evidence in this paper 
is, in the present state o f  knowledge, unconvincing.

The interpretation o f  the significance o f  the variations in electrical resistance
measurements are unsound because, 
short o f  phase equilibrium con
ditions, the manner o f  change of 
resistance during the attainment of 
equilibrium has never been ade
quately studied. The increase in 
resistance which is ascribed only to 
the first stage might just as easily 
be due to a stress effect accom
panying the known density changes; 
further, all the work done on 
disorder-order arrangements in 
metallic alloys shows a decrease in 
resistance, and stage (1) is certainly 
a departure from disorder, even if 
complete order o f  the copper atoms 
is never really approached. A de
crease o f  resistance would, t herefore, 
be expected on these grounds.

It has been pointed out 
previously * that the use o f hardness 
curves taken on Duralumin speci

mens is not satisfactory, since the double maxima might just as readily be 
attributed to the incipient separation of, say, two phases independently 
from the supersaturated solid solution.

I have made observations on the age-hardening o f  straight copper- 
aluminium alloys, using materials o f  high purity. Each hardness figure was 
the arithmetic mean o f the diameters o f  20 impressions. The values o f  the 
dispersion in hardness were obtained by  taking the quartile -f- ve and — re 
deviation values and plotting against time, as for the hardness curves. O f all 
the curves, some three dozen o f  which were drawn, only three showed this 
inflection and double maxima, as in Fig. B. This arrest in the hardening rate 
coincided with a large dispersion in hardness values as shown in Fig. C, which 
suggests that the deviation from a smooth curve has little experimental 
significance.

Mr. E. H. l U 'C K N A L L . t  M.Sc. (Member) : No one will question the implicit 
assumption o f  this theory that precipitation-hardening alloys must pass through

* J. Inst. Metals, 1935, 57, 175.
t  Scientific Oflicer, Metallurgical Department, National Physical Laboratory, 

Teddington.

Fio. B.
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early stages o f  ageing closely parallel to those in which a knot-formation 
hardening alloy reaches maximum hardness. This view arises on any ol a 
variety o f assumptions with regard to the mechanism o f  precipitation, as, for 
example, that noil-inoculated crystallization proceeds at an appreciable 
velocity only at the centre o f highly supersaturated zones. In age-hardening 
alloys the formation o f  such a zone may not demand long-distance migration 
of solute atoms, since in a face-centred cubic alloy o f  the quite ordinary solute 
content o f 3#1 atomic per cent, the dissolved atoms are separated only by the 
small distance 2a, where a is the lattice parameter, so that 6 solute atoms have 
only to be exchanged with solvent atoms at a distance a to establish a group o f 
7 solute atoms (as these atoms are not nearest neighbours 12 diffusional steps 
are involved); 5 interchanges amongst nearest neighbours may produce a 
group o f 4 solute atoms. That segregation o f  solute on a broad scale docs not 
occur is indicated by the absence o f  shift in the lattice parameter, such as 
would accompany the impoverishment o f  wide ranges o f the solid solution 
at a stage before precipitation occurs. The formation o f  groups even o f  4 or 
7 solute atoms involves, on a probability-basis, considerable local atom move
ment; this explains the observation that the time o f  attainment o f  maximum 
hardness in a knot-formation hardening alloy is related to temperature accord
ing to the diffusion law.

The existence o f  the knot structure does not seem necessarily to imply 
high hardness, and before accepting Dr. Gayler’s theory that two successive 
maxima o f hardness must appear, in almost all age-hardening curves, one 
looks for solid evidence that what were previously regarded as precipitation- 
hardening alloys show an additional, early hardness maximum and • the 
knot-formation hardening alloys an additional, late hardness maximum, 
corresponding to the stage o f  true precipitation. It is only on the first o f 
these that any evidence is as yet presented and that is not entirely convincing. 
In Fig. 4 the inflected curves can only be justified if  the accuracy o f  hardness 
measurement is better than about 5 Brinell numbers, since uninflected curves 
can be drawn to this accuracy; yet one point, at 250° C., is regarded as in 
error to the extent o f  about 12 Brinell numbers. The curves o f  Fig. 4 arc 
presumably only a minor part o f  the body o f  data supporting the statements 
regarding the effect o f  temperature on the position and magnitude o f  the 
arrests and Figs. 2 and 3 ; alone these curves supply only two points in each 
of the figures and do nothing to contradict the view that the maximum 
attainable hardness really increases steadily with decrease in ageing 
temperature but that at lowr ageing temperatures the maximum is not reached 
in experiments o f  the ordinary duration.

According to the theory, the early stages o f  ageing are accompanied by the 
segregation o f  part o f  the solute content into areas o f  increased concentration, 
this process can only produce an expansion in an alloy which later contracts 
if the divergence between the actual and theoretical atomic volumes increases 
more than proportionately to increase o f  concentration. I his mode o f  
divergence from Vegard’s law occurs in the alloys o f  silver and copper, at 
least on the copper side, so that in these alloys segregation to form knots w'ould 
produce an anomalous change o f volume, and the question arises : Is it such 
volume changes and the resulting lattice strain which are the causes o f  hardening 
by knot-formation ? I f  this view be taken, then this type o f  age-hardening 
is virtually an example o f  work-hardening and would be expected to disappear 
on increasing temperature, as Dr. Gayler’s theory also suggests.

Dr. M o r r i s  C o h e n  * (Associate M em ber): I am gratified to note the close 
similarity between Dr. Gayler’s theory and the ideas which I expressed in a

* Division of Physical Metallurgy, Massachusetts Institute of Technology, 
Cambridge, Mass., U.S.A.
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recent paper oil the age-hardening o f  a silver-rich copper alloy.* About 3 
years ago, I studied the ageing mechanism o f a commercial Duralumin at four 
ageing temperatures, and found that at room temperature and at 100° C. the 
hardening took place without any change in the lattice parameter o f  the alumin
ium-rich supersaturated solid solution. A t 300° C., however, the age-hardening 
occurred simultaneously with a change in lattice parameter, while at 200° C. 
the hardness curve showed two peaks, the lattice parameter remaining constant 
until just after the initial hardness peak. These results indicated that below 
100° C., the hardening took place without the precipitation o f  CuA12 particles, 
whereas above 300° C. it was accompanied by actual precipitation. The data 
at the intermediate temperature o f  200° C. were interpreted as direct evidence 
o f  a two-stage ageing process in which pre-precipitation-hardening was followed 
by precipitation-hardening. The mechanism o f this two-stage process was 
visualized in tho following manner : Tho matrix lattice, being supersaturated 
with respect to copper, strives to throw the copper out o f  solid solution. This 
can only be accomplished, however, by the formation (precipitation) o f CuAU 
crystallites, hence the copper atoms diffuse from their scattered random 
posit ions on points o f  the aluminium lattice into localized regions in preparation 
for the subsequent precipitation o f  discrete particles o f  CuAl2. It was assumed 
that the lattice distortion produced by these segregations or “  knots ”  t  of 
copper atoms in the aluminium lattice just prior to precipitation was sufficient 
to account for the age-hardening below 100° C. and also for the initial harden
ing at 200° C. The secondary hardening at 200° C. was attributed to the 
actual formation o f  CuAl2 crystallites, this precipitation stage following the 
“  knot ”  formation stage. A t 300° C., the ageing took place so rapidly that 
the pre-precipitation stage was not detected.

It was felt that this two-stage picture o f  the age-hardening process might 
be applied to other age-hardenable alloys, but in view o f  the fact that the 
Duralumin used contained appreciable amounts o f  magnesium, silicon, and 
iron, as well as the usual 4 per cent, o f  copper, no generalization was made at 
the time. With this thought in mind, however, tho ageing characteristics 
o f  a silver-copper alloy J o f  high purity were studied at several ageing tempera
tures. As Dr. Gayler states in her paper, these results again gave direct 
evidence o f  a two-stage ageing process, which in m y opinion lent considerable 
weight to the concept that “  knot ”  formation (or diffusion and molecule 
formation, as Dr. Gayler prefers to call it) must precede precipitation, and that 
they form two consecutive steps in the general mechanism o f  age-hardening. 
It was also shown that as the ageing temperature was increased there was more 
and more overlapping o f  the “  knot ”  formation and precipitation stages until 
at 169° C. and above, no pre-precipitation-hardeniug could bo detected.

Thus it is seen that Dr. Gayler and I  are in very strong agreement as to the 
basic mechanism o f  the ageing process. 1 differ from Dr. Gayler, however, on 
one {jo in t: I  do not believe that actual molecules o f  CuAl. must form in the 
solid solution before precipitation. There is littlo evidence to indicate that 
CuAl. can exist as molecules; CuAl2 owes its identity to its characteristic 
crystal lattice in which the number o f  aluminium atoms to copper atoms are 
present in the ratio o f  2 to 1. I  prefer, therefore, to use tho less definite term 
“  knot,”  in which the type o f  atomic bonding is the same in the supersaturated 
solid solution, and docs not change until the actual precipitation o f  the CuAlj 
lattice takes place. Naturally, this is only a fine point and cannot be proved 
one way or the other.

I  should like to have Dr. Gayler’s explanation o f the intermediate flattening 
out o f  the hardness curves which occurs when the second stage sets in. In my

* M. Cohen, Metals Technology, 1936, 3, (7); A.I.M .M .E . Tech. Pull. No. 751.
t  See P. D. Meriea, Trans. Arner. Inst. Min. Mel. Eng., 1932, 99, 13.
}  51. Cohen, loc. cit.
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alloys, an actual intermediate softening was detected at this point in the ageing 
process. This was explained as follows : “  When precipitation sets in, the 
intermediate softening occurs, presumably because the initial particles were 
too small to be very effective in hardening, and so they do not counterbalance 
the softening caused by the relief o f  distortion as the knots leave the matrix 
lattice to form discrete particles. However, as the particles grow in size, the 
hardness begins to increase again; and if  the ageing is prolonged sufficiently, 
the particles pass through the critical size for maximum hardening. . . . ”  
I wonder how Dr. Gaylcr differs from this interpretation.

It is hoped that further work on other age-hardenable systems will throw 
more light on the possible universality o f  this two-stage ageing process.

Dr. W . L. F i n k ,*  M.S. (Member) and Mr. D. W . S m i t h  :* In much o f  the 
experimental work and discussion on the age-hardening o f aluminium-copper 
alloys there is indiscriminate consideration o f the results on binary aluminium- 
copper alloys and on very complex alloys containing copper, manganese, 
magnesium, iron, silicon, zinc, &c. The mechanism o f age-hardening in the 
binary alloys is rather complex, so that it seems undesirable to complicate the 
situation further by the presence o f  several additional alloying elements. 
Certainly, i f  a polynary alloy is used, that should be borne in mind constantly, 
and the results should not be considered as pertaining to the binary aluminium- 
copper alloys.

Dr. Gayler adversely criticizes a paper which we published f  on the 
age-hardening o f  a binary aluminium-copper alloy at 100°, 160 , and 
200° C. The entire criticism, however, is based on a statement concerning the 
time at which visible precipitation had been observed at room temperature. 
The statement was not intended to imply that no precipitation occurred at 
room temperature in less than 3 months, which is Dr. Gayler s interpretation; 
in fact, subsequent examination o f  this same alloy aged at room temperature 
revealed precipitation in as short a time as 1 hr. after quenching. 1 his point 
will be considered further in a paper which is now being prepared.

Dr. Gayler’s new' theory o f  age-hardening offers some difficulties, ro r  
example, tho first stage o f  ageing is supposed to consist o f  diffusion o f  solute 
atoms to certain positions within the lattice. It is assumed that this ordered 
arrangement w'ould result in an increase in electrical resistivity ; most o f  the 
available experimental evidence indicates that it would result in a decrease. 
Another difficulty is presented by the new concept o f  precipitation (the second 
stage). The concept that molecules and crystallites o f  a new phase form prior 
to precipitation from solid solution is unique and seems to require a neA\ defini
tion o f solid solution and precipitation.

Dr. R . H. Harrington J (M em ber): I wish first to point out a marked 
agreement between the general principles established by Dr. Gayler and those 
which I described in a previous pa per,§ and then to discuss several o f  the details 
derived from these principles by Dr. Gayler. . . .  •

In my paper I  classified the types o f  age-hardening as : (*1) simple precipita
tion-hardening, e.g. the Fe—W  system; (B ) simple lattice-strain hardening; 
e.g. the room-temperature ageing o f Duralumin; (C) complications due to 
allotropv, e.g. the Fe-C  system ; (D) other causes o f  age-hardening effects.

O f present interest is an illustration to my paper, here reproduced as Fig. I),
* Aluminum Research Laboratories, Aluminum Company of America, New 

Kensington, Pa., U.S.A.
t  Tram. Atner. Itist. Min. 3fet. Eng., 1936, 122, -84. . _ T _ r  TT c  a
t  Research Laboratory, General Electric Company, Schenectady, £ .1 . ,  U.fe.A. 
§ 44The Present Status of Age-Hardening,”  Tram. Amer. koc. Metals, 1UJ4, 

22, 505-531.
V O L . L X .  S
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and some attendant observations from the paper. The two stages o f age- 
hardening in Duralumin, (1) th e “  diffusion ’ ’ stage and (2) th e “  precipitation” 
stage, are clearly marked and described in Fig. D. I t  is seen, then, that simple 
lattice-strain may result from “  atomic precipitation,”  or aggregation, o f solute 
atoms within the solid solution lattice : this is the diffusion stage. The second 
stage is, o f  course, the true precipitation and formation o f  discrete particles of 
compound with maximum hardness attendant on achievement o f  a critical 
dispersion. It has been noted during the study o f  about 100 age-hardening 
alloys that many, after quenching from solution temperatures, show an increase 
in hardness at low drawing temperatures followed by a minimum hardness, and 
finally a maximum precipitation-hardness at a higher temperature. In many 
alloys the precipitation o f  a true compound begins to  take place immediately 
on heating and masks any tendency to produce simple lattice-strain hardening.

Now to discuss the present paper : Because o f  the broad meaning o f “  age- 
hardening,”  it seems preferable to think o f  this paper as describing “  The 
Theory o f  Precipitation-Hardening,”  since this reaction probably takes place 
always in the two stages, either consecutively or concurrently. I t  is probable
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that the two stages have their dual existence only when a metastable solid 
solution breaks down within the “  ageing range ’ ’ ; that is, when a solid solution 
breaks down during very slow cooling from the solution temperature, it is 
improbable that the “  diffusion stage ”  will have any similar distinct existence. 

The author states th a t: “  When a group o f  molecules thus formed grows 
to such an extent that the solid solution can no longer withstand the stresses 
set up, release o f  these stresses is caused by the rejection o f  this group from the 
solid solution lattice and precipitation proper has taken place.”  This state
ment inevitably leads one to picture groups o f  molecules in an isolated locality 
and yet within the solvent lattice just before precipitation. This idea o f mole
cules o f  like atoms, as well as unlike, existing within the solvent lattice might 
seem untenable if  taken literally. It may be that, instead o f  molecular bond
ing, the aggregated solute atoms may exert a metastable superlattice structure 
or secondary lattice effect immediately prior to formation o f  the true precipi
tated phase. Undoubtedly the time is rapidly coming when, in dealing with 
strained lattices, we must consider the effects o f  localized pressures as well as 
the two variables temperature and concentration (equilibrium diagrams being 
based on the assumption that pressure is constantly 1 atm.). It also seems 
possible that this solute aggregation into “  groups ”  might equally well mark 
the maximum o f the first stage.
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Would not the phase “  ageing range ”  convey a more specified (and equally 

adequate) meaning than does “  temperature range ”  (bottom o f p. 251) ?
In discussing the lower limit o f  the “  temperature range ”  (ageing range), 

it seems probable that there is always a tendency for these quenehed solid 
solutions to start precipitation at any temperature from the lowest temperature 
for retention o f  the solid solution up to the solution temperature. Some alloys 
immediately begin to “  age-harden ’ ’ with the metastable solid solution at room 
temperature. Thus the “  lower limit ”  has a measurable meaning only in the 
practical sense o f  test data.

Regarding the relationship o f  hardness and resistivity, there are two differ
ent relationships possible whenever two hardness maxima appear in the age- 
hardening : (1) I t  seems probable that the maximum hardness resulting from 
the “  diffusion stage ”  will be closely associated with the maximum resistivity 
possible for the alloy ; while (2) the maximum hardness for the precipitation 
stage will usually occur before the minimum resistivity is developed (as in 
beryllium-copper alloys).

It must be remembered, o f  course, that Fig. 2 will not apply to all alloys 
for in many o f  them the second stage seems entirely to mask the first, with 
which it is practically coincident.

Regarding Fig. E, for some alloys in which the second stage appears to mask 
the first, the hardness-temperature curve appears to indicate that point 0  is 
coincident with .point A  and its relationship to resistivity is not so clearly 
defined under these conditions.

In conclusion, I  cannot, at the present time, agree to some o f  the details 
of general application o f  the author’s theory but I believe that the author’s 
main principles o f  the two-stage mechanism are well founded. It is always 
necessary for time and future data to give accurate meaning to such a funda
mental theory.

T)r. C. H. M. .Tenkins * (M em ber): It is interesting to consider those alloy 
systems which do not exhibit age-hardening although the systems possess 
certain necessary solubility conditions. These systems do not appear to 
possess any abnormal differences in the rate o f  diffusion, nor has it been found 
that the constituents separating by decrease o f  solubility shun the cleavage 
planes or the grain boundaries o f  the crystals. All that can be deduced from 
the facts is that age-hardening has not occurred because a metastable or 
transitory lattice does not form. This in effect hampers the free separation o f  
atoms held in excess o f  the solubility limit. It is this process o f  entanglement 
which should be carefully studied in the future.

I do not agree with the suggestion (p. 2.52) that the changes in hardness can
not be represented by one curve, as was put forward in an earlier paper with 
Mr. Bueknall. The initial kinks in the various property curves and the 
characteristically diffuse lines in the X-ray spectra are, I suggest, due to 
“  positional ”  hardening in the crystals. No doubt, hardening does not occur 
at the game speed in various crystals or in all parts o f  the same crystal. The 
structure o f  martensite shows that the cleavage planes and the grain boundaries 
have an influence. The curve which we proposed represents a “  mass ”  
property and is not an expression o f  the crystalline mechanism.

In addition to the absence o f  evidence that small particles are necessarily 
hard, I would emphasize a point which has not been made by the author. 
Briefly it is this : hardening is not so much the result o f  the formation o f  a new 
phase, i.e. a second constituent, as the result o f  the alteration o f the parent 
lattice in its attempt to generate the new second phase. From this main idea.

* Senior Scientific Officer, Metallurgy Department, National Physical Labora
tory. Teddington.



276 Correspondence on Gayler’s Paper
it is deduced that there should bo a relationship between the proportion of 
material which enters into a change and the degree o f  hardening produced. 
W e have evidence o f  this effect. In  a high-carbon steel, which is capable of 
undergoing very considerable hardening, the forces are derived from the 
attempt o f  about 99 per cent, o f  the material to change from y  into a-iron 
(as well as smaller forccs bound up with the solution o f  the carbides), whereas 
in aluminium alloys only 1-3 per cent, o f  the material is tending to change its 
condition from a form in which it is in solution into one in which it is out of 
solution.

The author’s view that diffused crystallites are the cause o f  age-hardening 
does not explain the well-known effect produced in an aluminium alloy if it is 
cold-worked after solution treatment. Age-hardening is immediately pro
duced. This fact is not in accordance with the idea o f  diffusion, but can readily 
bo accounted for by the suggestion that a transitory phase exists. Such a 
phase is set up by conditions unfavourable to the ready separation o f  a second 
constituent from solid solution. Age-hardening is thus the disturbance o f the 
normal mode o f  separation.

In all previous considerations o f  ago-hardening no reference has been nmde 
to the possibility o f  a pseudo-ordered arrangement, but there is evidence of a 
remarkable degree o f  age-hardening in an alloy reheated for a short time to a 
temperature close to the solubility limit. This fact is closely parallel to changes 
from disorder to order in regard to the velocity o f  transformation. I  would 
suggest that the transitory lattice is not unlike an ordered arrangement in 
that it calls for little positional shift in the atoms. A  further consistent feature 
is that a higher temperature o f  ageing produces a higher value o f  the maximum 
hardness attained, but experimental conditions for rapid heating and cooling 
o f  specimens at high temperatures form an artificial limit at present to the 
attainable maximum hardness.

The author states that “  ageing is considered to be due to the diffusion of 
solute atoms to planes about which precipitation proper will ultimately take 
place as already suggested by Desch.”  Since the introduction o f  atomic 
physics, the term “  diffusion ”  has never been re-defined, but in its original 
meaning the word implied that a movement among the atoms had taken place 
with the result that some atoms had moved to distant positions. The degree 
o f  movement in the diffusion process is atomically speaking large. The 
general conception o f  diffusion implies that the term is related to a “ mass”  
property and is affected by  well-recognized laws in relation to time and 
temperature.* I f  the term were to be applied to the rapid translation of 
atoms such as might be set up during plastic deformation or slip movement 
there is considerable probability o f  misconception, but the author does not 
suggest such an occurrence although such translations o f  atoms arc possible ; I 
would hesitate, however, to apply the term “  diffusion.”

Dr. D. St o c k d a m  f  (Member o f  C ouncil): There are certain difficulties 
raised by  this theory which may prevent its general acceptance. In the first 
place, I  would support Dr. Alexander’s contention that an increasing concen
tration o f  solute atoms about planes o f  precipitation would probably lead to a 
decrease in electrical resistance. This process is analogous to super-lattice 
formation where there is generally a spectacu'ar decrease in resistance. In 
creasing concentration o f  solute on certain planes necessarily means increasing 
concentration o f  solvent on other planes, and it is to be expected that the nett 
effect on the electrical resistance would be a decrease.

I  submit that the theory does not explain preliminary softening and that
* R. M. Brick and A. Phillips, MeUds Technology, 1937, 4, (2), show the rate 

of diffusion of copper and magnesium into aluminium.
f  Fellow of King’s College, Cambridge.
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nowhere in the paper is there a real explanation o f  this phenomenon. There 
is a statement o f  the experimental fact that there is such softening, but there is 
nothing more than that. The first stage o f  hardening is caused by diffusion; 
the second by ft molecule ”  formation. The second stage “  follows the first 
and takes place nearly simultaneously.’ * I f  these two processes both cause 
hardening and follow each other without intermission, how can there be any 
softening ?

The free use wiiich the author makes o f  the word "  molecule is open to 
criticism. Is a small clump o f  atoms meant, or is some definite bonding, 
electrovalent or covalent, implied ? It would perhaps avoid confusion if  the 
word u molecule ”  were reserved to describe the smallest particle o f  an element 
or compound .which can have an independent existence in the vapour phase or 
in solution and another włord such, possibly, as “  microcrystallite ”  used in con
nections such as these. I f  there is in this case something in the nature o f  a 
chemical molecule in the lattice will not the disturbance be such that there will 
be a marked increase in the electrical resistance ?

The following have been put forward by various workers as experimental 
facts in connection with the aluminium-copper a lloys :

(a) Maximum hardness is reached before there is any change in lattice 
parameter.

(b) Maximum hardness is reached before there is any substantial
change in volume. . .

(c) There is definite precipitation before there is any substantial 
hardening.

(d) The density o f  the precipitate is greater than that o f the parent 
solid solution.

I f  these really are facts, it followrs that during the early stage o f  age-harden
ing the aluminium lattice will be very imperfect, though perhaps these imper
fections may be much localized. Taylor’s theory suggests that such a lattice 
would have a high yield-point and it wrould, I think, possess a high electrical 
resistance. The critical dispersion theory, although I accept it with reluctance, 
accounts for the second stage o f  hardening and the decrease in resistance. 
There are, in effect, two reactions— lattice change and aggregation o f  precipi
tate—both leading first to hardening and then to softening. At certain tempera
tures the lattice might heal faster than the precipitate aggregates. Initia 
softening and certain other anomalies can be explained along these lines.

Dr. H. S u t t o n  * (Member) and Mr. J. W . W i i x s t r o p , f  B.Sc. (M em ber): 
As regards the first stage o f  the age-hardening process, is it not possible that 
movement o f  copper atoms may occur at dislocations? Proximity to a grain 
boundary or a dislocation would seem likely to be the important factors 
affecting the probability o f  a copper atom leaving the lattice. During tins 
age-hardening at normal temperature, no change in lattice parameter lias je t  
been observed, and it wrould appear, therefore, that only a small number ox 
copper atoms, if  any, leiave the lattice.

G. I. Taylor J showed that if  an imperfect crystal be subjected to shear 
stress it will yield through the successive “  jumping ** o f  single atoms in ^ rc£v 
near the dislocation to the next position o f  stability. The w eakn ess o f  the 
crystal at the dislocation is due to the spacing o f  the atoms in this 
locality being different from the ideal. The spacing o f  the atoms m the rowr

* Principal Scientific Officer, Royal Aircraft Establishment, South larn- 
borough.

t  Scientific Officer, Royal Aircraft Establishment, South I  arnborough.
t  Proc. Hoy. 8oc„ 1934, [A], 145, 362-404.
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immediately below the dislocation is less than normal while that- o f those in the 
row above is greater. In  the case o f  a solid solution o f  copper in aluminium 
the movement o f  a copper atom to the position A  in Fig. E, owing to its smaller 
size, will allow the neighbouring aluminium atoms to adopt a more normal 
spacing. In consequence, the resistance o f  the crystal to shear would be ex
pected to be greater when the position A  is occupied by a copper atom than 
when an aluminium atom is in that position. Hence, in an imperfect crystal 
o f  a solid solution o f  copper in aluminium we may expect an increase in hard
ness by the movement o f  copper atoms to regions o f  abnormally close packing.

As regards the first stage, the author refers briefly in para. 4, p. 250, to 
increase in electrical resistivity being caused by the diffusion. She docs not 
suggest the manner in which the increase in electrical resistivity is caused, 
but the effect o f  cold-working has been considered in that connection by Rosen- 
hain and others. That conception would agree with the data o f  O’Neill,

Farnham, and Jackson.*
It is important, however, to bear in 

mind that the X-ray spectrograph gives 
a general perspective view and that, 
while there can be little doubt of the 
accuracy o f present X-ray data 
and conclusions on age-hardening of 
Duralumin as affecting the main bulk 
o f  the solid solution, it may be that 
some changes are taking place at the 
regions near the grain boundaries. 
Microscopical work on gold-silver, 
beryllium-copper, and Duralumin 
leaves one with that impression.

In  a recent paper, H. L ay .f refers 
to the less vigorous age-hardening m 
cast Duralumin than in wrought and 
to the still less vigorous age-hardening 
in single crystal Duralumin. Lav has 
examined the so-called inhomogeneous 
(microscopically) precipitation which 
occurs in the boundary regions in 

Duralumin aged at temperatures too low to effect g e n e r a l  precipitation 
within the grains.

It appears very remarkable that in this matter o f  the detection o f  precipita
tion in Duralumin, microscopic examination reveals the precipitated constituent 
before the X -ray spectra have shown appreciable corresponding change of 
parameter.

The work o f Phillips and Brick,J on some alloys o f  the Duralumin type 
suggests that surface strain reduces solid solubility! The possibility that the 
strained conditions at crystal boundaries after rapid cooling promote slight 
rejection o f  dissolved constituents at the boundary is one that c a n n o t  be 
overlooked. Experience indicates that precipitation at the grain boundary' 
can occur very early and before general precipitation. We should be glad o f  the 
author’s comment on this point o f  view.

The A u th o r  ; In reply to Dr. Callendar, I  would say that the broadening 
and diffuseness o f  the lines o f  the X -ray spectra during ageing are indicative 
that the second stage o f  the ageing process has set in ; this may be associated

* Phil. Mag., 1933, [vii], 16, 913-929. 
t  Z. Meiallkunde, 1936, 28, 376-380. 
t  Metals and Alloys, 1934, 5, 204-203.
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with rapid growth o f  molecules and crystallites. N o measurable change in 
the lattice parameter has been detected hitherto during the first stage o f  the 
ageing process. The note which has been added to the paper will amplify 
these remarks.

By means o f  a chemical method, Dr. Callendar has detected precipitation of 
silicon in an alloy after annealing, a fact which is most interesting, particularly 
since the results coincided with a decrease in electrical resistivity; I w-ould 
suggest that his alloy indicated that the second stage o f  the ageing process was 
well advanced. I f  lie had carried out his experiments at a low'er (probably 
critical) temperature, it is highly probable that Dr. Callendar would have 
detected an initial increase in resistance followed by a decrease; the presence 
of precipitated silicon, indicated by the latter, being detected also by his 
chemical method. Unfortunately, such a method cannot be used to detect 
precipitation in coppcr-aluminium alloys.

I would refer Dr. Callendar to  a recent and very interesting paper on the 
age-hardening o f  aluminium-silicon alloys by Helling.*

I regret that Dr. Alexander has been unable to  publish the results o f  his 
researches on age-hardening, particularly since he advanced a theory, similar 
to mine, as a working hypothesis. Dr. Alexander considers that before a 
further discussion o f  a general theory o f  age-hardening can take place, a 
knowledge o f  diffusion is essential. Would he also suggest that no discussion 
o f the theory o f  electrical conduction should have taken place before the 
structure o f  the atom wras fully wrorked out ? It is obvious that the mechanism 
of diffusion is a problem which is o f  fundamental importance to age-hardening, 
and more particularly so since, during the initial stages o f  age-hardening, 
concentration o f  Bolute atoms occurs contrary to the generally accepted laws 
of diffusion. The theory o f  the mechanism o f diffusion is a subject to w hich 
mathematical physicists are now' devoting their attention, and no “  certain 
knowledge ”  o f  the problem can be obtained until their results are forthcoming.

Order-disorder transformations are accompanied by an increase in the 
electrical resistance, and since Dr. Alexander considers that the first stage is a 
departure from disorder, he expects that during ageing a decrease o f  electrical 
resistance should occur. However, a disorder-order transformation such as 
occurs on heat-treating a copper-gold alloy consisting o f  Cu3Au, or an alumin
ium-iron alloy containing 0-32*5 per cent, aluminium, consists o f  a re-arrange
ment o f  solute atoms from random to regular positions in the lattice. T his 
change is accompanied by a decrease in electrical resistivity, but this change 
is also indicated by the appearance o f  new lines in the X-ray spectra due to the 
positions taken up by the ordered arrangement o f  the atoms.

Considering, therefore, existing data o f  alloys which agc-harden, I think 
that it is not possible to attribute the physical properties o f  the alloys whilst 
ageing to a disorder-order transformation. That an ordered arrangement o f  
particular atoms ultimately occurs when a new phase is formed from a single 
solid solution is undoubted, but I  do not consider that the process by which 
this “ ordering”  is reached can be compared with that which takes place 
during the disorder-order transformation, for instance, in gold-copper alloys. 
The characteristics accompanying such a change, viz. decrease in electrical 
resistivity, and the appearance o f  new lines in the X-ray spectra, are apparent 
in alloys w'hich age-harden after other changes have first occurred. The 
appearance o f  newlines in the X-ray spectra, indicative o f  the “  ordered arrange
ment,”  i.e. those pertaining to the precipitated phase, are only visible after 
comparatively prolonged heat-treatment, depending, o f  course, on the ageing 
temperature. The changes in the alloys prior to those just mentioned cannot 
therefore be ascribed entirely to a disorder-order change.

* W. Helling, Z. Metidlteinde., 1937, 29, 27.
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Dr. Alexander is doubtful about the existence o f  two maxima on time- 

hardness curves : such maxima can be seen, however, in the results o f  Masing 
and Dahl * on beryllium-copper alloys, o f  W iest | on a 5 per ecnt. copper- 
silver alloy, as well as in those o f  Cohen already referred to and to those in his 
discussion on this paper. More recently still, Lay J has shown that an initial 
maximum occurs on the hardness-time curve o f  a nickci-bery Ilium alloy 
ageing at 350° C.

Further, the high tensile strength and high ductility o f  alloys o f  the Dura
lumin type aged at room temperature, and also the high tensile strength 
accompanied by low ductility which occur on ageing alloys at temperatures 
appreciably higher than room temperature, are additional evidence in favour 
o f  the existence o f  two maxima on the Jiardness-time curves.

I  am very glad that Dr. Cohen and I are in such agreement as to the funda
mental mechanism o f  age-hardening. His data on the ageing o f  Duralumin 
is further support o f  the theory which we have both suggested.

With regard to the idea o f  “  molecules ”  existing in the solid solution, I 
have endeavoured to  explain my meaning in the note which has been added to 
the paper. The term “ k n o t”  is certainly less definite: it defines such 
groups in  general terms, Merica has postulated that the groups or “  knots ’
. . . are sufficiently distorted and ‘ rough ’ in atomic structure to resist slip 
and deformation fairly efficiently. They . . . may be considered to act . . . 
substantially as crystalline particles o f  CuAl, would act. . . .”  The sugges
tion that I have put forward, which is amplified in the Note, is that localized 
stresses are set up in the parent lattice during the first stage o f  age-hardening 
and the initial part o f  the second stage, which results in an increase in hardness 
caused by “  strain-hardening ”  rather than by “  slip-interferenco ”  o f  knots, 
as suggested by Merica. Heat-treating an alloy in this condition will cause 
the removal o f  stresses set up and, consequently, softening will set in. Subse
quent hardening on further heat-trcatment is caused by t ie  formation o f  more 
groups o f  molecules and crystallites prior to precipitation proper.

1 agree with .Mr. Bueknall that segregation o f  solute atoms on a broad scale 
should be detected by a change in the lattice parameter, whereas localized 
segregation would not make itself seen in line spectra.

With regard to  the evidence submitted in favour o f  two maxima I hope 
to submit, in the near future, further experimental data in support o f  the theory. 
In the meantime the existing published data (see also reply to Dr. Alexander) 
indicate that one maximum on the time-hardncss curves cannot explain all 
facts o f  age-hardening.

I am much interested in Mr. Bucknall’s suggestion that the first stage of 
age-hardening is virtually an example o f  work-hardening, for I  am o f  a similar 
opinion. As I have stated more fully in my added note and in the reply to 
Dr. Cohen, the concentration o f  solute atoms and the formation o f  moleculcs 
in the early stage cannot take place without localized stresses being set up. 
Such a conception will account for both the softening which follows on ageing 
at higher temperatures and for the difference between the mechanical proper
ties o f  the alloy in either condition (see Note, p. 266).

I regret that Dr. Fink and Mr. Smith consider that I  have misinterpreted 
their statement regarding the time at which visible precipitation had been 
observed by them, for I fully realize that precipitation must proceed for some 
time before it is possible to detect signs o f  it under the microscope. Perhaps 
m y meaning would have been better expressed had I  written, “  Their results 
do not show what change has been going on in the alloy before the actual

* G. Masing and O. Dahl, li'iii. Veroff. Siemens-Konzcrn, 1929, 8, 103.
f  I’ . Wiest, Kef. 19 in the paper.
t  H. Lay, Z. Metallkunde, 1937, 89, 32.
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precipitation from the solid solution o f  one or more discrete particles takes 
place.”

Concentration o f  solute atoms on planes o f  precipitation does not neces
sarily imply the formation at once o f  an ordered arrangement; this point has 
been discussed in m y reply to Dr. Alexander. The concept o f  molecules 
and crystallites o f  a new phase forming prior to precipitation from 
solid solution has also been more fully explained in an additional note to the 
paper.

I am indebted to Dr. Harrington for pointing out the agreement between 
the general principles o f  age-hardening which we have both striven to establish. 
I concur with his suggestion that the term “  ageing range V is better than 
“ temperature range,”  and also that the “  lower limit ”  has a measurable 
meaning only in the practical sense o f  test data,.

The relationship between electrical resistivity and hardness is difficult to 
interpret, but it seems probable that the maximum hardness o f  the “  diffusion 
stage is associated with maximum resistivity, which would indicate that a high 
degree o f  localized distortion is present in the lattice, while the maximum 
hardness o f the second stage, i.e. precipitation proper, does not appear to be 
associated with minimum electrical resistivity.

I think that Fig. 2 will apply to all alloys, since temperature is the main 
factor controlling the existence, or masking o f  the first stage o f  the ageing 
process. Hence, a displacement o f  the curves in Fig. 2 parallel to the time 
axis or, rather, an adjustment o f  the temperature scale to suit known facts, 
will make them applicable to alloys which age-harden without indication o f  the 
first stage.

In Fig. 3, the point C indicates the ageing-temperature at which the maxi
mum hardness due to the first stage o f  ageing is masked by the rate at which 
hardening due to the second stage is taking place. The electrical resistivity 
curves o f  alloys aged at temperatures below that represented by  C  will be 
characterized by an increase to a maximum followed by a decrease : the rate 
and the time at which this sets in increasing and decreasing, respectively, as the 
ageing temperature increases. Therefore, on ageing at a temperature C, no 
first maximum hardness will occur, for the first stage o f  ageing will be masked 
by the immediate increase o f  hardness due to the second stage and, conse
quently, the electrical resistivity will decrease immediately.  ̂High hardness 
values would be expected in very short periods o f  heat-treating at the tem
perature C.

I  fully endorse Dr. Harrington’s view that further work is necessary to give 
accurate meaning to a fundamental theory". The queries raised regarding the 
formation o f  molecules have been dealt with in the note which has been added 
at the end o f  the paper.

Dr. Jenkins writes : 44 The initial kinks in the various property curves and 
the characteristically diffuse lines o f  the X-ray spectra are, I  suggest, due to 
‘ positional’ hardening in the crystals” ; has he not, however, misinter
preted the facts, for the “ initial k inks”  and 44 diffuse lines o f  the X-ray 
spectra ”  do not relate to the same stage in the ageing process ? The ‘ 4 initial 
kinks ”  are correlated with the concentration o f  solute atoms prior to any 
diffuseness in the lines o f  the X -ray spectra— at definite positions in the alumi
nium lattice, as shown by intensity measurements. Diffuseness, however, 
occurs during the later stage o f  ageing and is indicative o f  precipitation proper. 
His criticism that the single curve o f  age-hardening suggested by himself and 
Mr. Bucknall represents a 44 mass ”  property, while those which I have put 
forward to express the same relationship are 44 an expression o f  the crystalline 
mechanism ”  is, therefore, based on a misunderstanding o f  facts. Dr. Jenkins 
considers that I  have neglected the p o in t: that 44 hardening is not so much 
the result o f  the formation o f  a new phase, i.e. a second constituent, but is set
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up by  the alterations o f the parent lattice in its attempt to generate the new 
second phase.”

Surely an alteration o f  the parent lattice is inseparable from the 
precipitation o f  a second constituent, since one is the cause and the other 
tho effect. Consideration o f  the first consequently involves that of the 
second.

Alloys which harden may be divided into three main types : (a) those 
which form a super-saturated solid solution from which a second phase 
separates, i.e. alloys o f  the Duralumin type, & c .; (6) those which age-harden 
ow'ing to the decomposition o f  the entire matrix into twro different phases, such 
as a eutectoid decomposition, i.e. steel and alloy steels. Increase o f  harden
ing is also caused by further separation o f one phase from another owing to 
differences in their respective solubilities at the ageing temperature; (c) alloys 
which harden owing to the formation o f  a super-lattice structure, i.e. gold- 
copper alloys.

In alloys o f  typo («) only a portion o f  the matrix may take part, whilst in 
those o f  types (6) and (c) the whole o f  the lattice is involved, and hence an 
immensely greater increase in hardness results, as cited by Dr. Jenkins.

Dr. Jenkins thinks that I  consider “  that diffused crystallites are the cause 
o f age-hardening,”  and that this view “  does not explain the well-known effect 
produced in an aluminium alloy if  it is cold-worked after solution treatment. 
Firstly, I have not put forward the view that diffused crystallites are the causc 
o f  age-hardening; secondly, the effect o f  cold-work on an aluminium alloy 
after solution treatment may be explained as follows ; immediately after 
quenching the alloy, the lattice undergoes distortion in localized areas, due to 
the concentration o f  solute atoms and the formation o f  some “  molecules 
or ”  groups o f  molecules ”  (see added note to paper for a definition o f these 
terms). According to Le Chatelier’s Law, if  such an alloy be deformed, it will 
have an increased tendency to age-harden in order to resist more efficiently 
the deformation. This simple explanation is sufficient to account for the 
acceleration o f  age-hardening produced in an alloy by cold-work.

The consideration o f  a pseudo-ordered arrangement has been discussed in 
my reply to Dr. Alexander.

Some o f  the points raised by Dr. Stockdale in his interesting criticism have 
been discussed in my replies to Dr. Alexander and Dr. Cohen, and also i n the note 
which I have added to the paper itself.

Preliminary, softening may be explained as follows : consider that the 
hardening o f the alloys in the preliminary stage is due to stresses set up in 
localized areas due to (a) concentration o f  solute atoms, (6) the formation of a 
comparative small number o f  groups o f  “  molecules.”  I  agree with Dr. 
Stockdale that the term “  molecule ”  is not a happy one, but neither does the 
term “  knot ”  satisfy me, for I am trying to describe a process which is built up 
gradually by the “  bonding ”  together o f  certain atoms in a more or less 
definite relationship, such as one atom o f  copper with two atoms o f aluminium. 
I intend to imply that a definite bonding between an increasing number o f  atoms 
takes place gradually (or rapidly according to the ageing temperature), the 
effect o f  which will be localized strains in the lattice. This will cause resistance 
to slip, and will result in an increase in mechanical strength but no decrease 
in ductility, since the matrix on the broader scale is unaffected.

When the ageing temperature is sufficiently high for softening to be detected 
prior to the second maximum, I think that the localized strains set up by the 
“  molecules ”  or “  bonded ”  groups o f  atoms are removed by prolonged time 
at the ageing temperature owing to the normal proccss o f  diffusion, but that 
gradually these “  bondings ”  are again re-formed owing to the alloy being still 
in a metastable condition, and growth takes place until a crystal is precipitated. 
An analogy for this process may be seen in a metal which self-anneals at the
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temperature o f deformation. Internal stresses are set up, but these are removed 
on keeping the metal at the same temperature and recrystallization and 
crystal growth proceeds.

The experimental facts cited by Dr. Stockdale appertain to aluminium- 
copper alloys ageing at temperatures in which the first stage o f  the ageing 
process predominates, sincc the second maximum hardness is accompanied by 
change in both latticc parameter as well as in density. Dr. Stockdale’s 
suggestion that Taylor’s theory indicates that a latticc in the early stages o f 
age-hardening would have a high yield-point and high electrical resistance is 
most interesting, particularly since such properties are characteristic o f  these 
alloys when aged at room temperature.

Dr. Sutton’s and Mr. Willstrop’s suggestion that during the first stage o f the 
age-hardening process movement o f  copper atoms may occur at dislocations is 
interesting. According to Taylor, there is a temperature T o  (»•*• the lowest 
temperature at which a jum p can be made) above which any stress, however 
small, will cause centres o f dislocation to travel. The possibility arises : are 
the stresses set up in the supersaturated solid solution sufficient to bring about 
movement o f  these centres o f  dislocation, and will the copper rather than the 
aluminium atoms move, as Dr. Sutton and Mr. Willstrop suggest, owing to 
their smaller size ?

As regards the change in electrical resistivity, I do not think that this is 
due to a process which may be considered as a disorder-ordcr transformation 
(cf. reply to Dr. Alexander), though an ordered arrangement is reached during 
the second stage o f  the ageing process. The fact that the lines o f  the X-ray 
spectra o f the alloy in the “  as quenched ”  condition, and also as aged at room 
tcmperaturo for 7 days, are indistinguishable and quite sharp, but that the 
clectrical resistivity increases during this period o f  ageing, indicates that 
atomic changes arc taking place within the lattice. It is highly probable, 
therefore, that localized internal stresses are being set up, due to movement 
of solute atoms, the resultant strain-hardening being indicated by increase in 
resistivity.

As Dr. Sutton and Mr. Willstrop point out, X -ray line spectra gives us a 
general view o f  age-hardening, but the technique used in the past has not been 
sufficiently sensitive to indicate localized regions where visible changes in the 
solid solution are taking place.

The work o f  Phillips and Brick suggesting the possibility that boundary 
precipitation may be due to the strained condition o f  the boundary, certainly 
cannot be overlooked. Too little, however, is known about boundary condi
tions owing to the impurities generally present; but now that really high- 
purity metals arc available it should be possible to examine more closely the 
problem suggested above.
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THE ESTIMATION OF GRAIN-SIZE IN THE 7 5 5  
REGION ABOVE lO'3 CM.*

By R. A. STEPHENS M.Sc., Member, and R. J. BARNES,f Ph.D.

SYNorsis.
X-ray methods proposed for determining grain-sizes al>ove 10"3 cm. 

are critically examined. It is shown that to bo generally applied in 
practice any such method must use the same specimens as are used by the 
metallurgist for microscopic examination. This necessitates the use of 
back reflection photographs, except in the case of thin sheets.

A now method for determining a value for average grain-size solely 
from X-ray results is described.

An empirical method too is considered for determining average sizes 
from a graph. The graph is derived from plotting spots on a given (hkl) 
reflection against the grain-size of standard specimens.

I n t r o d u c t o r y .

T h e  ordinary method of grain counting is tedious and cannot as a 
rule be applied non-destructively. As the control of grain-size is 
becoming of more importance in metallurgical practice, the authors 
undertook an investigation into an alternative method of grain-size 
determination. Perusal of the literature showed that various claims 
in connection with X-ray diffraction methods have been put forward 
from time to time. These methods have not been applied in industry 
to any extent, and it was decided, therefore, to examine critically 
their practical or theoretical disadvantages; these are not always 
apparent from the opinions expressed in the papers themselves.

Czochralski took Laue photographs through thin specimens, and a 
qualitative idea of the grain-size was obtained by comparison with 
pictures of standard specimens. The Laue method cannot be applied 
generally, except in the case of thin sheet work. It is, too, a qualitative 
test, and investigation on the counting of spots shows that the method 
is very difficult to apply quantitatively. The Laue method cannot 
be regarded, therefore, as practicable for general use.

The diffraction lines in a powder photograph with a grain-size 
above 1CH1 cm. become spotted, i.e. individual reflections can be sorted

* Manuscript received August 10, 1936. Presented at the Annual General 
Meeting, London, March 11, 1937.

t  X-ray Service Laboratory, Philips Lamps, Limited, London.
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out, Glocker 1 published details in which the sizes of the spots were 
shown to be proportional to the grain-size, and this was elaborated by 
Clark and Zimmer.2 This involves measuring the size of diffraction 
spots— a difficult task; in fact, it is more tedious than ordinary grain 
counting with the microscope. It also seems open to objection ou 
the grounds that grains of equal size are not necessarily equally im
perfect. This method, too, cannot be considered to be of great utility, 
except for noting variations of grain-size in the area examined.

Recently Shdanow3 has published a paper describing another 
method, which at first sight appears to be more promising. This is 
based on rather a different view-point; if a large number of crystals 
are arranged at random and are irradiated by monochromatic X-rays, 
a certain proportion will be in a position to reflect in accordance with 
the Bragg law. From the number of reflections, knowing the dimen
sions of the camera and pinhole system, it is possible to calculate the 
number of grains irradiated. Since the volume irradiated is known, 
the grain-size can be deduced. The authors again used thin slips, 
i.e. transmission pictures; it appears that this was done to arrive at 
an accurate knowledge of the volume irradiated. This method, 
although theoretically sound, must be rejected in practice on the grounds 
that transmission pictures necessitate thin slips, and as monochromatic 
radiation must be used, the exposures are long. The present authors 
have endeavoured to extend this treatment to reflection pictures.

Short references have been published by the National Physical 
Laboratory on X-ray methods of determining grain-size, which appear 
to rest on a similar argument, but in which reflection pictures are 
obtained. This, of course, is much better, for in practice much shorter 
exposures result, and the method is non-destructive. A paper dealing 
with this subject has not apparently been published.

The present authors have been studying this question for some time, 
and during this period these latter references have appeared. The 
reflection technique was considered. During the theoretical treat
ment many difficulties arose in arriving at a rigid formula to be applied 
quantitatively. To obtain a relation for relative grain-sizes at first 
appeared easy, but a closer examination showed that it is very difficult 
to derive a satisfactory relation between grain-size and the number of 
spots to be used as a basis for relative grain-size determination. A 
fairly simple method for determining the absolute grain-size of a specimen 
was evolved.

In Part I of this paper this new method for determining an absolute 
value for the mean grain-size by X-rays is described. The X-ray 
data for grain-sizes of samples of aluminium are compared with the 
microscopic measurements of grain-sizes of the same specimens.
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In Part 11 the determination of relative grain-sizes is considered, 
and the difficulties in arriving at a rigid expression are discussed. The 
numbers of spots which can be counted 011 reflection photographs are 
plotted against the actual grain-sizes of samples, and a smooth curve 
obtained. Such a method once standardized can be applied in practice 
in a simple way, and seems to be less laborious than ordinary grain 
counting by the microscope. The same photographs, too, yield infor
mation on recrystallization, release from internal strain or directionality 
—information which cannot be obtained by ordinary metallurgical 
examination.

P a r t  I.
Theoretical.

In this the derivation of the formula relating grain-size to the number 
of spots in a definite (hid) line for a definite grain-size is given for a 
back reflection picture.

If a specimen consisting of a large number of small crystals orientated 
at random be irradiated by a fine pencil of monochromatic X-rays, 
then, in general, some of the crystals will be so oriented that they give 
a certain (hid) reflection in accordance with the Bragg law. If the 
geometrical conditions are chosen correctly, there will, in general, be 
one spot on the photographic film corresponding to one grain,* and so 
the number of spots will determine the number of crystals in a position 
to give this particular (hid) reflection. For certain experimental 
conditions one can calculate the probability that a single crystal will 
be in a position to give this (hkl) reflection. Combining this proba
bility factor with the number of spot« observed on the film for this 
reflection, it is possible to deduce the total number of grains irradiated. 
If, therefore, for the same set of experimental conditions the volume of 
the specimen irradiated is known, the grain-size can be determined.

The calculation of the factor F, expressing the probability of re
flection, is impossible for the usual way of taking powder photographs. 
Shdanow3 determined this graphically, and took into account the 
size of the focus of the X-ray tube used and the usual haphazard 
geometry of the normal pinhole system. This author discussed the 
general case and mentioned the simplification which results from a long 
or narrow diaphragm, a method which the present authors use. The 
use of a long pinhole system whose dimensions and position with respect 
to the focus of the X-ray tube are such that it is completely filled 
with X-radiation, simplifies the mathematics and renders easy the 
calculation of F. Shdanow still utilized the transmission through a

* It is possible to get two spots from one grain if the divergency of the primary 
beam be large enough.
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thin specimen, a method which has been discarded by the present 
authors for the reasons previously given, i.e. long exposures and rarely 
applicable in practice.

In Fig. 1 SS is a pinhole system of diameter a placcd in such a 
position with respect to the focus of the X-ray tube that it is completely 
filled with radiation. CC is the specimen with its plane face per

pendicular to the incident rays 
at a distance D  from the front 
of the diaphragm.

Let P  be that part of the 
specimen contained within a 

t cylinder co-axial with the dia-
« pliragm, of diameter a and

depth d, where d is the effective
depth to which the X-rays pene
trate the specimen.*

There is incident at any point 
A  in P  a solid circular cone of 
rays defined by the front open- 

Fio. 1. ing of the diaphragm and the
point A ; and since d and a are 

small compared with D  the cone can be regarded as right-angled and 
constant whenever A may be in P. With A  as centre, construct a 
reference sphere of radius I). Let A K  be any one of the cone 
of rays incident at A, let AN  be the normal to a set of planes in 
a crystal at A , and let NL  be the normal from N  to the ray AK. If 
angle K A N  — (90° — 0), where 0 is the glancing angle of reflection, 
then a reflection will result, hence if N  fall on a circle with NL =  P 
sin (90° — 0) as radius, a reflection of the ray A K  will occur. Similarly, 
for any other ray of the cone to be reflected N must lie on the appropriate 
circle. The envelope of these circles is a belt of area 2tcD  sin (90° — 0)a 
around the sphere, so that the probability that this set of planes will 
reflect one of the rays of the cone is

area of belt 
area of surface of sphere 

„  2jxD  sin (90° — 0)a a cos 0
F = = -------------------------------=  “ 2 D - -

* The actual estimation of d is not e asy ; i t  may be regarded, however, as that 
depth beyond which anv grain gives a reflection so weak th a t  i t  cannot be seen 
on the film by visual observation. This distance d depends on tho grain-siie, 
i.e. it is possible for a large grain a t average depth d below the surface to give a 
ju s t  visible spot, whereas a small grain a t  average depth d would give a spot which 
would no t be visible owing to its  lesser intensity. For one particular grain-size 
and for a definito tim e of exposure, d can be regarded as a constant.
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If there are N  grains in P, then the probable number of reflections 
from a given plane from the grains in P  is

N  cos 0«
~ 2 D ~

Let Y be the number of spots for a given (hkl) reflection coming from 
the grains in zone P.

where j  is the number of planes in the particular form.

If V is the volume of zone P the volume of 1 grain =  ^  and the 

mean length of the grain edge, G, is given by

In the foregoing we have dealt with the central zone P alone, which 
is easily amenable to mathematical analysis.

With the experimental conditions as depicted in Fig. 1 a limited 
part, Q, of the specimen lying outside P  is irradiated by the more 
oblique rays passing through the diaphragm, and so Q will also produce 
spots corresponding to this (hkl) reflection. A little consideration 
will show that the pencil of rays incident at any point in Q not only 
varies the further remote the point is from P, but also is of such shape 
that the factor F  expressing the probability of reflection cannot be 
rigidly calculated. Shdanow used a graphical method to determine F  
for this zone.

If now the diaphragm is long enough to come practically to the 
front surface of the specimen, the outer zone Q becomes very small 
and can be neglected. This is only the case either for a long diaphragm 
or if a circular “  stop ”  of diameter a is placed concentric with the axis 
of the diaphragm so that only reflections from P  are allowed to register 
on the film. In the experimental portion to follow the long diaphragm 
has been mainly used.

Considering expression (1), we find that it is required to know V.
2

Now Y  is equal to ~  X  d (the effective depth). Unfortunately d is

not constant, but varies with the grain-size. This introduces the 
difficulty in deriving a rigid mathematical formula applicable to 
reflection pictures for different grain-sizes.

V O L .  L X .  T

(1)
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For one particular grain-size, however, and a constant exposure 
time and irradiation conditions, d is a constant. V can therefore be 
determined if d can be determined. The determination of d is ap
proached by considering the relative intensities of the rays reflected 
by a small grain at a distance d below the surface of the specimen and

of a similar grain on the specimen 
surface.

Referring to Fig. 2, AB  is a 
ray incident on the specimen CO. 
Let B  be a point distance d below 
the specimen surface, and let the 
reflected ray lie along BD.

If I 0 is the intensity of the 
incident ray, the intensity I ¿> at 
B  will be given by 

I d =
where [i is tlie linear absorption 

coefficient of the X-rays in the specimen.
Suppose a fraction, K  (depending on the structure factor, &c.}, 

is reflected by a grain at B, then the intensity at B of the reflected ray is

This ray has to traverse a further distance BD, and since BD =  
d/cos (180 — 20) the intensity on emerging from the specimen surface is

R I0e '^ ( l  +  cos (180 _  20))

The intensity of a ray reflected by a similar grain at the surface is 
K I0,* and the intensities of other reflected beams lie between these 
two values.

Let the intensity ratio of the strongest and weakest reflected rays 
be r, then

r  —  ~  Bec 20)

d = loge r
¡¿(I — sec 20)

Thus the volume of part P  taken as a cylinder of height d radius \a 
is given by

-<t2log er
4|i (1 — sec 29) 

and the mean length of the grain edge G is given by 
j I -za3j  cos 0 log eT
VsZTG - 8D Y  ¡ i( l  -  sec 20) - • • •

* We are here neglecting the absorption in the reflecting grain itself.

(2)
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Considering this expression, nil terms are known except r, the ratio of 
the intensities of the strongest and weakest spots. There must be a 
certain minimum blackening for one to see a spot on the film, and the 
blackening of the strongest spot will depend both on the exposure 
time and 011 the grain-size. It is not possible to obtain a measure of 
the blackening ratio by photometric' means, and in any case this pro
cedure can be ruled out from a practical point of view. If it were 
possible to know the exposure in advance, i.e. expose so that the 
strongest spot has a blackening 
about equal to unity, then an 
estimate of r, the intensity range, 
could be given. This possibility 
was borne in mind, but a much 
simpler way of surmounting the 
difficulty was devised.

A photograph of the specimen 
was obtained by making the ex
posure time, t j, short so that the 
strongest reflections prod uce spots 
of medium blackening B  (less than unity). The photograph was repeated 
using the same part of the specimen with a longer exposure time, t2. The 
two photographs are compared side by side, and all spots in the second 
photograph, which have a blackening equal to or greater than B, 
must be produced by reflected beams with an intensity range r, where

r == *
h '

If Y j is the number of these spots in the second photograph, this 
is the value of Y, corresponding to r given by the ratio of the times of 
exposure, to insert in expression (2) for the determination of the absolute 
grain-size.

The taking of two photographs obviates the need for photometry and 
permits the evaluation of the actual grain-size using X-ray data alone.

Practical.
The grain-sizes of six specimens of aluminium have been determined 

by this double picture method. The essential arrangement and dimen
sions of the apparatus used are shown diagrammatically in Fig. 3. 
By tapering the end of the diaphragm as shown it can be brought 
very near the specimen surface without interfering with the required 
reflected beams. The (331) reflection, conveniently given by CoK a 
radiation was observed. The two photographs were compared side

* This follows from the Schwarzschild law S =  F  {Hp), where S is the blacken
ing, i  the intensity, and t the exposure time. j> may be taken as unity for X-rays.
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by side on a viewing lantern, and the mean value of two or three of the 
blackest spots in the first photograph was taken as the value of B.

T a b le  I.

Specimen
No.

Photo
No.

Exposure,
Minutes. r. Grain-Slzo Calculated, 

Mm. x  10-*.

Grain -SUe 
by Metal
lurgical 
Couut, 

Mm. x  ltr '.

P. 445 174
171 
174
172 
174
173
171 
173
172
173

2il
n
21 \ 

20 ) 5 \ 
20 /

21
5

20

8

4

15

33

72

47

24

3-3

3-08

2-9

2-96

3-24

mean 31 2-8

P. 732 168
166

21) 
10 J 4 31 2-98 moan 2-95 3-35

168
167
169
167

211 
20 \ 

5 1 
20 j

8

4

50

32

2-92

2-95

P. 431 162
163 V 10 20 4-08 mean 4-1 4-2
162
164 30 30 4-07

P. 439 156
161
260
261
260
262

lU
4n

12

20

40

9

15

20

5-48

5-00

4-8

mean 5-2 6-35

P. 427 216
218
215
216 
215 
217

10 \ 
2 i i  

45 V 
10 ) 
45 \ 

5 J

4

4'5

9

50

60

102

2-54

2-46

2-34

mean 2-45 2-35

P. 554 221
223
220
221
220
222

10
21

40
10
40

I
\
1

4

4

8

77

86

130

2-2

2-12

9.12

mean 2-15 2-15

In the larger grain-sized samples in particular the otj and a2 reflections 
cannot be differentiated, so that the total number was counted and 
halved to get the correct value for Y. Details of the results are given 
in Table I.
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Possible Modifications o f Method for Large Grain-Sizes or Highly 
Absorbing Substances.

Owing to the soft radiations used, viz. CuK a or CoA'a, which arc 
highly absorbed in metals, it was thought at first that the analysis 
could be treated as if only grains in the surface gave spots which could 
be counted.

Consider tlie expression which was obtained in section (1) for G 
the grain-size

,, „ /t o 2 . dja cos 0
G ~ 3 V W Ÿ

If d is smaller than G, one would be justified in treating the whole 
calculation as if only the grains in the surface give countable reflection 
spots, and then we should have, simply,

_  /t o 3 , j  cos 0
& - 2 V  8 D Y  .

in which r is the relative intensity of the weakest and strongest observ
able spots. Judging from experimental results, r is of the order of 
1 to 50, and is bound normally to exceed the ratio of 1 to 10.

Using these values of r, the values of d corresponding to the K a 
radiations of Cu and Co for specimens of aluminium, copper, and iron 
have been calculated. These are given in Table II.

T a b l e  II.

Specimen. d x  10"* cm. r.

Radiation Cui
A1 14-7 1 -5 0

8-6 1 -1 0
Cu 3 -97 1 -5 0

2 -3 1 -1 0
Fe 0 -74 1 -5 0

0-4 1 -1 0

Radiation CoKa.
A1 8-4 1 -5 0

5-0 1 -1 0
Cu 2-7 1 -5 0

16 1 -1 0
Fc 4-5 1 -5 0

2-6 1 -1 0

Copper radiation is never used for examination of iron owing to 
the enhanced incoherent scatter, but cobalt is specially convenient.
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Both in the case'of aluminium and iron, d for the usual 1-50 intensity 
ratio is of the orde'r of 5 X 10-3 cm., which is very near the maximum 
grain-size which it is normally wished to count— it is clear, therefore, 
that in general for aluminium and iron, grains below the surface layer 
will give rise to countable spots, and therefore the volume formula 
must be applied.

P a r t  II.

Determination of Grain-Size from an Empirical Chart.
It is necessary to take two photographs of the same region to deter

mine the absolute value for the mean grain-size. The authors have 
endeavoured to find whether it was possible to develop a suitable 
method by which the grain-size can be determined from one picture 
alone; this would be a considerable advantage in practice. The total 
amount of X-radiatioii reflected by small grains is proportional to the 
volume of the grain. The length of a spot has been shown to be pro
portional to the grain-size, and the width of a reflected spot is a linear 
function of the grain-size and the divergency of the beam; it can be 
seen, therefore, that the intensity of a spot or the blackening of a spot 
varies approximately with the grain-size. The authors have tried 
using this as a method of grain-size determination, but there are many 
difficulties in the practical estimation of the intensities of the spots.

It is fairly easy, however, to derive an empirical relationship between 
the numbers of spots on photographs taken under standard conditions 
and the grain-sizes for a given series of specimens. By expressing this 
relationship in the form of a graph, the grain-size of an unknown 
specimen can then be read off, after observing the number of spots 
on a photograph taken under these standard conditions. For constant 
experimental conditions it is sufficient to realise that Y  is some function 
of G the grain-size.

The graphs relating the total number of observable spots to the 
grain-size for the same series of aluminium specimens as used before 
is given in Fig. 4. The (331) reflection given by CoA'0 radiation was 
observed. The source of X-rays was a “  Metalix ”  apparatus for 
crystal analysis which gives a fairly constant output with a constant 
size of focal spot.

Curve (1) shows the number of spots plotted against the grain-size 
determined with the microscope, while in curve (2) they are plotted 
against the grain-size determined by X-rays. For grain-sizes larger 
than 5 x  10-3 cm. the method is not very sensitive, but in the use
ful region down to 1CH cm. results to within 10 per cent, can be 
obtained.
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"With regard to specimen P. 445, there appears to be some dis
crepancy between the results for grain-size determined by the two 
methods— judging from the curves it appears that the X-ray result is 
the more correct.

S u m m a r y .

The use of X-rays for determining the grain-size above ICH cm. 
has been discussed. The reflection method is the only one which can 
be considered as practicable for ordinary work, for it. is the only method 
which can be applied on the ordinary specimen used by the metallurgist. 
The method described by Shdanow for thin specimens cannot be applied 
to reflection photographs. It forms, however, a satisfactory basis for 
the theoretical treatment of another method developed by the present 
authors— a double-picture method from which a mean value for the 
absolute grain-sizes of specimens can be derived.

So far as relativo grain-sizes are concerned, it is shown that the 
grain-size is not inversely proportional to the cube of the number of 
spots owing to the relative intensities of the strongest to weakest 
observable spots being dependent on the grain-size for constant ex
perimental conditions. A  smooth curve was obtained, however, when 
the number of spots on a given (hkl) line were plotted against the grain- 
size. A chart can be constructed which can be used for routine grain- 
size examination in this region.

Ackn o w l e d o m e n t .
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DISCUSSION.
D r . C. J. S m i t h e i .l s ,*  M.C. (Member o f  C ouncil): I  should like to comment 

on the extraordinarily small range o f  grain-sizes which are dealt w ith; they 
vary only by a ratio o f  3 to 1. This work has been carried out on aluminium.
I do not know whether that covers the range required by the makers o f 
aluminium, but in metals in which I am interested I have a range o f  grain- 
size o f  50 to 1, and sometimes 100 to 1, and, i f  this met hod is confined to a range 
o f  grain-size o f  3 to 1, it is too small for many purposes.

* Research X-aboratories, The General Electric Company, Ltd., Wembley
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Another point is that if  that range is enough to be o f  interest , presumably 
the method must be accurate in that range. I f  one is really bothered by a 
variation in grain-size from 2J to 3 or 4, the measurements must be accurate. 
From the figures in Table I, one can take the grain-size as determined metal- 
lurgically as 3-(i7;t4 0  per cent. I f  the grain-size by metallurgical count is 
compared with that obtained by the X -ray method, in one case a divergence o f 
30 per cent, will bo found; this is almost equal to the actual rango being 
investigated. It seems to  me that the agreement is not good enough, and I 
should like more information on this point.

Again, only the surface grains are examined and the depth o f  penetration 
is apparently something like 10~3 cm. In a great many specimens the surface 
structure is definitely not representative o f  the body o f  the material. That 
seems to mo to bo a possible drawback.

This method might have very useful applications in routine testing o f  
certain types o f  material, but unless it can be extended to cover wider ranges 
of grain-size, I think that the application is too limited to be very general!}’ 
valuable.

Dr. E. V o c e  * (M em ber): Does the X -ray method count twins as separate 
grains or not ? I  think that this is a very important question. The American 
standard method o f  grain counting,f a metallographic method, definitely 
specifies that twins should not be counted as separate grains.

Mr. S t e p h e n  (in reply) :  In answer to Dr. Smithells’ first question, the 
range with which we have dealt was from 10~3 to the maximum grain which we 
had for these specimens, which was about 6-35 X 10-3 cm. I think that it 
can be taken that the X -ray method covers a range from K r- down to 10“3 cm., 
which is satisfactory for most deep-drawing problems. The comparison o f  
one divergence o f  30 per cent, with the extent o f  the range 300 per cent, is 
somewhat intrepid.

Dr. Smithells’ second question seems not only a criticism o f the X-ray 
method, but a criticism o f  the metallurgical method, which is even more .a 
surface method than the X -ray method. A  surface has to be studied in any 
case, whether it is done by  X-rays or metallurgical means. The X-ray does 
at least get a little below the skin; its big advantage is that there is no need 
for a highly polished surface; a rough etch gives all that is necessary, and 
other valuable information is obtained which cannot be given by metallurgical 
examination.

Wo are now studying the point raised by Dr. Voce. When twinning is 
present, twins are counted as separate grains.

The work was really an attempt to see whether we could get order from 
the many claims which had previously been made, and it seems, in our view, 
that this method can bo applied usefully within the region o f  10"2 down to 
10~3 cm., but I do not think that a very high accuracy will ever be obtained in 
that region, either by metallurgical means or by X -ra y ; nor does there seem 
any point in aiming at a high accuracy. The big advantage o f  this method is 
that a variation in grain-size can be seen easily, since the blackening o f  the 
spots varies approximately with the grain-size. I f  spots are seen which are 
larger and much blacker than others, some idea is obtained o f  the variation 
from their relative number. It should bo possiblo to find out what is really 
meant by an average grain-size, which, wo would imagine can only be truly 
expressed in the form o f  a distribution curve, about some mean value. I  have 
found it very difficult to get order from the statements previously made for 
average grain-size determinations, and it seems to be a very difficult subject 
indeed.

* Investigator, British Non-Ferrous Metals Research Association, London.
t  Amer. boc. Teat. Mat. Standards, 1936, (I), 765.
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CORRESPONDENCE.
D r . W. B etteridqe,* B.Sc. : While the authors’ X -ray method agrees 

excellently with metallographic methods for the specimens examined, it 
should be pointed out that its accuracy depends to a great extent on the 
freedom from distortion o f  the grains. Two types o f  distortion o f  the crystal 
lattice can affect the accuracy o f  the measurements : (1) bending of the 
lattice, which causes a reflection from any given plane to occur over a range of 
positions o f  the lattice relative to the incident X-rays, although the reflection 
angle 0 remains constant; and (2) variation in the spacing o f the reflecting 
planes, which causes reflections to occur for a range o f  values o f  0.

Bending o f  the lattice, in effect, makes the normal to the reflecting plane 
become a cone o f  small angle instead o f  a line (A N  in Fig. 1 o f  the paper), 
and a reflection will then occur if  any part o f  that cone intersects the belt of 
area 2izDa . cos 0 on the sphere. I f  </> be the angle o f  the cone the effective 
area o f  the belt becomes 2 tc D(a +  ij>D) . cos 0 and the probability o f  a reflect ion
occurring is increased to 1~ • cos 0̂  j f  ^j,;a distortion o f  the lattice is at

all large it immediately becomes apparent since the reflected spots will be 
elongated in a circumferential direction and also it is possible for K ol\ and 
A'«2  reflections to be obtained from a single grain. Fig. A (Plate XLIV) 
which shows the reflection o f  the Ka. radiation o f  iron by the (400) plane of the 
lattice o f  a sample o f  fully heat-treated R .R . 59 alloy, is an extreme example 
o f  such distortion. For high order reflections the minimum angle between 
planes reflecting a, and a2 rays becomes relatively large, and in the example 
quoted by the authors (a reflection o f  cobalt radiation by the (330) plane of 
aluminium) it is 27 '; grains with less spread o f  the reflecting planes than this 
cannot give a double reflection plainly to reveal their distortion and yet the 
probability o f  reflection can be increased by as much as 1-71 times. The 
elongation o f  the spots would be in a similar ratio, which would probably 
escape detection, and i f  all the grains had the same degree o f  distortion the 
grain-size measurement would be too low, in the ratio o f  1 : \3 1-71 or 0-83 :1.

The second tj'pe o f  lattice distortion giving reflections over a range of 
values o f  0 also increases the probability o f  reflection, for i f  a variation o f ¿0 
from the mean value can occur, the normal to the plane may move within a 
range o f  2<f0 while still reflecting; the probability in this case is increased to

‘..P )  • 003 Q. Distortion o f  this type causes the spots to bo extended

radially, and frequently makes the a, and a2 reflections irresolvable. If, in 
the same example, the doublet is just irresolvable the probability o f  reflection 
is again increased 1-71 times. I t  is also incorrect with such irresolvable  
reflections to halve the total number o f  spots, for any one may represent both 
a.l and a-i reflections.

Care must therefore be taken in applying this method o f  grain-size measure
ment, and if  the reflected spots show any signs o f  spreading, discretion must 
bo exercised in considering the values obtained.

Messrs. H. W . L. P h ill ips , f  B .A. (Member) and P. C. V a r l k y ,J M.A. 
(Member) : For some years we have been interested in the possibilities of 
applying X -ray methods to the determination o f  grain-size, particularly in

* Research Physicist, Engine Department, The Bristol Aeroplane Company, 
Ltd., Bristol.

f  Metallurgist, The British Aluminium Company, Ltd., Warrington.
+ Physicist, The British Aluminium Company, Ltd., Warrington.
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view of the well-known limitations o f  the metallurgical methods. Wo were very 
pleased; therefore, to lend the authors some specimens when they informed 
us that they were undertaking these experiments. W e were disappointed, 
however, to see from this paper that they have by no means overcome all the 
difficulties involved in such methods.

In the first place in calculating the mean grain diameter from the X-ray 
and metallurgical counts, the authors have assumed that the crystals arc 
cubic, whereas in fact they are irregular polyhedra, and with the finer-grained 
samples probably approximate more closely to spheres.

We have recalculated the figures in Table I  o f  the paper, 011 the basis o f 
spheres, and we find that not only are the absolute values for the grain-size 
altered, but also their relative magnitudes. In order to calculate the mean 
grain diameter from the metallurgical count we have assumed that the 
individual crystals are spherical in shape, but that they may show' considerable 
variation in size, the spacial arrangement being random so that the spaces 
between the large spheres are filled up with smaller ones. The metallurgical 
counts were done by the well-known intercept method, and it can readily be 
shown that if a sphere o f  radius r is cut at random by a lino the expected 
length o f  the intercept wall be 4r/3. Hence, i f  D  is the mean grain diameter 
the intercept count n will be equal to 3/2D. The figures given by the 
authors ¡11 the last column o f  Table I  are equal to 1 jn  so that on this basis they 
are two-thirds o f  the mean grain diameter. For comparison purposes, the 
X-ray count must also be recalculated on the same basis; this is readily done

by multiplying the figures given in the paper by 3,^/**.

Taking specimen No. I’ . 445 as an example, we find that the mean grain 
diameter from the metallurgical count is 4-22 X 1 0 2 mm. and from the X-ray 
count 3-84 x  10'2 mm., giving a ratio o f  metallurgical to X-ray count o f  1-10 
instead o f  0 00. Similarly, different values w ere found for the other specimens, 
and the mean ratio worked out at 1-20 as against 1-04 from the figures given in 
the paper, so that on this basis there appears to be a discrepancy o f  25 per cent, 
between the two methods. Further, wo are not satisfied that, even assuming 
the grains to bo cubes, the figures given in the last column o f Table I  really 
represent the mean grain edge as calculated from the metallurgical counts. 
The figures supplied by us were expressed in grains/mm.® in the convent ional 
maimer, and the authors have used the reciprocals o f  the square roots of 
these figures as equivalent to the mean grain edge us calculated from the 
X-ray data. This, in cffect, assumes that the cube-shaped crystals are all 
nicely arranged with one face o f  each cube in the plane o f polishing, which is 
certainly not the case.

There is one other point which should be mentioned here. In making their 
calculations, the authors have neglected the effect o f  the oblique rays passing 
through the pinhole, on the grounds that the area irradiated by such rays under 
the conditions o f  their experiment was small. Actual calculation shows that 
the area o f  the specimen irradiated by such rays is about 8 per cent, o f  the total, 
and even allowing for the diminution o f  intensity with increasing obliquity 
"  ill introduce an error o f  about 4 per cent, in the number o f  spots observed.

We have attempted to carry out grain counts by the methods described 
in the paper, but we have met several difficulties which are not mentioned by 
the authors. The difficulty o f  determining the number o f  spots on a given ring 
is increased by two factors. In the first place not all crystals show both the 
*1 and oc2 reflections. There is a region round the periphery o f  the irradiated 
area where only one o f  these reflections is possible and a correction should be 
made for this. Secondly, the normal X-ray film used for such work is double 
coated, and owing to the thickness o f  the base and the obliquity o f  the re
flected rays each spot appears double, one imago being on each side o f  the film.
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This difficulty can, o f  coursc, be readily overcome, but may be a trap to the 
unwary.

In considering the relative merits o f  the metallurgical and X-ray methods 
o f  determining grain-size, attention should be paid to the cost o f  obtaining a 
given accuracy by the two methods. So far as wo can discover, the time taken 
in exposing the two X -ray films is approximately the same as that required 
to prepare and polish a specimen for a metallurgical count and the time of 
counting cannot be very diSerent. W o normally carry out ten counts on each 
specimen and imder these conditions the standard error o f  the figuro in the 
last column o f  Table I  works out at ± 0 -10 , whereas the standard error of a 
single X -ray determination, calculated from the figures given by the authors, 
works out at ±0 -16 . In order to obtain the same accuracy as is normally 
obtained by the metallurgical method, three X -ray determinations would have 
to bo made. The empirical method described later in the paper has an even 
lower accuracy, the authors only claiming 10 per cent, which ¡8 about onc- 
third that o f  the metallurgical method, and nine determinations would be 
necessary to obtain a similar degree o f  precision.

Thus while the methods described in the paper are o f  great interest and 
may be o f  value in providing a useful check, they cannot claim any advantages 
over the normal metallurgical methods.

The A uthors (in rep ly ): W e greatly appreciate Dr. Betteridgo’s remarks— 
the validity o f  the X -ray method is indeed affected by the distortion or 
“  coring ”  o f  the type illustrated in the picture. It is clear, however, that 
estimations o f  the number o f  spots from such pictures can hardly be attempted. 
In  any case, the appearance o f  the spot enables one immediately to identify 
either peripheral or radial elongation which factor is o f  value for instance in 
evaluating the amount o f  elongation in a slightly worked sample. It is 
highly questionable, too, whether a definite grain-size should be indicated 
for such pictures, as the X -ray  results show the presence o f  largo numbers 
o f  “  crystallites.”

W ith regard to the contribution o f  Messrs. Phillips and Varley, the X-ray 
method gives us tho number o f  grains per unit volume irrespective o f  shape 
and is therefore independent o f  any assumption as to the variation in grain- 
size.

Tho difficulty occurs in tho basis o f  comparison o f  the metallurgical with 
tho X -ray results, since tho former are based purely on surface observations. 
To compare the results accurately both the shape and distribution o f  sizes 
must be known. The grain-sizes examined are in our opinion far too large 
to allow o f  an assumption o f  spheres, especially as there is no evidence from 
X -ray pictures that there exist small grains filling up the interstices between 
larger grains. Because o f  this and other considerations, wo chose the simplest 
ease, assuming that the grains were cubic. W ithout a knowledge o f  the shape 
and distribution, it was thought worthless to attempt any ultra accurate 
comparison basis. It should be emphasized that tho X -ray pictures make it 
possible to seo at a glance whether there is any great variation in grain-size 
and, in the examples examined, this was not the case.

The X -ray method places tho grain-sizes in their right order, purely on 
the number o f  grains per unit volume, taken as a physical observation, devoid 
o f  any assumption. The metallurgical observations on tho surface inter
ceptions reverse the order o f  P445 and 1*732, which results cannot be correct.

Spots occurring on aj and a2 rings, only occur in pairs even i f  the divergency 
is groat enough to permit this, so that there should be no difficulty in deciding 
whether a grain gives two spots or one. Incidentally, observations o f  these 
doublets provides evidence o f  great value regarding perfection o f  grains or 
lattice distortion— information inaccessible to the microscope.
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In making our calculation, wo decided to neglect the effect o f  the oblique 

rays; the error involved depends on tho product o f  the area neglected, and the 
average probability o f  reflection for the area. This explains an error o f  about
4 per ccnt. in tho number o f  spots or the number o f  grains per unit volume, 
which leads to an error o f  1-3 per cent, in the mean grain diameter.

We do not wish to claim any great advantage over the normal metallurgical 
method. The X -ray method is rather an auxiliary method, as it provides 
a cheek and gives a qualitative idea o f  the variation in sizes. The fact that 
it can be used non-destructively, too, is o f  importance, e.g. when investigating 
the grain-size o f  the base or coating in coated sheets.

We are certainly o f  the opinion that attempts at too high accuracy by 
either method without further information are in general worthless.
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THE CONTROL OF COMPOSITION IN THE 7 5 1  
APPLICATION OF THE DEBYE-SCIIERRER 
METHOD OF X-RAY CRYSTAL ANALYSIS 
TO THE STUDY OF ALLOYS.*

By WILLIAM IIUME-ROTHERY.t M.A., D.Sc., -Me m b e r , a n d  PETER 
WILLIAM REYNOLDS, B.A., B.Sc.J

S y h o p s i s .

The application of the Pebyo-Scherrcr method to the study of alloys is 
discussed critically with special reference to errors due to uncertainty of 
the exact composition of the filings comprising the specimen. It is con
cluded that "where practicable it is desirable to analyze the actual filings 
from which the representative small sample used in tlie preparation of tlie 
specimen has been sieved. .Methods arc described for the preparation of 
perfectly clean filings suitable for accurate chemical analysis. 11 is show n 
that, in the determination of phase boundaries from lattice spacing 
measurements of two-phase alloys, misleading results may bo obtained if 
the temperature of the preliminary anneal of the material in lump form is 
not suitably related to that of the final annealing of the filings.

(1) I n t r o d u c t o r y .

The Debye-Scherrer or powder method of X-ray crystal analysis is now 
used extensively in metallurgy, both for the investigation of crystal 
structures and the determination of solid solubility curves. On the side 
of X-ray technique a satisfactory standard of accuracy has been attained 
provided that certain essential precautions are taken. Of these the 
roost important a re : (a) the use of suitable radiation to obtain ‘ high 
angle lines,”  (b) allowance for film shrinkage, and (c) the use of some 
extrapolation method such as that of Bradley and Jay 1 in order to 
allow for errors introduced by absorption, eccentricity of the specimen,
&c. If these precautions are taken the lattice constants of alloys can 
be measured to an accuracy of the order 1 part in 10,000 to 1 part in 
50,000, or even to 1 part in 100,000 in specially favourable cases. The 
defect of the method lies in the uncertainty of the exact composition 
of the filings comprising the specimen. This point has received com
paratively little attention from investigators, with the result that in

* Manuscript received May 21, 1936. Presented at the Annual General Meeting,
London, March 11, 1937.

f  Royal Society Warren Research Fellow, Oxford. 
t  Jesus College, Oxford.



304 Hume-Rothery and Reynolds : Application of the

many papers where lattice constants are claimed to be measured to an 
accuracy varying from 1 part in 5000 to 1 part in 50,000, the results are 
represented by smooth curves from which individual points may 
differ by 1 part in 5000 or even 1 part in 500. The present paper 
discusses methods by which these discrepancies may be reduced, since 
it is clearly unsatisfactory for the accuracy on the one axis of co
ordinates to be out of all proportion to that on the other. The matter is 
of groat importance in determinations of solid solubility limits in view 
of the increasing tendency to determine these from lattice spaeing- 
composition curves with very few points in the critical region of the 
homogeneous solid solution; in such cases unless the few points in the 
homogeneous area are entirely reliable, the whole scries of solid solubility 
limits may be deduced wrongly. Further, as shown later, if the anneal
ing treatment is not suitably chosen, quite incorrect values for the 
solubility curves may be deduced from measurements of the lattice 
constants of filings quenched from a temperature in the two-phase region.

(2) T u b  C h o ic e  o p  A n n e a l i n g  T e m p e r a t u r e s .

In all but a minority of cases the preliminary treatment of an alloy 
should consist of an anneal in lump form, because the cored structure 
of a cast alloy is usually coarser than the fine filings used for the X-ray 
specimen. Consequently, unless one metal in a binary alloy is volatile, 
annealing of filings from the casting will not produce true equilibrium 
unless sintering and coalescence occur. Where the cast alloy is two- 
phase this difficulty is accentuated, since the two phases may have to 
react to produce equilibrium, whilst individual particles of the filings 
will often consist of one phase only.

After the preliminary anneal of the material in lump form, the filings 
are prepared, and have then to be annealed in order to relieve mechanical 
strain, and may be slowly cooled, or quenched from a particular tempera
ture according to the requirements of the experiment. I f  the alloy 
contains no volatile metals, and is homogeneous at both high and low 
temperatures, the preliminary anneal can be carried out most quickly at 
a temperature as near to the melting point as possible. If the cast alloy 
contains constituents of low melting point which are absorbed in the 
annealing process, it is advisable to heat the alloy slowly to the final 
high temperature in order to avoid temporary fusion of the low-melting 
constituent with the production of a very coarso structure from which 
true equilibrium is only obtained after prolonged annealing. If, how
ever, the alloy contains a volatile constituent, it is frequently advisable 
to anneal the lump of alloy for a comparatively long time at a moderately 
high temperature, rather than for a short time at a higher temperature.
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This is because a short anneal at a very high temperature results in tho 
loss of the volatile constituent from the surface, and although in some 
alloys, as shown by Owen and Pickup,2 this difficulty can be overcome 
by removing a comparatively thin surface layer, there are other cases in 
which a longer annealing at a lower temperature is more satisfactory.

Where two-phase alloys are concerned, as in the determination of 
solid solubility limits, the position is much more difficult. W e may 
consider an equilibrium diagram of two metals A  and B  where a primary 
solid solution a exists in equilibrium at different temperatures with two 
phases p and p', the form of 
the solubility curves being as 
shown in Fig, 1. W e may
suppose that it is desired to 
determine the solubility limits of 
the a and p or p' phases at the 
temperatures ij, t„, t3, and i4 from 
lattice constant measurements 
of filings of a two-phase alloy 
of composition x. W e may
suppose first that the prelimin
ary lump anneal is at tv  resulting 
in the production of a-phase 
of composition av  and (3-phase 
of composition bv  the structure 
being coarser the higher the 
annealing temperature. Filing 
of this alloy will produce fine 
particles most of which will 
consist entirely of one phase.
When re-annealed at f2, the « atomk pcrceh' b —
particles of the (3-phase have F10- 1.
merely to precipitate some of
the a-phase so that their composition changes from b1 to i>2, with the 
production of a-phase particles of composition a2- The particles of 
«-phase of composition Oj have, however, to take up more of the solute 
element B  in order to reach the equilibrium composition a2, and this 
they are normally unable to do, although if tho element B  is volatile 
true equilibrium may be obtained.* This combination of heat-treat- 
ments may, therefore, result in the production of a-phase particles of 
composition and o2. I f the relative amounts of theso two kinds of

* With non-volatile metals equilibrium may be reachcd if sintering or coalescence 
of the filings occurs, but the resulting mass is, of course, generally useless.

v o l . l x . ü
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a-phase particles are comparable, and tlieir lattice spaciugs arc suffi
ciently different, definitely fuzzy or double lines will be produced in the 
X-ray diffraction photograph. If, however, tlie compositions a1 and 
a2 do not differ widely, slightly broader lines will result, the centres of 
darkening of which will correspond with some point between ax and o2, 
whilst completely misleading results may be obtained if the relative 
amount of a2 is so small compared with that of a1 that the particles of 
a2 are too few to produce a line of appreciable intensity; unless care is 
taken this may easily be the case.

The above heat-treatment, therefore, makes it possible to determine 
the lattice spacing of the ¡3-phase on the solubility curve at t2, but leads

to difficulties with the a-phase. 
Similar reasoning shows clearly 
that if the preliminary lump 
anneal is at i3, the position is 
reversed. In this case if the 
filings are subsequently annealed 
at tv  t2, or i4 the a-phase 
particles of composition a3 have 
merely to precipitate the [3-phase 
in order to reach the equilibrium 
compositions av  a2, or av  whilst 
the (3-phase particles of com
position &3 have to take up into 
solution some of the element A, 
and this may be impossible 
unless this element is volatile. 
This reasoning is quite general, 
and the conclusion may be 
summarized by saying that

if the preliminary lump anneal is not at the same temperature
as that of the filings, the two must be adjusted so that, in the final 
anneal, the particles of the phase under investigation precipitate 
a second constituent, and do not take one up into solid solution. 
This implies that in an equilibrium diagram of the type of Fig. 2, 
a single intermediate two-phase alloy annealed at a high tem
perature will serve for the determination of both solubility curves at 
lower temperatures, whereas in the diagram of Fig. 1 considerable care 
is necessary if misleading results are to be avoided. A  critical examina
tion has shown that in several recent papers where solid solubility curves 
of the type represented in Fig. 1 have been determined by X-ray 
methods, parts of the curves may be affected by errors of the kind

F i g . 2 .
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referred to above. These difficulties may be more pronounced in alloys 
where the filing process produces a surface film of oxide which may 
completely prevent interaction between different particles on annealing.

(3) T h e  D e t e r m in a t io n  o p  t h e  Co m p o sit io n  o f  t h e  S p e c im e n .

There has been a general tendency to assume that the composition 
of the filings in the specimen may be determined by lump analysis of the 
original alloy, although in cases where a volatile constituent is present 
the necessity for analysis of filings receiving the same heat-treatment as 
those of the specimen has been recognized. Even with non-volatile 
metals, however, the former method frequently leads to misleading 
results, and the authors, therefore, recommend that, where practicable, 
analysis should bemadeof the actual filings from which the representative 
small portion used in the preparation of the specimen has been sieved.*

In the first place, if segregation is present, errors due to differences 
between the compositions of the portions used for the specimen and the 
analysis are avoided by this method. It must be emphasized that the 
mere fact that sharp diffraction lines are given by a specimen made from 
a small quantity of filings is no indication that segregation effects are 
absent. It is commonly but erroneously supposed that if sharp diffrac
tion lines are given by filings prepared from a complete cross-section of 
a cylindrical rod, the material is satisfactory, but this assumption 
ignores the possibility of longitudinal segregation. The authors have 
encountered this phenomenon particularly in the case of silver-tin alloys 
in the form of ('V 'n- diameter drawn rods. Filings prepared from 
complete cross-sections of these rods gave perfectly sharp diffraction 
lines, and it was only by repeating the measurements with filings from 
different sections along the rod that the segregation was discovered. 
The rods were prepared for the authors with great care, the cast bars 
being subjected to a prolonged annealing treatment before being drawn 
down into rods. All this batch of silver-tin alloys showed this type of 
segregation, but there seemed to be no obvious fault in preparation, since 
other rods of silver alloys prepared by the same firm under supposedly 
identical conditions were quite free from this defect. The extent of the 
longitudinal segregation in the silver-tin alloys was such that if filings 
were prepared from a complete cross-section, and the composition deter
mined from 1 grm. of the adjacent material, the error involved was 
of the order i  0T per cent, by weight, whereas completely misleading

* I t  is im portant th a t filings used for the specimen shall be representative of the 
whole sample used for analysis. In  practice the specimen is usually made- from 
very fine particles sieved ou t from the main bulk, whilst the analysis is carried out 
on a m ixture of those which pass through 1 he sieve and those retained. I t  is 
im portant, therefore, th a t the whole mass used for analysis shall have been shaken 
on the sieve so that, the fine particles are thoroughly representative.
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results could be obtained if the analysis were carried out on material 
from another part of the rod. In other silver alloys, and also in certain 
copper alloys, the segregation is usually of the transverse type, and here 
the best results are obtained by preparing filings from a zone of material 
equidistant from the centre of the rod.

An indication of uniformity in the composition of the specimen is 
given by the resolution of the K a doublets in low angle diffraction lines, 
provided that the specimens are of the correct thickness, and that the 
camera and specimen are accurately adjusted. These conditions are 
essential, since variations in the X-ray slit system, or faulty centering 
of the specimen affect the resolution considerably. In the a-solid 
solutions in silver, the use of cobalt radiation gives 024 and 133 lines at 
approximately 78° and 72°, respectively, but it is difficult to estimate the 
extent of segregation from these high-angle lines since the doublets are 
resolved in all but extreme cases. With homogeneous specimens the 
400 lines at approximately 60° are distinct and well resolved, whilst the 
222 and 113 lines at 49° and 46° are also definitely resolved. Eesolution 
of these last two lines in a sample prepared from 0'5 to TO grm. of 
material is, however, exceptional for alloys, although a satisfactorily 
homogeneous sample will give -well resolved 400 lines.

Since accurate chemical analysis requires from 0-5 to TO grm. of 
material, any marked segregation will usually be revealed by a fuzziness 
of the diffraction lines if the X-ray specimen is made from filings repre
sentative of the whole quantity prepared. The sensitivity of this test 
naturally depends on the extent to which the lattice spacing varies with 
the composition, and it must be emphasized that visual observation will 
not reveal segregation if the limiting compositions correspond with a 
difference in lattice spacing of less than 0 0005 A. The existence and 
direction of segregation in an alloy may often be conveniently determined 
by preparing an X-ray specimen from a mixture of minute amounts of 
filings obtained from two positions in the original specimen, this method 
being particularly useful in the case of rare metallic alloys where economy 
of material is important. The direction of segregation being known, the 
procedure to obtain the most homogeneous sample possible is readily 
determined.

If a slight inhomogeneity of the specimen cannot be avoided, analysis 
of the actual filings gives the most accurate results obtainable, since both 
the chemical analysis and the X-ray measurement tend to give a mean 
value. This may not apply, however, if the segregation is of such a 
type that the rod consists mainly of one composition (x), with a thin 
layer of distinctly different composition (y). In this case if the diffraction 
line corresponding to (y) is faint, and sufficiently different from (a;), the
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darkest parts of the lines may correspond with the composition (a;), and 
not with the mean value given by chemical analysis. It  is for this 
reason that the outermost surface layer of a lump should always be 
discarded.

Apart from the effects due to macroscopic segregation in an alloy, 
fuzziness of diffraction lines may also be due to insufficient annealing of 
the lump alloy. In this case fuzziness persists when the specimen is 
made from a minute amount of material, in contrast to fuzziness due to 
segregation, which can be rcduced by preparing the specimen from a 
very small volume. In a one-phase alloy * slight fuzziness of line due to 
insufficient annealing is much less serious than fuzziness due to segrega
tion. This may be illustrated by Table I which shows results obtained 1 
with a second series of silver-tin alloys. In alloys 2a, 3a, and 4« the 
preliminary lump-annealing treatments were not quite sufficient to 
give well-resolved 400 lines, whilst in alloys 26, 36, and 46, the resolution

T a b le  I.— Lattice Spacings of Silver—Tin Alloys (a Solid Solution in
Silver).

No. of Alloy. Atomic Per Cent. Su. Lattice Spacing at 21° 0.

2  a 4-13 4-0945(9)
26 4-13 4-0945(9)
3 a 6-24 4-1032(5)
36 6-26 4-1032(6)
4 a 8-17 4-1122(3)
46 8-20 4-1122(4)

Annealing Treatments.
Lump anneals. No. 2a. 20 hrs. at 650° C. -¡- 40 hrs. at 780° C., -4- XI hrs. at 

860° C.
Nos. 3a and 4a. 20 hrs. at 650° C. -f- 4 hrs. at 780 C.
Nos. 26, 36, and 46. 5 days at 725° C.

Filing anneals. 15 hrs. at 520° C. in all cases.
The camera was calibrated with quartz and copper radiation as describe«^ by 

Bradley and Jay,s and the alloy diffraction photographs taken with cobalt radiation. 
The constants involved are :
Calibration of cantcra.

Cu. Ato, =  1537-305 X.U.
AKa, =  1541-232 X.U.

Quartz at 27° a =  4246-53 X.U.
c/a =  1-09996(5).

Lattice spacing measurements.
Co. AKat =  1785-29 X.U.

AA'o, => 1789-19 X.U.
As in the work of Bradley and Jay, the results from the at and aa lines were averaged 
in the ratio 2a1 : la,.

* This does not necessarily apply to two-phase alloys where the two phases have 
to react in order to reach equilibrium.
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was satisfactory. When allowance is made for the slight differences 
in composition of the filings from the two portions of alloys 3 and 4, the 
maximum discrepancy between the two series of results is equivalent to 
0-0001(1) A., so that the error introduced is less than 1 part in 40,000. 
This indicates that any slight fuzziness of lines not detected visually will 
be without effect, but it must be emphasized that the use of films with 
slightly fuzzy lines is justifiable only when there is conclusive proof that 
the fuzziness is not due to macroscopic segregation effects.

(4) T h e  P r e p a r a t io n  o f  F il in g s .

The considerations mentioned above suggest that results based or, 
the analysis of filings are to be preferred, and since this involves the 
preparation of from 0'5 to TO grm. of filings from each specimen, an 
automatic filing machine has been devised in order to minimize the 
labour involved. This machine, made by Messrs. Alfred Herbert, 
Ltd., of Coventry, is a modification of a small hack-saw machine. 
The hack-saw blade is replaced by a suitable file holder, and the specimen 
held in a clamp is surrounded by a paper tray to collect the filings. A 
long lever supports a moveable weight, by means of which the load on 
the file can be adjusted to suit the particular alloy concerned. The 
machinc has been very satisfactory, and has saved much time and 
labour, since the filing can be accomplished with little attention whilst 
other work is in progress. The authors must express their thanks to 
Professor F. Soddy, F.E.S., for his kind interest in developing this 
machine, and for placing it at their disposal.

The contam ination  o f  filings w ith  foreign  m atter m ay g ive rise to 
difficulties in analysis. I t  is perhaps significant th a t no details of 
com plete  analyses o f  filings appear to  h ave been published, m any 
investigators relying on  the determ ination  o f  one constituent on ly , even 
though  the second m etal determ ined b y  difference is present in  small 
am ount. T he authors have exam ined th is p o in t in  detail, and find that 
errors o f  the order 0T-0 '2  per cent, m ay easily be in troduced in this way.

In the early work on silver and copper alloys, filings were prepared 
by hand, and it was found that even with the most careful precautions 
to exclude dust and other foreign matter, the sums of the percentages of 
the metals as determined by analysis varied between 99'8 and 100'0, 
whilst another investigator obtained totals as low as 99'6. This source 
of error has been overcome by taking the utmost precaution in the pre
paration, and by cleansing the filings from foreign material which even 
then contaminates the product. To avoid metallic contamination it is 
practically essential to use a new file for each specimen. The files are 
washed in benzene to remove grease, and are carefully freed from
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foreign material b y  th e use o f  a cam el-hair b ru sli; a clotli or rag m ust 
not be used fo r  th is purpose. T he specim en, a fter rem oval o f  the 
surface layer, is clam ped in the holder o f  the m achine, or in  a v ice  if 
hand-filing is used, and, i f  necessary, is cleaned with benzene. The 
filings are collected  in  a glazed-card tray , and are transferred to  a 
stoppered weighing b ottle  where th ey  are shaken up w ith benzene. 
Even after the m ost careful preparation , the am ount o f  foreign material 
which is floated off in  th e benzene is o ften  astonishing. The benzene is 
decanted together w ith  suspended and dissolved im purities, and the 
process is repeated tw ice. In  extrem e cases carbon  tetrachloride m ay 
be more suitable on  accou nt o f  its  higher density  (approxim ately 1*5), 
but, in general, benzene is m ore satisfactory. The filings are then 
washed w ith  six successive portions o f  ether, and are dried in a vacuum  
or in a gentle current o f  w arm  air accord ing to  the nature o f  the product. 
Finally the filings are m agnetted in order to  rem ove iron particles which 
may have been  in troduced from  the file, unless, o f  course, the filings are 
themselves m agnetic.

By adopting these methods the authors have succeeded in preparing 
filings the total metallic content of which is not less than 99'90 per cent., 
the usual totals of the analytical percentages being about 99'98 per cent. 
Under these conditions a difference figure is accurate to within O'l per 
cent, if impurities are absent, but experience suggests that determination 
of both metals is always advisable since it gives warning of contamination, 
and many other possible sources of error. Filings of magnesium alloys, 
for example, when prepared in air may contain from 0'5 to 5‘0 per cent, 
of oxygen and nitrogen. The filings may, however, still be used for 
analysis if both metals are determined, since the ratios of the metallic 
constituents will be the same as in the original lump. Experiment alone 
can determine whether such filings can justifiably be annealed and used 
for X-ray investigations, since the annealing process may produce con
centration gradients in the particles, or may produce a complex alloy 
with the oxide or nitride, in which case the filings must be prepared out 
of contact with air. A  further advantage of making a complete analysis 
of the filings is that where a particular metal is liable to contain small 
but variable amounts of a certain impurity, a complete analysis may 
enable the lattice constants of a binary alloy containing this impurity to 
be corrected so as to give the value for the pure alloy. Thus the effects 
of traces of copper on the lattice constants of solid solutions in silver can 
sometimes be allowed for, assuming an additive relation, from a know
ledge of the effect of copper in the system copper-silver. Where a 
solvent metal cannot be obtained free from a particular impurity, this 
method may be very valuable.
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Co n clu sio n .
It is hoped that the methods outlined above may bo of value in 

helping to improve the relative accuracy on the composition axis of 
lattice spacing-composition curves, and thus enable full advantage to 
be taken of the high accuracy which the X-ray methods afford in the 
determination of equilibrium diagrams. The authors do not mean, of 
course, to suggest that it is always advisable to base results on the 
analysis of from O '5-l’O grm. of filings. Exceptions are clearly presented 
by very hard alloys which cannot readily be filed, and by some ferro
magnetic alloys where particles of iron from a file cannot be removed by 
a magnet, and may interfere with the analysis. In some cases the pre
cautions that have been described are undoubtedly unnecessary, but, in 
general, this can only be proved by such extensive duplication of lattice 
spacing measurements or chemical analyses that the complete analysis 
of the actual filings is eventually the shortest method, quite apart from 
the numerous safeguards which it supplies. The authors’ experience 
lias shown that with copper and silver alloys, difficulties of the kind 
referred to above are so often encountered, that the rather common 
tendency to consider X-ray measurements of phase-boundaries as 
replacing older determinations may be criticized. The X-ray method 
has great potentialities, but the older microscopic and conductivity 
methods use larger quantities of material, and thus avoid errors which 
may vitiate the X-ray results unless precautions are taken which appear 
to be neglected in many published investigations.
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DISCUSSION.
D r . C. H. D f.s c h ,*  F.R.S. (Vice-President): The authors have rendered a 

great Bervice by  directing attention to  these difficulties in the application of 
the powder method o f  X -ray investigation. There is a difficulty, o f  course, 
in any method which involves the use o f  filings; in the process o f  annealing 
and quenching it is almost impossible to avoid changes, and the ideal method 
is one which does not involve the preparation o f  filings at all. Where an 
alloy can be drawn into a wire, the X -ray work can, o f  course, usually be 
earned out without filing, but with non-ductile alloys that is much more 
difficult. I t  would seem, however, that the main aim shoxdd be to develop a 
technique which would not involve the annealing and particularly the quench
ing o f filings.

The authors have shown how, by taking very great precautions, most o f 
these objections can be overcome, but everyone is aware that, even when 
working with inert gases or with a good vacuum, surface changes take place, 
and as the surface o f  filings is so very large compared with the surface o f  a 
mass o f metal those changes may become appreciable.

The authors have also referred to segregation in alloys; that is often very 
much more than is supposed, and it is surprising, when very careful analyses 
are mado o f  different portions o f  small ingots— we have noticed it particularly 
in the light alloys— how great are the differences which may be found in what 
appears to be a quite homogeneous alloy. Those differences will make a very 
appreciable error in the determination o f  lattice parameters.

I  said that in the process o f  quenching o f  filings there were certain diffi
culties, and that is why it seems undesirable to base equilibrium diagrams on 
the X-ray examination o f  quenched alloys only. In the authors’ case they 
avoid that very thoroughly by carrying out a thermal investigation o f  each 
system alongside the X -ray investigation. Dr. Hume-Rotherv’s own work 
and that o f  his colleagues is beyond reproach in that respect, but wherever 
quenching processes are involved errors are introduced which it seems to mo 
are really unavoidable, and even with the precautions described in the paper 
there may bo some doubt in the interpretation unless checked by the thermal 
method.

The paper should bo very carefully studied by all who have to determine 
a new equilibrium diagram.

D r . D. S t o c k  d a l e  t  (Member o f  Council): I  think that metallurgists 
are well aware o f  the difficulties to be overcome in preparing a pure, uniform 
alloy and in keeping it pure and uniform, but chemists and physicists some
times think that all that is necessary when making an alloy is to melt some 
metal, put in a little o f  another metal, give it a stir and pour it into some
thing, Segregation and the unwitting introduction o f  impurities are traps 
which are continually lying in wait for the unwary.

I am in complete agreement with almost everything that the authors 
have said, except that I  do not think that they stress sufficiently the importance 
of correct sampling. The risk o f  getting separation when working with fine 
filings and rather coarser filings is very great. The method o f  filing suggested 
hy the authors seems satisfactory, but it might be slightly improved if the 
filing were carried out under benzene. Filing under benzene would tend to 
keep the alloy cleaner and it would also eliminate the slight risk o f getting 
oxygen into the alloys.

* Superintendent, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.

t  Fellow of King’s College, Cambridge.
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Dr. Hume-Rothcry, when introducing this paper, mentioned the im
portance o f  an exact determination o f  the lattice parameter-composition 
curve. Hume-Rothcry, L evin , and Reynolds * have shown that this 
curve is not always a straight line. I t  follows that, in very accurate 
work, any considerable extrapolation is unjustified. The experimental 
determination must be carried right up to the limits o f  the solid solution. 
I f  the formation o f  a solid solution produces an expansion o f  the lattice which 
at high concentrations is progressively greater than that required by a linear 
relationship, the extrapolation o f  the earlier portion o f  the curve as a straight 
line will give solubilities greater than the true values. It is noteworthy that 
more often than not these curves are shown as straight lines and that solubilities 
as measured by X-rays are nearly always slightly larger than those as measured 
b y  the older methods.

For a long time I  have been suspicious about the efficiency o f  the X-ray 
method and 1 am still not convinced o f  its accuracy. Discrepancies are always 
cropping up in the literature. I  will give one example. Owen and Yates 
found that the parameter o f copper is 3-6077 A. I f  the density o f  copper is 
worked out from those figures, it will be found to come out at 8-9291 at 20° C. 
Now, Maier f  has shown by direct determination that the density o f a single 
crystal o f  copper is 8'9528. There is a discrepancy o f  2-7 parts per 1000. 
The uncertainty in the mass o f  the hydrogen atom will account for 1 part per 
1000, but a substantial difference still remains. The parameter o f  3-6077 A. 
is too large. It would be expected, o f  course, that X -ray measurements 
would eliminate all the grosser imperfections in the metal, and that the 
density calculated from X -ray measurements would be higher than the density 
determined experimentally. .Maier himself suggests that such discrepancies 
are due to insufficient annealing, and believes that temperatures considerably 
in exccss o f  600° C. are required for the complete recrystallization o f  copper. 
I f  this is so, I think that it follows that when the filings are annealed, in many 
cases they are annealed at a temperature too low to get rid o f  all the strains.

Dr. C. Syk es  t (M em ber): The X -ray diffraction photograph is probably 
a much more sensitive method for detecting certain forms o f  inhomogeneity, 
such as coring, than any other at present available, and its application often 
reveals that annealing treatments normally considered to be satisfactory are 
quite inadequate. This point is welt illustrated by  experience with the alloy 
CujAu : diffusion can be detected in this material at temperatures as low as 
60° C., yet to produce a structure free from coring it is necessary to anneal hard 
drawn 1 mm. wire for 6 bra. at 10° C. below the solidus.

I have two suggestions to make in connection with this paper, with regard 
to the production o f  suitable samples o f  volatile metals. Dr. Desch has already 
made one o f  them by suggesting that in certain circumstances it may be worth 
while to try to produce the material in the form o f  wire. My other suggestion 
concerns the production o f  filings o f  volatile alloys. W hat is the objection to 
annealing the filings in a large lump o f  the same material which is closed by 
another piece ? I  should imagine that any change in composition due to 
volatilization in those circumstances ought to be very small.

I  have one minor criticism to make o f  the paper which may bo considered 
to be merely a bandying o f  words. On p. 304, the authors state “  it is clearly 
unsatisfactory for the accuracy on the one axis o f  co-ordinates to be out o f all 
proportion to that on the other.”  I  know what the authors mean, and most

* Pror. Roy. Soe., 1936, [A], 157, 167.
t  C. G. Maier, Trans. Amer. Inst. Min. Met. Eng.. 1936, 122, 121.
t  Physicist, Research Department, Mctropolitan-Vickers Electrical Company, 

Ltd., Traftord Park.
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of those hero to-day know also, but I would emphasize that, whilst it is possibles 
to measure latticc spaeings to 1 part in 100,000, what the authors are really 
conccrned with in this work is the difference in lattice spaeings produced by 
change in composition, and that is usually quite small. In Table I  it will bo 
found that for a change in composition o f  A atomic per cent, tin, there is a 
change o f 177 parts in 40,000, which means—assuming the accuracy o f 
X-ray measurements to be about 1 in 40,000— that if one can analyze to 0 02 
per cent, o f  tin the accuracy on the two axes is roughly equal. In short, I 
do not agree with the phrase “  out o f  all proportion.”  I  mention this because 
there are many people, particularly in industry, who have only a very limited 
knowledge o f  the application o f  X-ray crystal analysis, and they hear o f  
figures o f accuracy o f  1 part in 100,000 and do not appreciate the qualifications 
which have to go with that statement.

Mr. E. H. B u c k n a l i ,  * (M em ber): Dr. Stoekdalc has already directed 
attention to the implications in constitutional work o f  systematic departures 
from Vegard’s law. An example is afforded by the nickcl-chromium alloys, 
which form a simple eutectiferous series, the eutectic lying at about 50 per 
cent, chromium. A  recent X -ray investigation indicated that the solubility o f  
chromium in nickel below the cutectic temperature exceeds this value, but 
this inferenco is based on the straight line law- o f  changc o f  parameter with 
composition, which was apparently established only up to 34 per cent, 
chromium. Departure from the linear relationship, to a quite ordinary extent, 
beyond this point would invalidate the authors’ conclusion. This is one 
examplo o f  the confusion which can arise from lengthy extrapolation o f 
X-ray data.

Is there any real merit in filings which is not shared by lump material ? 
If one can induce a grain-sizc corresponding with the dimensions o f  filings is 
there any point in cominution ? Arc wo justified in taking one stage further a 
suggestion made by Dr. Sykes, and saying that the best way to treat filings 
is to leave them in the lum p? On p. 311 it is stated that although filings o f  
magnesium alloys may pick up oxygen and nitrogen, “  the filings may, how
ever, still be used for analysis if  both metals arc determined, since the ratios 
of the metallic constituents will be the same as in the original lump. J.hat is 
true, o f course, but the use o f  contaminated filings must often result in decep
tive X-ray measurements, as ternary7 or more complex alloys do not usually 
have structures corresponding to the binary' alloys o f  the main constituents 
in the same proportions.

Dr. Marie Gayler f  (M em ber): Dr. Desch has referred to the difficulties 
of high-tcmpcraturo treatment o f  filings, a point on which, unfortunately, the 
authors have not touched, for it is a problem which is o f  very great urgency. 
Ihe X-ray examination o f  the alloys will have to be carried out at the tem
perature o f  hcat-treatment and, instead o f  taking the alloy to the X-ray 
apparatus, it m ay be necessary to take the apparatus to the alloy.

The authors have dealt with the quenching o f  powders, but it is not 
easy to obtain powders unchanged on quenching from temperatures appreci
ably higher than those used in the case o f  magnesium or silver alloys. For 
instance, with iron-manganese alloys I have experienced the greatest difficulty 
in retaining the structure o f  the alloys quenched from temperatures above 
1200° C. X -ray analysis in the case o f  one o f  the specimens heat-treated

* Scientific Officer, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.

t Scientific Officer, Department of Metallurgy and Metallurgical Chemistry, 
Xational Physical Laboratory, Teddington.



thus, showed the truo structure, but not otherwise. This problem needs very 
careful study.

I  understood Mr. Bueknall to suggest that powders should be made of 
definite grain-size and annealed, as Dr. Sykes has said, in a lump o f  the material 
at the high temperature. I  agree that that is a suitable method if  no marked 
change is expected to take place in tho alloy, such as the authors have shown 
in Pig. 1. W ith reference to that diagram, I heartily agree with the authors 
regarding tho difficulties which they have pointed out, and particularly whoa 
the same method is applied to ternary alloys. I  have investigated various, 
and by no means simple, ternary systems, changes in the solid taking place 
over a very long period o f  time : e.g. the aluminium -copper-zinc system, in 
which reactions tako place across solubility lines o f  the type shown by the 
authors, and where annealing alloys for weeks does not produce equilibrium. 
In such eases the greatest care should be taken by  the physicist, or by tho 
metallurgist working with the physicist, to ensure that the sample X-rayed ¡3 
really in equilibrium, and I  doubt whether the annealing o f  powders would 
be suitable. The lump should be annealed and then filed, but care would have 
to be token to ensure that the lump was in equilibrium before filing.

Mr. R e y n o l d s  (in rep ly ): A t Oxford we are very sceptical concerning 
tho X-ray method o f  determining phase diagrams, and we have never yet 
employed it, though we now intend to use it in the determination of 
certain boundaries in tho AgGe and CuGe systems. Even here, however, 
the method is being used only on account o f  tho rarity o f  Ge, which renders 
tho microscopic determination o f  phase boundaries an expensive process. 
In general, there are so many sources o f  error which may creep in to vitiate 
the accuraoy o f  the results o f  the X -ray method, that it seems preferable 
to use the older microscopic method.

In  agreement with Dr. Gayler, wo also would emphasize tho necessity of 
annealing the lump to equilibrium at the temperature concerned before the 
filings arc prepared for X -ray examination. I f  then the lump is examined 
microscopically just before filing, one may bo certain that the filings are indeed 
those intended, and that the alloy is in equilibrium— a condition which is not 
satisfactorily established by visual examination o f  tho sharpness o f diffraction 
lines. For example, an originally 2-phase alloy approaching homogeneous 
equilibrium when examined microscopically often exhibits a few still un
absorbed crystals o f  the second constituent which, though they must affect 
tho determined composition o f  the alloy, may constitute too small a portion 
o f  the whole mass to affect appreciably tho X -ray diffraction measurements. 
The importance o f  the composition error is frequently made obvious in the 
parameter/composition diagrams in which the agreement is excellent in the 
2-phase regions, where exact composition is unimportant, but is bad in the 
homogeneous region.

Dr. Stockdale has suggested that it would be prcfcrablo to prepare all 
fdings under benzene or some such liquid in order completely to exclude 
atmospheric contamination. W ork has already been done at Oxford on the 
filing o f  magnesium alloys under benzene, but filing with a rotary file in 
an inert gas atmosphere seems to offer the greater advantages.
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CORRESPONDENCE.
T he  A u t h o r s  (in further reply) : Dr. Stockdalo’s remarks on the density of 

copper are most interesting, and it is perhaps significant that our own value 
for the lattice spacing o f  copper * was 3-0070(5) at 18° C., which is somewhat 
lower than that o f  Owen.

Dr. Sykes’ suggestion o f  annealing filings inside a lump o f  the same alloy 
is most attractive, and we hope that we may be able to use this method with 
alloys o f common metals. As regards the relative accuracy on the two axes o f  
the diagram, we agree with Dr. Sykes that if  proper precautions are taken the 
accuracy on the two axes is roughly equal; but our own experience o f  segrega
tion and other effects, together with a critical reading o f many published 
papers suggests that in many cases the errors involved are o f  the order o f  several 
tenths o f 1 atom ic per cent, rather than the value 0 02 atomic per cent, given 
by Dr. Sykes.

In reply to Mr. Bueknall we fully agree that results from filings containing 
oxygen and nitrogen must bo looked on with suspicion, and have ourselves 
pointed this out on p. 311.

* W. Hume-Rothery and P. W. Reynolds, Proc. Boy. Soc., 193C, [A], 157, 107.
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AN X-RAY STUDY OF THE CIIROMIUM- 
ALUMINIUM EQUILIBRIUM DIAGRAM.*

By A. J. BRADLEY,f D.Sc., M e m b e r , and S. S. LU.t Ph.D.

Sy n o p sis .
X-ray powder photographs were made from more than 70 slowly 

cooled and quenched chromium-aluminium alloys. These were used to 
provide a basis for a tentative equilibrium diagram. Nine phases exist 
after slow cooling from 800° C. to room temperature, and two other 
phases were found in alloys quenched from 1000° and 1100° C. The a 
body-centred cubic structure formed by the solution of aluminium in 
chromium exists from 0 to 30 weight per cent, of aluminium at tem
peratures above 850° C. Below this temperature alloys containing about 
75 per cent, of chromium change to a tetragonal jS-structure. This is a 
supcrlattice made by stacking three body-centred cubcs above each other.

Three phases with crystal structures resembling that of y-brass were 
found after slow cooling to room temperature, and a fourth phase of 
similar type was found in alloys quenched from 1100° C. These all 
appear to be distorted forms of tne y-type of structure. y2 exists around 
the composition Cr6Al8, which formula agrees with structure analysis. 
This phase is derived from a body-centred cubic structure of the y-typo 
by elongation in the direction of a trigonal axis, so that tho symmetry 
is rhombohedral. It decomposes at about 890° C. y3 exists around the 
composition Cr4Al9 at temperatures between 700° and 870° C. Below 
700° C. it gradually transforms into the related y4 structure. At still 
lower temperatures, the composition range of y3 is more limited, whereas 
that of y4 increases, until at room temperature y3 is restricted to a very 
narrow range of compositions. At each temperature below 700° C., y3 
contains just a little more chromium than y4.

There are three closcly related phases 9, 77, and e, with the approximate 
formula) CrAl7, Cr2Aln , and CrAl4. They melt at 725°, 900°, and 
1011° C., respectively. A phase with the approximate formula CrAl3 
exists in alloys quenched from temperatures exceeding 850° C., and 
melts at 1180° 0 .

I n t r o d u c t i o n .

Tub chromium-aluminium system lias been investigated b y  Hindrichs,1 
Guillet,2 Goto and Dogane,| Fink and Freche,4 and Hori,5 but hitherto 
no consistent scheme has been proposed to show either the complete 
phase-sequence at room temperature or to give any account of transition 
temperatures. Guillet suggested a phase diagram based on Hindrich s 
experiments, which showed a solidus horizontal at 644° C. stretching 
from pure aluminium up to 85 per cent, of chromium, and a liquidus at 
980° C. up to 55 per cent, of chromium. Above 980° C. a two-liquid

* Manuscript received December 21, 1936.
t  Royal Society Warren Research Fellow, The University, Manchester. 
t  Research Fellow of the National Tsing Hua University, Peiping, China.
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region was indicated, and an intermetallic compound Cr3Al was pro
posed. The diagram published in the International Critical Tables 
(Fig. 1) also shows two liquid phases, but omits some of the other 
features of Guillet’s diagram. The present authors have found no 
evidence to support these diagrams, but the more recent work of Goto 
and Doganc is, 011 the whole, in good agreement with the present 
experiments. They showed the liquidus rising from 654° C. at 1 per cent, 
chromium to 1170° C. for 36 per cent, chromium. The general outline 
for this curve is probably correct, but requires some modification to fit

CHROMIUM' PER CENT.

F ig . 1.—Aluminium-Chromiuin (F rom  tho International Critical Tables).

in with the accurate measurements made by Fink and Freche on a 
large number of aluminium-rich alloys. These authors found a peritectic 
horizontal at 661° C., instead of the eutectic horizontal at 654° C., and 
found that the liquidus rose more steeply than in Goto and Dogane’s 
diagram. At 2 per cent, of chromium, this line has already reached 790° C.

Goto and Dogane found two intermetallic compounds. CrAl7 was 
formed by a peritectic reaction at 725° C., and CrAl4 by a peritectic 
reaction at 1011° C. Both observations are perfectly consistent with 
the present authors’ results, who, however, find some solid solubility 
and a change of phase boundaries with temperature.
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More recently Hori has determined the phase boundaries up to 

50 per cent, chromium. The 660° C. peritectic of Fink and Freche is 
confirmed, and two compounds Al2Cr and A14C'r were observed. These 
are reported to form at 1018° and 803° C., respectively, but this is not 
consistent either with the wrork of Goto and Dogane, or with the present 
authors’ results, which give much higher temperatures.

P r e s e n t  I n v e s t i g a t i o n s .

The present investigation offers, for the first time, a basis for a 
complete equilibrium diagram. In Fig. 2 are shown nine phases in 
alloys slowly cooled to room temperatures, and two other phases only 
found in quenched alloys. Each of these was identified by means of 
its X-ray powder pattern. Approximate limits of temperature and 
composition were found for each phase, and from these the diagram 
has been constructed. It is not within the scope of this work to 
investigate the complete phase equilibria at high temperatures, but 
the authors consider that the phase boundaries are probably accurate 
to about 1-0 per cent, just below 850° C. The solidus and liquidus lines 
are to some extent speculative, although the authors have experimental 
evidence for a temperature as high as 1350° C. for the solidus. For the 
liquidus, the results of Goto and Dogane and of Fink and Freche have 
been taken, extrapolating to the known melting point of pure chromium6.

The most important feature of the present work is the phase 
sequence below 600° C., obtained from the slowly-cooled alloys. Nine 
types of structure are found, each separated from its neighbours by 
clearly marked two-phase regions. Each phase exists over a range of 
compositions, the widest of which is the solid solution of aluminium in 
chromium. This solid solution, which is body-centred cubic, has been 
termed the a-phase. Above 850° C. its range of compositions is 
considerably extended, the phase boundary at 900° C. being about 72 
per cent, of chromium, whereas at 830° C. it is placed at 82 per cent, of 
chromium.

At about 850° C. the a body-centred cubic structure in the phase 
range between 75 per cent, and 81 per cent, of chromium is transformed 
into the tetragonal ¡3-phase. This is a deformed body-centred cubic 
structure, due to an ordering of the chromium and aluminium atoms. 
Three body-centred cubes, stacked one above another, form a tetragonal 
unit, in which two planes of chromium atoms alternate with one plane 
of aluminium atoms.7 The ideal composition of the phase corresponding 
to Cr2Al lies in the two-phase a -j- [3 region whatever the heat-treatment 
below 850° C. The phase range is greatest after slow cooling, which 
increases the excess of aluminium which may be taken into solid solution.

V O L : l x .  x
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F i g . 2.— Chromiimi-Aluminium Equilibrium Diagram.
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No fewer than four phases have crystal structures wliieh in their 

general form resemble that of y-brass. The powder photographs are 
so difficult to differentiate that we have called them yv  y2, y3, and y4, 
although they arc apparently quite distinct phases. y l is only found in 
alloys quenched from 1100° 0. y2, y3, and y4 are present in slowly 
cooled alloys. y2 has a composition corresponding to the formula 
Cr5Al8, which agrees with the crystal structure data. After slowly 
cooling, it dissolves excess of either chromium or aluminium. The 
structure is rhombohedral, but the positions of the atoms are almost 
identical with those in y-brass, Cu5Zn8. The atomic distribution, which 
follows a rhombohedral plan, is responsible for the distortion from cubic 
symmetry. CrBAl8 is formed by a peritectoid reaction at about 890° C.

y3, which is formed at about 870° C., corresponding to the approxi
mate composition Cr4Al9, begins to be transformed at about 700° C. into 
y4, while below this temperature the two phases may coexist over a small 
composition range. In the slowly cooled alloys, y3 has not been found 
as a single phase, but occurs mixed with either y2 or y4, so that its 
composition range at room temperatures is extremely small.

8, CrAl3 is found in alloys quenched from temperatures between 
900° and 1100° C., but it is always associated with decomposition 
products, or with the two neighbouring phases. The pattern is fairly 
simple, but cannot be solved easily on account of the admixture with 
impurities, from other phases.

c, CrAl4, is obtained by slow cooling or quenching from any tempera
ture up to 1000° C. vj, Cr2Aln, forms below 1000° C., and 0, CrAl7, 
between 700° and 800° C. Each of these phases has a range of solid 
solubility which varies with the temperature. From the powder 
photographs, the structures appear to be very complicated. 0, CrAl-, 
forms single crystals, which have been shown by the oscillation, Laue, 
and Weissenberg methods to have an orthorhombic (pseudo-hexagonal) 
structure, k, the solid solution of chromium in aluminium has a very 
narrow range of solid solubility after slow cooling.

The Preparation of the Alloys for X-Ray Examination.
Alloys of chromium and aluminium were melted in alumina-lined 

crucibles, in a high-frequency induction furnace under a small pressure 
of hydrogen, which was pumped off before solidification. The presence 
of the hydrogen is essential to prevent the chromium from boiling off 
during heating.

The purest possible ingredients were employed. The chromium 
was kindly supplied by the courtesy of Dr. C. H. Desch of the National 
Physical Laboratory, and Mr. C. C. Paterson of The General Electrical
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Company, Ltd. The authors are deeply indebted to them, and also to 
The British Aluminium Company, Ltd., and to Aluminium Franjaise, 
who supplied them with pure aluminium. The work was begun before 
the purest materials were obtained, but all the vital results recorded 
here were obtained from material exceeding 99'9 per cent, in purity. 
Test analyses proved that the chromium content agreed to within 0'2 
per cent, of the weighed proportion, e.g.

Chromium Weighed Out, Chromium Analyzed,
Per Cent. Per Cent.

27 26*81
49*5 49*55

The heat-treatments of the alloys were made in lump and in powder 
form. The lump annealing serves two purposes : to eliminate coring, 
and to complete peritectic and peritectoid reactions; while quenching 
may be required to prevent the decomposition of high temperature 
phases. Owing to the complicated nature of the diagram, the heat- 
treatments had to be varied considerably from one alloy to another, but 
in general the process was as follows.

The alloy was heated for 1-3 days in a Nichrome-wound furnace at 
as high a temperature as possible without being melted.* It was then 
reheated within a temperature range where a single phase was anticipated, 
and, if necessary, quenched from a suitable temperature. All these 
heat-treatments were carried out in vacuo. Finally, having obtained the 
alloy in as homogeneous a form as possible, it was broken into powder 
and subjected to a further heat-treatment in vacuo, being either slowly 
cooled from about 800° C. down to room temperature at about 10° C. 
per hour, or quenched from a definite temperature. A special arrange
ment was used for quenching, where the powder was cooled in less than 
nnnr second, after several hours heating at the stated temperature.

In all, over seventy alloys were prepared. The composition 
intervals did not exceed 1 per cent, by weight, except where 
there were no features of especial interest. Where necessary for the 
investigation of narrow-phase regions, extra alloys were made up, 
reducing the intervals to less than 0'5 per cent. All the specimens were 
heat-treated by slow cooling in powder form, and in each case a powder 
photograph was taken using chromium radiation with a vanadium screen 
to filter out the Kg radiation. A 9 cm. diameter powder camera was used. 
Where possible the unit cell was found and the lattice dimensions were 
measured accurately to one part in 30,000. The structure of the y2 phase

* 800° C. for less than 32-5 per cent, chromium. 1000° C. for more than 
32-5 per cent, chromium.
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(Cr6Al8) which could not be solved in this way was found from a powder 
photograph taken in a 19 cm. diameter camera.

Certain of the alloy powders wrere quenched from 600°, 710°, 800°, 
850°, 890°, 930°, 1000°, or 1100° C. In each case, only those specimens 
were used which would help to fix the positions of the phase boundaries. 
The powder photographs from the quenched alloys were in some 
instances quite as clear as from the slowly cooled alloys, but in most of 
the quenching experiments from 890° or 930° C. they contained a 
mixture of many patterns, caused by the partial decomposition of the 
high-temperature phases.

The R esults o f  X -R a y  A na lysis.

The phase sequence in the slowly cooled alloys was deduced from 
powder photographs taken with chromium radiation, some of which are 
reproduced in Figs. 3 and 4 (Plates X L V  and X L V I). The nomenclature 
of the phases has been chosen to indicate the close relationship of the four 
y-phases. The similarities in structure lead to resemblances in the 
strong lines of these patterns, but there are definite characteristics by 
which each phase may be identified. The differences are more pro
nounced in photographs taken with copper radiation, owing to the 
presence of higher order reflections, which are much influenced by small 
changes in the atomic positions. This may be seen from Fig. 5 (Plate 
X L V II), which gives a comparison of the patterns of the four y-alloys 
with that of y-brass.

The single-phase patterns are distinguished from the neighbouring 
two-phase patterns by the constancy of the relative intensities of the 
lines. Each two-phase photograph can be analyzed into two sets of 
lines due to the two neighbouring phases, the relative intensities of which 
vary with the composition. It  is impossible, however, to reproduce 
here the whole scries of photographs which were used to prove the 
sequence of the phases. In the neighbourhood of the phase boundaries, 
alloys were examined at intervals of 0 '5 -l  per cent., but the final 
decision might depend on faint lines which are difficult to show as 
reproductions.

The results of the X -ray analysis are summarized in Fig. 6. This 
diagram gives a tabulation of the phase patterns found on all the powder 
photographs, both from slowly-cooled and from quenched alloys. The 
constituents of a given alloy after a specific heat-treatment are written 
one below another and enclosed in a small rectangle. Where one phase 
predominates, it is shown in heavier type. The figures 1, 2, 3, and 4 
are abbreviations for y v  ya, y 3, and y 4. The composition of the alloy 
corresponds to the centre of the rectangle, except where two or more
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Fio. 6.—The Phases Shown by the Powder Photographs.
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alloys were examined at intervals closer than 1 per cent. In sucli cases 
the rectangles enclose all alloys which were found to have the same 
constituents after the same heat-treatment, the boundary of the 
rectangle then corresponding to the phase boundary. So many slowly 
cooled alloys were examined that the results were virtually continuous, 
and the diagram at the foot of Fig. 6 records the complete phase sequence. 
The positions of the boundaries after slow-cooling should be accurate 
to within 0’5 per cent. The exact compositions of the alloys are 
indicated by circles.

In the quenching experiments, only selected alloys were used to fix 
the positions of the phase boundaries and the transition temperatures. 
The thick upper line of each rectangle shows the temperature of the 
alloys before quenching. The powder photographs may correspond 
to a whole range o f temperatures below the initial temperature, as the 
alloys may change during the process of quenching. Up to 850° C., 
this causes no difficulty. Each photograph shows either a single phase, 
or a mixture of two phases, and may be interpreted directly in accordance 
with the phase rule. The equilibrium diagram given in Fig. 2 is there
fore absolutely satisfactory as a representation of the X-ray results 
below 850° 0. Above 850° C. the results must be accepted with some 
caution.

At all quenching temperatures above 850° C., the powder photo
graphs cause difficulties. They often show more than two phases, and 
in several cases as many as five phase patterns have been identified on a 
single photograph. This is due to partial decomposition on quenching; 
the low-temperature phases stable at 800° C. are formed, mixed with 
new high-temperature structures. In Fig. C the high-tcmperature phases 
are placed immediately below the quenching temperature, and separated 
from the decomposition products by a dotted line. The complications 
are worst after quenching from 890° and 930° C., because, as is shown in 
Fig. 2, there are at least four transition temperatures just below 890° C. 
During quenching some of the high-temperature phases are preserved, 
but part of the material undergoes each of the possible transformations 
between 890° and 850° C. The quenches from higher temperatures 
than 930° C. were on the whole more satisfactory. Above 1000° C. the 
patterns are still simpler, but there is again some decomposition. A 
serious difficulty arises from the resemblance of the pattern to the 
low-temperature y  patterns, which makes it difficult to distinguish them 
from each other. It is not alwTays possible to be sure whether is 
present alone, or mixed with decomposition products including y 2 or y3.

The existence of the two high-temperature phases and 8 was 
confirmed by some observations made during the solidification of the
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alloys in the induction furnace. It was found that the alloys near the 
composition of y 1 solidified at over 1300° C. Hindrich’s arrest point 
observed in a 60 per cent, alloy at 1180° C. cannot possibly have been 
due to the liquidus, as was suggested by Guillet. The horizontal at 
980° C. given by Hindrich’s thermal arrest points may at first correspond 
to the peritectic temperature o f the e phase, given by Goto and Dogane 
as 1011° C. Beyond 40 per cent, chromium it reappears as a eutectoid 
temperature of y lt and might easily be taken for a continuous horizontal. 
The presence of melted portions after quenching the alloy powders is 
indicated by L  or LS in Fig. 0. The 1011° C. solidus is obviously 
interrupted before passing 40 per cent, chromium.

An alloy containing 58 per cent, o f chromium solidified at about 
1350° C. An alloy containing 40 per cent, o f chromium solidified at 
about 1180° C. These temperatures were found by means of an optical 
pyrometer, which was calibrated against the melting points of copper 
and nickel. The two metals were allowed to cool in the induction furnace 
under the same conditions as the alloys. It was found that the apparent 
temperature was far below the true temperature, but the differences were 
consistent and a correction could be applied. The values should be 
accurate to 25° C., which is quite enough for the qualitative purpose of 
the present investigation.

The a-Phase (Solid Solution of Aluminium in Chromium).
The body-centred cubic a-phase is a solid solution o f aluminium in 

chromium with the atoms distributed at random. The lattice spacing 
increases steadily with the replacement of chromium by aluminium. 
Without aiming at high accuracy, an approximate determination has 
been made of the phase boundary at different temperatures, by following 
the changes in lattice spacing, in the two-phase quenched alloys. In 
Fig. 7 the lattice spacing is plotted against the weight per cent, of 
chromium. The values for slowly cooled alloys increase linearly from 
100 per cent, chromium to 83 per cent, chromium. The next result, 
at 82 per cent, chromium is from a two-phase alloy after slow cooling, 
the other constituent being the (3-phase. The lattice spacing indicates 
that after slow cooling the phase boundary is at about 83 per cent, of 
chromium.

The results of the quenching experiments must be interpreted with 
caution. Since there is nearly always some decomposition of the high- 
temperature phases, the measurements are subject to a correction. 
The lattice spacings probably refer to a temperature somewhat below 
the actual temperature of quenching. As an arbitrary assumption, it 
is supposed that in the neighbourhood of 900° C. the true temperature
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is about 20° C. below tbe recorded quenching temperature. This 
arbitrary correction leads to a consistent interpretation of the results.

Fig. 7 shows that the lattice spacings of the a-phase in the quenched 
alloys of the two-phase region always exceed those of the slowly-cooled 
alloys. The higher the quenching temperature, the higher is the lattice 
spacing. Since increase of spacing corresponds to increase of aluminium 
content, it follows that a greater amount of aluminium is taken into 
solution at high temperatures than at low temperatures. The position 
of the phase boundary at a given temperature is shown by the points of
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intersection of the dotted lines with the spacing-composition curve. 
The procedure is confirmed by estimates of tbe amount of the a- 
constituent in two-phase alloys. Fig. 8 give3 the position of the a- 
boundary derived from Fig. 7. The circles, which denote the observed 
values, fall on a curve with two breaks. One, at 75 per cent, of 
chromium, corresponds to the decomposition of the a-phase. Ihe 
other, at 72 per cent, o f chromium, may be due to the peritectoid 
horizontal of the y2-phase.

The transformation o f p to a as given in Fig. 8 appears to be rather 
complicated. This is due to the close approach of two points on the 
phase diagram. Consequently, it appears that five lines meet at one

Fia. 7.—Lattico Spacings of the a-I'hase.
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point. Although it is not possible to represent the exact details on the 
scale of Fig. 8, this may be done schematically as in Fig. 9, which shows 
the most probable mechanism for the transformation. Since the 
change from the (3-phase to the a-phase is essentially a disordering process, 
it probably takes place by the tangential contact of the two-phase 
boundaries at the maximum temperature of the (3-phase. The lower 
boundary is between the ¡3 and the a -f- ^-fields. The upper boundary 
is between the a and the a -f- ¡5-fields. Independently of this mechanism,

CHROMIUM, WEIGHT PfR  C£NT.
O  From lattice spacing measurement o f  the oc constituent 

in 2phase quenched- alloys.
F ia . 8.—Boundary of tho a-Pliaso.

we may have a eutectoid decomposition of the a-pliase on the aluminium- 
rich side of the (3-phase. At high temperatures we have an a-field and 
an a +  y-field. At lower temperatures there is a (3-field and a (3 -f- 
y-field. It is necessary for the validity of this eutectoid theory, to assume 
the existence of a small a +  (3-region on the aluminium-rich side of the 
(3-phase. The area of this field is so small that it cannot be represented 
on the scale of Fig. 8, and it would be difficult to establish experimentally.

The fi-Pfujt.se (Cr2Al).
A  complete account o f the structure analysis of the tetragonal 

(3-phase has been published elsewhere.7 This phase may be considered 
to be derived from the body-centred cubic a-phase by a process of 
ordering. The unit cell is formed by stacking three body-centred
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cubcs one above another. The axial ratio is not quite 3 : 1 ,  as there is 
some deformation, and the atoms are displaced in accordance with 
tetragonal symmetry. There are places in the structure for four 
chromium atoms and two aluminium atoms, but there is always a slight 
excess of aluminium atoms, which replace some of the chromium.

The limits of the (3-phase were fixed from the quenching experiment«. 
It is not formed in alloys quenched from as high as 890° C., but appears 
in those quenched from 850° C., and lower temperatures, and is always

1’iu. 9.—The a-(3 Transformations.

present after slow cooling. The p-phase therefore decomposes between 
850° and 890° C. The exact temperature is probably near 850° C., 
since there is no sign of the incipient formation of the phase in the alloys 
quenched from 890° C., except in one case. On the other hand, the 
y2, y3, and e-phases all occur as decomposition products in a number of 
different alloys quenched from 890° C. It seems probable from this 
that the p-phase is formed at a slightly lower temperature than these 
other phases. The a-phase lattice spacing measurements confirm 
the view that the ¡3-phase finally decomposes at 850°-860° C. The
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qualitative examination of the quenched, alloys, recorded in Fig. 6, 
indicates that an alloy containing 75 per cent, o f chromium preserves the 
(3-phase at a higher temperature than any other composition. The 
theoretical composition for the formula Cr2Al is 79-39 per cent, of 
chromium.

The y-Phases (y1, y 2, y3, and y 4).
The four y-phases are so similar in structure type that it is not easy 

to fix the phase limits, especially in the case of the high-temperature 
yj-phase. From Fig. 6, this phase seems to be stable between 1000° and 
1100° C., and it may possibly exist up to the melting point at 1350° C. 
Although it is not seen after quenching from 1000° C., it is possible that 
small amounts of the phase may be present, but obscured by y2. I f  so, 
the phase decomposes just below 1000° C., say at 980° C., in agreement 
with the arrest temperature recorded by Hindrichs. Alternatively, 
the eutectoid temperature of y l may be somewhat higher than 1000° C. 
The results recorded for quenching from 1100° C. indicate that the y1 
phase is most prevalent in alloys containing just below 60 per cent, 
o f chromium. However, the information regarding this phase is so 
scanty that its position in the equilibrium diagram must be regarded as 
somewhat speculative.

The phase limits of the other three y-phases are much more definitely 
known. The highest temperature at which the y2-phase exists is 
probably less than 890° C. In a wide range o f alloys quenched from 
this temperature, the a- and 8-phase are found. This indicates the 
existence of an extensive a +  8 region above 890° C., which appears to 
separate the y2-phase from the yj-phase. The presence of the y2-phase 
in these photographs is due to decomposition during quenching. The 
a-phase reacts with the S-phase to give the y2-phase at a temperature 
just below 890° C. Judging from the amount of the y2-phase ptesent 
after quenching from 890° C., it is probably formed only a few degrees 
below this temperature. Fig. 8 shows a break in the a-phase boundary, 
which would correspond to a horizontal at 880°-890° C., and in all 
probability this corresponds to the peritectoid temperature of y2.

An account o f the structure of the y2-phase is published together with 
that of Ct2A1. The ideal formula, Cr8Al8, agrees closely with the 
range o f homogeneity. The theoretical composition is 54-68 per cent, 
o f chromium, and an alloy of this composition is homogeneous after 
slow cooling, when the phase is found to extend from 51 to 57 weight per 
cent, o f chromium. On quenching from 600° C., a 57 per cent, chromium 
alloy contains some of the (3-phase, and on quenching from 800° C. a 
54‘5 per cent, alloy contains some of the y3-phase. On slowly cooling, 
the homogeneous y2-phase is widening so rapidly that it seems possible
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that prolonged annealing will be required to get phase equilibrium just 
below 51 per cent, and just above 57 per cent, chromium, but this is 
beyond the scope o f the present work.

y3, on the contrary, occupies a more extended range o f compositions 
at high temperatures than at room temperature, where it is replaced by 
y4. Up to the present, y3 has not been found as a single phase, except 
after quenching. In the slowly cooled alloys, it is found mixed with 
"/i at 49 per cent, o f chromium, and mixed with y2 at 49-5 per cent, of 
chromium. On quenching from 600° C., both these alloys are found 
to consist of y2 -f- y3. The single-phase y3 region is first reached on 
quenching a 48 per cent, alloy from 600° C. At 710° and 800° C., a 
46 per cent, alloy gives y3. Both the 46 and the 48 per cent, alloys 
are converted into pure y 4 on slow cooling.

The y3-pkase, like the y2-phase, appears to be formed by the inter
action of the a- and S-pliases, at temperatures between 850° and 890° C. 
In alloys quenched from between 890° and 1000° C., it is present side 
by side with the original a +  S, as a decomposition product. Since 
there is less y3 than y2 in most of the 890° C. quenches, it seems probable 
that y3 is formed at a somewhat lower temperature than y2, say at 
870° C. In this case there should be a narrow range between 880° and 
870° C., where S is in equilibrium with y2. The authors have no definite 
evidence on this point, which must remain in doubt for the present.

The y 4-phase does not occur above 700° C., but the range of homo
geneity gradually widens on cooling. An alloy with 48 per cent, 
chromium gives the y3-pattern on quenching, but the y 4-pattern is 
found after slow cooling. No alloy has been found to give the y 4- 
pattern after quenching from 710° C., where y3 is found to be in equili
brium with c in alloys containing 43 per cent, and 45 per cent, of 
chromium. The y 4-phase is definitely present at 600° C., and from that 
point down to room temperature ia found in equilibrium with e and y3. 
It may be seen from Fig. 5 that no evidence was found for any trans
formation in this or any other part of the system below 600° C.

The composition ranges of y 4 and y3 aTe so nearly the same that they 
must be represented by the same formula. Cr4Al, corresponds exactly 
with the centre of these phases, and agrees with the preliminary results 
of structure analysis, though later work may possibly suggest some 
modification of this formula.

The transformation of y 4 to y3 cannot be adequately explained by 
Fig. 2. An enlargement has therefore been made in Fig. 10, which gives 
a possible explanation o f the mechanism of the y3-y 4 transformation. 
Since this is essentially an order-disorder change, somewhat analogous 
to the a-p transformation, a similar mechanism is proposed. The
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y3 and y 4 -J- y3 boundary meets the y 4 and y 4 -f- y3 boundary tangential]}'. 
This is in agreement with the experimental data, since the y3 +  
region narrows with increasing temperature. The eutectoid decom
position of y3 on the aluminium-rich side o f y 4 would explain the 
occurrence of pure y3 at 46 per cent, o f chromium after quenching from 
850° and 800° C., and its transformation to y4 on slow cooling. The 
intermediate state y3 +  y 4 is too small to observe on the aluminium- 
rich side of y 4.

The S-Phase (CrAl3).
The 8-phase is found at about 40 per cent, of chromium. At lower 

chromium contents quenching from 1000° C. gives an admixture with

C H R O M IU M , W E IG H T  P E R  CEN T.

Fio. 10.—The y3— Transformation.

the e-phase. At higher chromium contents the a-phase is always present. 
The phase diagram (Fig. 2) is drawn to explain these facts. The presence 
of y t or y3 in these quenched alloys, which is due to the incipient reaction 
of the a- and S-phases during quenching, only occurs where there is 
more than 40 per cent, o f chromium. The formula CrAl3, which was 
chosen empirically, corresponds to 39-12 per cent, o f chromium.

Quenching from 1100° C. prevents the decomposition of the 8-phase,
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but the presence o f y 1 in all photographs shows that it has only a narrow 
range of composition. The solidus in this region is well over 1100’  C., 
since powders heated above this temperature did not begin to melt. 
Measurements made during solidification in the induction furnace gave 
1180° C. as the temperature o f solidification. On the other hand, a 
32'5 per cent, chromium alloy was found to have melted after heat- 
treatment at 1100° C. In Fig. 2 this alloy is placed in the 8 +  liquid 
region at 1100° C.

Quenching from 890° C. leads to so much decomposition that it 
would appear that this temperature is near the lower limit of the phase, 
and this conclusion is confirmed by the absence of any trace o f the 8- 
phase from alloys quenched from 850° C. It is difficult to explain the 
results obtained by quenching alloys containing 32'5 to 40 per cent, o f 
chromium from 930° C. No 8-phase is found, buty3 is present together 
with a trace of a new constituent x. It seems likely that the 8-phase has 
reacted with the s-phase during quenching to give an unstable inter
mediate product which has no place on the phase diagram. This 
intermediate product x then begins to decompose into c +  y3, at 
temperatures between 900° and 800° C., so that only a small amount of 
the x-phase is found on examination by X-rays.

The c-Phase (CrAl4).
Goto and Dogane found that an alloy of this composition melted 

at 1011° C. This is in agreement with the present authors’ heat- 
treatment experiments, where alloys containing 32 and 33 per cent, of 
chromium were quenched from 1000° C. They withstood this tempera
ture successfully, except when they were previously heated to 1060° C., 
which caused them partially to melt. The range of the s-phase is 
displaced towards the aluminium end at high temperatures. A 30 per 
cent, chromium alloy, which is s tj at room temperatures, becomes 
pure s on quenching from 800° C,, whereas a 34 per cent, alloy, which is 
pure s after slow cooling, becomes s +  y3 after quenching from 800° C. 
On quenching from 930° C., a 32-5 per cent, alloy also becomes two- 
phase. The s-phase coexists with the -/¡-phase when the composition is 
on the aluminium side, and with the 8, y3, andy4 phases on the chromium- 
rich side. The empirical formula CrAl4 corresponds to 32‘52 per cent, 
of chromium, and is near the centre of the phase at low temperatures.

The n-Phase [Cr2Aln ).
No phase of this composition was found by Goto and Dogane, but 

the X-ray evidence is clear as to its existence, range of compositions, 
and approximate melting point. It has been found in slowly cooled



336 Bradley and Lu : An X-Ray Study of

alloys and in those quenched from as high as 930° C. Since alloys 
containing less than 32 per cent, of chromium were found to have partially 
melted at 1000° C., it would seem that the /¡-phase decomposes between 
930° and 1000° C. The range of homogeneity varies with the tempera
ture, being slightly displaced towards the aluminium end at high 
temperatures. The empirical formula Cr2Alu  corresponds to 25'96 
per cent, of chromium, which agrees closely with the narrow range of 
the phase.

The 0-Phase (CrAl7).
Goto and Dogane found that CrAl7 decomposed at 725° C. The 

formula corresponds closely to the aluminium-rich boundary of the 
phase at 21*6 per cent, o f chromium, and is in agreement with the work 
of Fink and Freche on the two-phase alloys. After dissolving out the 
aluminium solid-solution, the residue which was analyzed was found 
to be CrAl,.

In the present experiments, a two-phase 0 +  •/) alloy was obtained 
by quenching a 24 per cent, alloy from 600° C., and a two-phase 0 -f- k 
alloy was obtained by quenching a 21 per cent, alloy from 710° C .; this 
confirms the existence of the 0-phase up to 710° C. After quenching 
from 800° C., a 24 per cent, alloy contained the vj-phaso mixed with 
k, the aluminium solid-solution; this proves that the 0-phase decomposes 
between 710° and 800° C., in agreement with Goto and Dogane. At 
800° C. the alloy must have been composed of i) mixed with a small 
amount o f the liquid phase, which was held in the interstices of the 
alloy. During the process of quenching, this aluminium-rich liquid 
solidifies as a mixture of r, and k without reacting to form 0.

The 0-phase (CrAl7) crystallizes from the melt in the form of pseudo- 
hexagonal needles. These were examined by the oscillation and Laue 
methods, which showed that the crystals were orthorhombic (pseudo- 
hexagonal).

a =  19-99 A. b =  34-51 A. c =  12-47 A.

The authors are indebted to Dr. I. Fankuchen for Weissenberg photo
graphs which confirm these measurements. The pseudo-hexagonal 
symmetry was also confirmed by goniometer measurements, kindly 
made by Dr. H. E. Buckley.

The K-Phase (Aluminium Solid-Solution) and the Liquidus.
According to Fink and Freche, pure aluminium dissolves up to 08  

per cent, o f chromium depending on the temperature. These results 
are incorporated in the phase diagram (Fig. 2), and their observations 
give the liquidus up to 790° C. Beyond this temperature the present



authors have followed approximately the work of Goto and Dogane, 
who give the liquidus up to 1170° C. This temperature is attained by an 
alloy with 36 per cent, of chromium, and beyond this composition there 
is no more satisfactory information.

In conclusion, it is interesting to note the extraordinary resemblance 
between all the powder photographs of the chromium-aluminium 
system. The positions of the strongest lines fall at nearly the same 
angles in every phase. In particular, a line corresponding to 110 of a 
body-centred cubic lattice is present in every one of the photographs. 
This behaviour may perhaps be explained by the Jones-Brillouin8 
theory of alloy phases.

A cknowledgments.
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ALLOYS OF MAGNESIUM. PART V.—THE 756  
CONSTITUTION OF THE MAGNESIUM- 
RICH ALLOYS OF MAGNESIUM AND 
CERIUM.*

B y J. L. H A U G H TO N .f D.Sc., Member o f  C o u n c i l ,  and 
T. H. SCHOFIELD, J M.So., M km beb.

S y n o p s is .

The constitution of the magnesium-rich alloys of magnesium anti 
cerium has been re-determined. The eutectic point is found to be at 
21 per cent, cerium and 590° C. Magnesium dissolves about 16 per cent, 
cerium at the eutectic temperature and probably less than 015 per cent, 
at 337° C.

I. Introduction.

T his report is Part V  of the investigation of the constitution and 
mechanical properties of magnesium alloys which is being conducted 
at the National Physical Laboratory under the direction of Dr. C. II.
Desch, F.R.S., for the Metallurgy Kesearch Board of the Department 
of Scientific and Industrial Research.1' 2' 3-4

Recent research has shown that the mechanical properties of some 
magnesium alloys at elevated temperatures are improved by the addition 
of small amounts of cerium. The present work lias been carried 
out to confirm, and possibly supplement, existing information on the 
constitution of the cerium-magnesium alloys and has been extended 
to alloys containing up to about 40 per cent, cerium in order to establish 
the composition of the eutectic and to confirm the existence of a 
peritectic reaction. The solid solubility of cerium in magnesium has 
also been determined.

II. P r e v i o u s  W o r k .

Although Muthmann and Beck 5 were probably the first to prepare 
cerium-magnesium alloys, the only systematic study carried out was 
that by Vogel,8 who investigated the constitution in some detail.
Using fairly pure magnesium and cerium containing 6-5 per cent, of

* Manuscript received August 22, 1936. Presented at the Annual General 
Meeting, London, March 11, 1937.

t  Principal Scientific Officer, Department of Metallurgy and Metallurgical 
Chemistry, National Physical laboratory. Teddington.

Î Scientific Officer, 'Department of Metallurgy and Metallurgical Chemistry,
National Physical Laboratory, Teddington.
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impurities, he found the eutectic point to be about 27 per cent, cerium 
and 585° C. No evidence of solid solubility was given.

III. P r e s e n t  W o r k .

Preparation o f the Alloys.

The magnesium was supplied by British Maxium, Ltd., and contained 
as impurities: aluminium 0'018; iron 0'020; silicon 0'013 per cent.

The cerium, kindly given by La Société de Produits Chimiques des 
Terres Rares, contained 97'7 per cent, cerium and l -25 per cent. iron.

The alloys were prepared by adding cerium in small quantities to 
molten magnesium under a flux in a stainless steel crucible. They were 
cast into smaller stainless iron crucibles o f the type previously described1; 
the excess was cast into iron moulds, and a vertical slice cut from the 
ingots was used for chemical analysis ; in some cases the remainder was 
used for the preparation of other alloys and for microscopical examina
tion. The flux had the same composition as that employed previously, 
and a minimum quantity was used for each melt.

Thermal Analysis.

Heating and cooling curves of nine alloys were recorded. Because of 
the large difference in specific gravity between cerium and magnesium, 
it was deemed advisable to carry out the thermal analysis in the stirring 
apparatus designed by Payne.7 Most of the thermal curves were 
recorded on an inverse-ratc recorder by means of manual signals 
depending on observations of a deflection potentiometer, but some 
were recorded automatically on the recorder by means of an automatic 
potentiometer 8 actuated by a photoelectric cell.

Two heating and two cooling curves of each alloy were recorded, and 
as the temperature arrest of the liquidus taken from the first and second 
pair of curves agreed closely it was assumed that no appreciable change 
in composition had taken place during the taking of the curves. After 
the curves had been taken, the metal was remelted in the crucible and 
cast into an iron chill. In certain cases the ingots thus obtained were 
analyzed, and the cerium content was always less than that of the alloy 
before taking thermal curves. This discrepancy was probably due to 
losses caused by adding new flux when remelting the alloy from the 
thermal curve crucible. That considerable loss could be caused in this 
way was shown by the analysis of the flux from one of the rich cerium 
alloys which gave 18'5 per cent, cerium. Cooling curves of two alloys 
were taken down to 360° C., but no arrest points were observed below 
the eutectic temperature.



The results of the present work and of Vogel’s work are embodied 
in Figs. 1 and 2, respectively.

Microscopical Examination.
The specimens were rubbed down by hand on emery paper and 

polished on velvet with metal polish. Specimens of cerium content

CER IUM ,ATOM IC  PER  CENT

Part V.— Magnesium-Cerium Alloys 341

Fid. 1.
Fig. 1.— Equilibrium Diagram of the Ceriuin-Magncsium Alloys Containing up to 40 Per 

Cent. Cerium. (Haughton and Schofield.)

near and beyond the eutectic were brittle and were mounted in Bakelite 
before polishing.

The specimens were etched either in a 4- per cent, solution of nitric 
acid in alcohol or in a mixture of citric acid, nitric acid, and glycerine.
All specimens used for the determination of the solidus and solid 
solubility were annealed in hydrogen contained in sealed tubes of 
Pyrex glass. Quenching was done by pushing the tube containing the 
specimens directly into cold water.
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The Liquidus.
The liquidus differs in temperature and form from that plotted 

from Vogel’s data; the former falls less steeply and is below the latter. 
It should be noted that the temperature of the melting point of magnes
ium given by Vogel is high (661° C.).

The Perilcclic Reaction.
The existence of a peritcctic observed by Vogel has been confirmed 

by thermal analysis and by microscopical examination. The temper-

Fra. 2.— Equilibrium Diagram of tho Ccrium-Magncsium Alloys Containing 
up to 40 Per Cent. Cerium. (Vogel.)

aturc of the peritectic reaction is about 614° C. Figs. 3 and 4 (Plate 
XLV III)show  an alloy containing 39'7 per cent, cerium as cast and after 
annealing at 565° C. for 6 hrs., respectively. The cooling curves of 
this alloy showed four definite arrests, one of which was close to the peri
tectic ; no explanation is put forward for one arrest point which suggests 
increasing complexity of the system. Investigation of the diagram 
■beyond this point, however, lies outside the scope of the present work.

The Eutectic.
From thermal evidence, the eutectic point was found to be at 21 per 

cent, cerium and 590° C., compared with about 27 per cent, cerium and 
585° C. from Vogel’s data. Confirmation of this was obtained by micro
scopical evidence. Figs. 6 and 7 (Plates XLV III and X L IX ) show the
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structure of alloys containing 24'7 and 18'(i per cent, cerium, respectively, 
and illustrate the primary separation on either side of the eutectic. 
Fig. 8 (Plate X L IX ) shows the structure of an alloy containing 216 
per cent, cerium and shows that it contains a small amount of 
hypereutectic primary. It was possible to distinguish between the two 
primaries by etching in boiling water which stained the a primary 
brown but left the ¡3 primary unchanged. Photographs illustrating 
the etch are not reproduced because liquid exuding from the numerous 
holes in the specimen caused a tarnish film to spread over the 
surface and rapidly spoiled its appearance.

The Solidus.
The position of the sloping part of the solidus was determined from 

microscopical examination of alloys quenched after annealing at various 
temperatures. All alloys, both for the determination of the solidus 
and the solid solubility line, were first annealed at 565° C. for 6J hrs. to 
render them homogeneous. Fig. 5 (Plate XLVIII) shows the 
structure of an alloy containing 1‘7 per cent, cerium quenched from 
595° C. The chilled liquid is readily visible.

The Solid Solubility Line.
The solid solubility of cerium in magnesium was determined micro

scopically. Specimens of suitable composition were annealed at 565", 
472°, and 337° C. for 12 hrs., 40 hrs.,and 5 weeks,respectively. Although 
microscopical examination led to conclusive evidence of the amount of 
solubility at 565° C., some doubt exists as to the solubility at the lower 
temperature; this was due to the difficulty in identifying small amounts 
of a second phase in the presence of small amounts of impurity origin
ating from the cerium.

Magnetic Properties.
It has been discovered that some of the cerium-magnesium alloys, 

and certainly those containing about 20-40 per cent, cerium, are mag
netic in that they are feebly attracted by a strong permanent magnet. 
It seems improbable that the magnetism can be solely due to the iron 
in the cerium because the latter is not attracted by a magnet.

IV. C onclusions.
The constitution of the magnesium-rich alloys of magnesium and 

cerium has been determined. The eutectic point is found to be at 
21 per cent, cerium and 590° C., compared with about 27 per cent, and 
585° C. observed by Vogel, who used much less pure metals than 
were employed in the present investigation. Vogel did not determine 
the solubility of cerium in magnesium, which is now shown to be about
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l'G per cent., at the eutectic temperature, and probably less than 0*15 
per cent, at 337° C. The existence of the peritectic observed by Vogel 
has been confirmed, though at a slightly lower temperature (614° C.). 
Some of the alloys arc found to be very feebly magnetic.

V. A c k n o w l e d g m e n t s .

The authors wish to express their thanks to Dr. C. H. Desch, F.R.S., 
under whose supervision the work was carried out. They are also 
indebted to Messrs. P. Ward, B.Sc., and W. H. Withey, B.A., for 
carrying out the analyses of the alloys. They would also like to express 
their gratitude to the Société de Produits Chimiques des Terres Rares 
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and “  Mischmetall ”  for this work and for the work on mechanical 
properties referred to at the beginning of this paper.
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DISCUSSION.
M r . A. J. M u r p h y ,*  M.Sc. (Member) : The relation between the work on 

the magnesium alloys at Teddington and that on the mechanical properties may 
obviously lead to great developments, particularly in the use o f  these alloys at 
elevated temperatures, from which applications magnesium alloys generally 
have been excluded up to the present. Presumably we must wait some time 
longer before we have an indication, based on the constitutional diagram or 
diagrams, o f  the reasons for the good properties o f  these new alloys at high 
temperatures.

Throughout the paper the material is described as cerium ; on p. 340 it 
is stated to contain 97'7 per cent, cerium and L25 per cent. iron. Does that 
mean precisely what it says 1 The cerium most readily obtainable is actually 
“ Mischmetall,”  which rarely contains more than 60 per cent, o f  cerium, the 
remainder being closely related metals. Possibly, and indeed probably, in the 
present case that does not much matter, bccause no doubt all the other metals 
can be counted as cerium. One never knows, however, when it may be 
necessary to differentiate between their effects, and it would be useful i f  it 
were indicated whether the true cerium content o f  the metal used was 97-7 
per cent, or whether 97-7 per cent, represents the total o f the rare earth metals.

Mr. Sc h o f ie l d  (in reply) : A specially pure sample o f  cerium was given 
for this work by La Société de Produits Chimiques des Terres Rares, who 
stated that it was almost free from other rare earth metals, which we have 
made no attempt, however, to estimate. Most o f  the alloys for the work 
on the mechanical properties were prepared from “  Mischmetall ”  containing 
about 55 per cent, cerium.

* Chief Metallurgist, J. Stone and Company, Ltd., Deptford.



Fig. 3.—39-7% Cerium, As Cast. Etched in 4% Nitric Acid in Alcohol. X 500.
Fig. 4.—39-7% Cerium, Annealed a t 565° C. for 6 Hrs. and Quenched. Etched in  4 «  N‘tnc

Acid in Alcohol. X 300. . . ,  . . . .  . . „ „ j
Fig. 5.—1-7% Cerium, Quenched from 595° C. Etched in Citric Acid, Nitric Acid,

Glycerine, x  150. i /-m • ^ ic:n
Fig. 6.—24-7% Cerium, As Cast. Etched in Citric Acid, Nitric Acid, and Glycerine. X iou.

[To face p. 344.



P l a t e  XLIX.

18-6% Cerium, As Cast. Etched in, Citric Acid, Nitric Acid, and 
Glycerine, x 150.

■21-6% Cerium, As Cast. Etched in Citric Acid, Nitric Acid, and 
Glycerine, x  150.



( 345 )

TIIE SOLUBILITY OF SILVER AND GOLD 7 5 2  
IN SOLID MAGNESIUM.*

By WILLIAM HUME.ROTHERY.f M.A., D.Se., M e m b e r , and EWART 
BUTCHERS,| B.A., B.Sc.

SiTNorsis.
The solid solubility of silver in solid magnesium has been investigated 

above 300° C., and the solidus and solid solubility curves of the magnesium- 
rich solid solution have been determined. The maximum solubility of 
silver in magnesium is 3-9 atomic per cent. (15-3 per cent, by weight) 
at the eutectic temperature (471° C.), and the solubility decreases with 
decreasing temperature to 0-9 atomic per cent. (3-9 per cont. by weight) 
at 300° C. The maximum solubility of gold in solid magnesium is of the 
order 0-1 atomic percent, at 576° C., and the solubility decreases with 
decreasing temperature.

I n t r o d u c t i o n .

P r e v i o u s  work on alloys of copper and silver with the elements of the 
B Sub-Groups, including those of the first two Short Periods, led to the 
hypothesis of the “  relative valency effect.”  1 According to this, in 
a binary system where the metals have different valencies, the primary 
solid solution in the element of lower valency tends to be of greater 
extent than that in the element of higher valency. The object of the 
present investigation was to test this hypothesis for the systems silver- 
magnesium and gold-magnesium, where the “  size-factors ”  2 are 
favourable. The work of Schemtschushny3 and Saeftel4 on 
magnesium-silver alloys, and of Yogel5 and Urasow *•7 on magnesium- 
gold alloys shows that silver and gold take up at least 20-30 atomic 
per cent.§ of magnesium into solid solution. The results obtained in 
the present work confirm the hypothesis of the relative valency effect, 
since the maximum solubilities of gold and silver in magnesium are 
only 3-9 and <  0'2 atomic per cent, respectively.

* Manuscript received June 3 ,193G. Presented at the Annual General Sleeting, 
London, March 11, 1937.

t  Royal Society Warren Research Fellow, Oxford.
% Keble College, Oxford.
§ The form of the magnesium-silver equilibrium diagram is at present in dispute 

since Saeftel claims that the a solid solution in silver extends up to 65 atomic per 
cent, o f magnesium.



346 Hume-Rothery and Butchers : The Solubility of

E x p e r im e n t a l  M e t h o d s .

General.
By the kindness of the Aeronautical Research Committee and the 

National Physical Laboratory, the authors were presented with 
magnesium of 99‘95 per cent, purity, and with a magnesium-gold ingot 
from which the magnesium-gold alloys were prepared. For the 
magnesium-silver alloys the magnesium was melted with 99'99 per 
cent, silver grain supplied by Messrs. Johnson, Matthey & Company, 
Ltd. The alloys were melted under flux in crucibles lined with 
alumina and fluorspar, and prepared by the Morgan Cruciblc Company, 
Ltd. The flux used contained 896 parts by weight of anhydrous mag
nesium chloride, 320 parts potassium chloride, 60 parts sodium chloride, 
and 40 parts calcium fluoride. The alloys were then cast into heavy 
copper moulds giving cylindrical ingots of J in. and J in. diameter, 
with a very fine microstructure.

For the annealing experiments the alloys were enclosed in sealed 
evacuated glass tubes, and heated in tubular resistance furnaces con
trolled by a Foster temperature regulator, by means of which the 
temperature was kept constant to within ; t  2° C. in all the critical 
experiments. At the end of each annealing treatment the alloys were 
cpienched in cold water. In the determination of the solidus curve 
in the system magnesium-silver, the specimens, after a preliminary 
annealing treatment, were heated for 30 minutes at the desired temper
ature before quenching; in this work the temperature was controlled 
by hand adjustment of the resistances in the furnace circuit, and the 
constancy of the control was gradually increased from ±  0'8° to 
±  0'3° C. The temperature was measured by an Alumel-Chromel 
thermocouple with its tip touching the sealed tube containing the alloy, 
the thermocouple being calibrated against the melting points of alu
minium, the aluminium-copper eutectic, zinc, lead, and tin.

Microscopic Examination.
After grinding on emery papers, the specimens were polished on a 

cloth smeared with oil and magnesia. The structures of the magnesium- 
gold alloys, and of the two-phase magnesium-silver alloys were easily 
revealed by etching with a solution containing four drops of Tinofeff’s 
reagent * in 10 c.c. of alcohol. For the homogeneous magnesium- 
silver alloys the best results were obtained by repeated etching in a 
more concentrated solution containing 18 drops of Tinofeff’s reagent 
to each 10 c.c. of alcohol, the specimen being polished lightly after

* This reagent consists of a  m ixture of 4 parts of chromic acid and 90 parts of 
nitric acid.
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each immersion. Although this treatment revealed the crystal grains 
clearly, it tended also to produce etch pits, but these could readily be 
distinguished from the bluish particles of the second constituent in 
the two-phase alloys. Photomicrographs arc not reproduced, since 
the alloys showed quite typical homogeneous or two-phase structures.

Chemical Analysis.
The magnesium-silver alloys were analyzed by one of the authors 

(E. B.), the silver being determined gravimetrically as chloride, and the 
magnesium as pyrophosphate. The sum of the percentages of the 
two metals determined by analysis varied between the limits 99-95 
and 100'09 in all the alloys of critical composition. The magnesium- 
gold alloys were analyzed by Mr. R. G. Johnston of the Midland 
Laboratory Guild, L td .; the gold was weighed as metal after precipita
tion from solution in hydrochloric acid by means of sulphur dioxide, 
and the magnesium determined as pyrophosphate. The sum of the 
percentages o f the two metals determined by analysis varied from 
99-90 to 99-95.

E xperimental R esults.
(a) Magnesium-Silver.

T a b le  I .— The Solidus Curve.
Preliminary Treatment.— Before being used for the experiments 

described in this Table, the alloys received a preliminary annealing 
treatment of at least 9 i days at 450°-460° C., and all except the first 
and last mentioned alloys had previously been annealed for 6 days at 
420° C. or 8 days at 440° C.

Silver.
Quenching Tem |

Microstructure. 

......... ........Weight Per Cent. Atomic Per Cent.
perature, ®C.

2-63 0-60 613
601*5

a +  a little chilled liquid 
a

4-37 1-02 588-5
581

a 4- chillcd liquid 
a

5-26 1-23 575-5
563-5

a +  a little chilled liquid 
a

8-77 2-12 542
532

a +  chilled liquid 
a

10-13 2-48 522-5
512

a - f  a  little chilled liquid j 
a

12-33 3-07 504 a -f- chilled liquid
493 a

13-92 3-51 483-5 a  -J- a  little chilled liquid 1
473 a

This system was investigated by Schemtschushny 3 who observed 
no solid solution in magnesium, but obtained an equilibrium diagram
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in which pure magnesium formed a eutectic with the compound Mg3Ag, 
the eutectic horizontal being at 469° C. The present work confirms 
the eutectic temperature as lying between the limits 470° and 473° C., 
but shows that a definite solid solution exists, the limits of which 
decrease from a maximum of 3'9 atomic per cent, of silver (15'3

Fio. l.

per cent, by weight) at the eutectic temperature to 0 9  atomic per 
cent, of silver (3-9 per cent, by weight) at 300° C.

The results of the solidus determinations are shown in Table I, 
and are included in Fig. 1 which also shows the results of the annealing 
experiments given in Table II. For brevity, only the critical 
points near to the solubility and solidus curves are given in these Tables, 
but the additional points obtained in the course of the work are included 
in Fig. 1. The Tables are self-explanatory, and the results confirm



that the solubility of silver in solid magnesium is very much less than 
that of magnesium in solid silver.
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T a b l e  I I .— The Solid Solubility Curve.

Silver
Composition. Annealing Treatment.

Micro-
structure.

1

Remarks.
Weight

Per
Cent.

Atomic
Per

Cent.
Preliminary. Final.

15-GS 4-02 nono 13 days, 465° C. o + 0 This alloy remained two- 
pliase when re-annealed at 
400°, 343°, and 300° C. 
after the above hlgh- 
temperature treatment.

13-92
13-92

3-51
3-51

none• 13 days, 455® 0 . 
5 days, 400° 0 .

a
0 + 0

This alloy remained two- 
phase when re-annealed 
at 313° and 306° C. after 
being made homogeneous 
by a preliminary anneal at 
450°-460°C.

12-33
12-33

3-07
3-07

C days, 421° 0 . 
none

9| days, 459° 0. 
6 d a y s ,421° C.

a
0 +  0

10-13
10-13

2-48
2-48

none
•

8 days, 440° 0 . 
5 days, 400° C.

a
0 + 0

8-77
8-77

2-12
2-12

»
8 days, 400° +  
9J days, 459° O.

6 days, 400° C. 
8 days, 343° 0 .

a
o +  0

5-2G 
5-2 C

1-23
1-23

•
8 days, 440° +  
9J days, 459° 0 .

5 days, 400° 0 . 
8 d a y s ,343° 0 .

a
a +  0

4-37

4-37

1-02

1-02

C days, 421° +  
9J days, 459° 0 . 

‘  t
8 days, 343° 0. 
8 days,30G° C.

a
a +  0

3-59 0-83 9J days, 459° C. 
- f  8 days, 343° C.

8 days, 306° 0 . a

In this Table, the primary solid solution in magnesium Is denoted a, and the second phase 0 ; if 
the diagram of Schemtschushny is correct, the 0 pliase is the compound Mg,Ag.

• After being used for the series o f experiments at 343° C., these alloys were made homogeneous by 
annealing at 40-4® C. for 5 days followed by 2 days at 4C0° C-, and were then used for the final experi
ments at 400° 0 .

t  Thi9 experiment was made with the specimen found to be homogeneous after quenching from 
343° 0 .

Magnesium-Gold.
The equilibrium diagrams of Vogel5 and Urasow 6 show no solid 

solution in magnesium, and indicate that pure magnesium forms a 
eutectic with the compound AuMg3l the eutectic horizontal being at 
576° C. In the present work the eutectic horizontal was determined 
by the quenching method as lying between the limits 575'5° and 580° C., 
in good agreement with the previous data. For the solid solubility 
determinations alloys containing 0'21 and 0‘33 atomic per cent, of 
gold were prepared together with others of higher gold content. These 
were given a preliminary annealing treatment of 2 days at 400° C.
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followed by 5 days at 518° C., and were then annealed at 567° for 10 
days. After this treatment all the alloys were two-phase. The 
same specimens were then re-annealed at 459° for 10 days, examined 
microscopically, and annealed again at 343° C. for a further 8 days. 
The amounts of the second phase present in the alloys increased slightly, 
but definitely, after the final annealing treatments at the lower temper
atures. From the relative amounts of the second phase in the different 
alloys, it was concluded that the solid solubility of gold in magnesium 
is of the order O'l atomic per cent, at the eutectic temperature, and 
decreases to even smaller amounts at lower temperatures. The 
microscopic method is not well suited to the determination of such very 
narrow ranges of solid solution in magnesium, and since the relative 
valency effect is clearly confirmed the subject was not investigated 
further.
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ALLOYS OF MAGNESIUM. PART IV.—THE 7 5 3  
CONSTITUTION OF THE MAGNESIUM- 
RICH ALLOYS OF MAGNESIUM AND 
SILVER.*

By R. J. M . PAYNE,f B.Sc., M e m b e r , and J. L. HAUGHTON.J D.Sc.,
M e m b e r  o f  Co u n c il .

Sy n o p s is .

Tho form of tho liquidus and the values obtained for the eutectic and 
peritectic temperatures by other workers have Dccn checked in magnesium- 
silver alloys containing up to 60 weight j)er cent, of silver. It was found 
that solid magnesium can hold in solution up to 1!> weight per cent, of 
silver at tho cutectic temperature, but less than I weight per cent, of 
silver at 200° C. The alloys should, therefore, bo capable of precipitation- 
hardening.

T h is report forms Part IV 1 of the investigation into the constitution 
and mechanical properties of magnesium alloys which is being con
ducted at the National Physical Laboratory, under the direction of 
Dr. C. H. Desch, F.R.S., for the Metallurgy Research Board of the 
Department of Scientific and Industrial Research; the three previous 
reports were published in this Journal.1,2,3

The addition of small proportions of silver to some magnesium 
alloys has been found to have good effects, particularly in maintaining 
the tensile strength at high temperatures, and this research was carried 
out to confirm and to supplement existing information on the constitu
tion of the binary alloys of magnesium and silver.

The investigation was limited at the outset to include only alloys 
necessary for checking the composition of the eutectic. The alloy 
richest in silver which was dealt with contained 59'57 weight per cent, 
silver.

P r e v io u s  W o r k .

The system magnesium-silver has been studied, as a whole or in 
part, by Schemtschushny, by Smirnow and Kurnakow, and by Saeftel.

* Manuscript received June 19,1936. Presented at the Annual General Meeting,
London, March 11, 1937.

f  Assistant III, Department of Metallurgy and Metallurgical Chemistry,
National Physical Laboratory, Teddington.

+ Principal Scientific Officer, Department of Metallurgy and Metallurgical 
Chemistry, National Physical Laboratory, Teddington.
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Schemtschushny 4 studied the complete range of alloys by the 
methods of thermal analysis and microscopic examination; his results, 
up to about 65 per cent, silver, are given in Fig. 1. With regard to the 
magnesium-rich end of the diagram, he found the eutectic point at 17'3 
atomic per cent, silver ( =  48-14 weight per cent.) and at 469° C. No 
evidence was given for the existence of solid solubility.

Fia . 1.—Equilibrium Diagram of the Magnesium-Silver Alloys 
Containing up to 65 Per Cent. Silver. (Schcmtschushny.)

Smirnow and Kurnakow5 studied the electrical properties and 
hardness of the alloys, and indicated that silver was soluble in solid 
magnesium to the extent of about 12 weight per cent, silver.

Saeftel 6 confined his investigation to the silver-rich alloys.

P r e p a r a t i o n  o p  t h e  A l l o y s .

The magnesium used contained about 99-95 per ccnt. magnesium; 
the impurities being : copper O'006, iron 0:038, and aluminium O'OIO 
per cent.

The silver used was supplied by the Sheffield Smelting Company, 
Ltd., and contained 0 ‘0005 per cent, lead as the only impurity.



Alloys of Magnesium.— Part IV  353
The alloys were prepared by melting the magnesium in a stainless- 

steel crucible under flux, and adding the silver to it. It was found 
necessary to exercise care to keep the surface of the alloys from contact 
with the air. When molten the alloys were cast into stainless-iron 
thermal-curve crucibles and the surface covered with a little flux, 
composed of magnesium chloride 450, sodium fluoride 30, calcium 
fluoride 20, and potassium chloride 160 grm. After making the thermal 
curves, the alloys were carefully remelted in the crucibles and cast 
into a horizontal chill ingot mould. The ingots thus obtained were 
analyzed, and were afterwards used to provide samples for microscopic 
study. Analysis showed that there was no contamination of the alloys 
by the material of the crucibles.

The figure given by the analysis of the material after melting and 
casting \vas considered to be as near an estimate as could be obtained 
of the composition of the alloy at the time when the curves were being 
made, in spite of a slight loss of silver which occurred during the 
re-melting operation. It was thought inadvisable to sample the alloys 
by taking drillings from the metal while it was still in the crucible, 
owing to the possibility of segregation.

T h e r m a l  A n a l y s i s .

Five alloys were examined by the method of thermal analysis to 
check the accuracy of the work of Schemtschushny. These alloys 
contained 19-72, 33-31, 42-88, 50'83, and 59-57 per cent, by weight 
of silver. It was anticipated that with alloys made from two metals 
of widely different densities, such as magnesium and silver, some 
trouble due to segregation of the silver compound would be encountered 
(cf. the report on alloys of magnesium and nickel).1 The thermal 
analysis of these five alloys was carried out, therefore, in the apparatus 
which was used for the study of the magnesium-nickel alloys 7 and 
which was designed to minimize the effects of segregation on thermal 
curve samples. As will be seen, the results obtained on stirred 
specimens agree fairly well with those of Schemtschushny who used 
no stirring. The employment of the apparatus occasioned little 
additional trouble whether essential to accuracy or not.

The thermal curves were plotted by means of the deflection potenti
ometer and inversc-rate recorder. Two heating and two cooling 
curves were obtained for each alloy, and the close agreement between 
the temperatures of the liquidus arrest taken from the first and the 
second curve of each kind indicated that no appreciable change of 
composition had occurred during the making of the curves. The 
results are shown in Fig. 2. The liquidus for the hyper-eutectic alloys

V O L . L X . 2
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<X +  Mg3A g

V> 500

Fio. 2.

10 20 30  4 0  50 60
S I  L V E R .W E I G H T  P E R  CENT

-Equilibrium Diagram of the Magnesium-Silver Alloys Containing up to 
65 Per Cent. Silver. (Haughton and Payne.)
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(shown by a broken line) is taken from the work of Schemtschushny. 
Curves were taken for one alloy containing 19*72 per cent, silver down 
to room temperature, but no arrests were found below the eutectic 
temperature.

M i c r o e x a m i n a t i o n .

The microspecimens were polished by hand with metal polish on 
velvet. The etching of duplex alloys presented little difficulty, a 
dilute solution of nitric acid in alcohol staining the a solid solution 
brown whilst leaving the compound Mg3Ag unaffected. With homo
geneous alloys it was found impossible to etch grain boundaries, all 
the reagents tried giving only the (often irregular) brown tarnish film. 
Moreover, reagents such as alcoholic nitric acid were found to be un
reliable in action. However, when trying the effect of organic acids 
it was found that by adding hydrogen peroxide to a concentrated 
solution of tartaric acid in alcohol, an etching reagent was obtained 
which gave more consistent results. This mixture also stained the 
solid solution and enabled any compound present to be distinguished 
by colour contrast, but it produced a more uniform film than the 
nitric acid and gave more reproducible results. If no white patches 
were to be seen when a specimen had been etched with this mixture, 
properly prepared,* it could safely be concluded that the specimen 
was homogeneous. It was found afterwards that Smirnow and 
Kurnakow had recommended the use of a similar reagent (hydrogen 
peroxide plus alcoholic citric acid) for these alloys. The reagent was 
also found suitable for detecting fusion spots in those alloys which were 
used in determining the solidus.

T h e  L iq u id u s .

The liquidus plotted from these observations will be seen to agree 
quite well with that o f Schemtschushny : perhaps rather surprisingly 
well in view of the fact that no consideration was given by him to the 
effects of segregation. No arrest was obtained on heating curves 
with the alloys containing 59-57 per cent, silver.

T h e  P e r it e c t ic  R ea c tio n .

The mean of the temperatures of the peritectic reaction obtained 
on heating and on cooling the only alloy which falls within this range 
is 495-5 C.

* This reagent was prepared by placing crystals of tartaric acid in excess in  
industrial methylated spirit and adding hydrogen peroxide (40 vol./o.c.) to the 
saturated solution in sufficient quantity to produce the film. The action of the 
combination is complicated by the fact'tha t the hydrogen peroxide itself contains 
free acid.
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T h e  E u t e c t i c .

Although the present work does not really establish the liquidus for 
hyper-eutectic alloys nor, consequently, the composition of the eutectic 
alloy, the liquidus point for the only hyper-eutectic alloy examined 
(50'83 per cent. Ag) fell exactly on the liquidus curve obtained by 
Schemtschushny. This was considered to be sufficient evidence that 
the latter was substantially correct over the part under consideration, 
and, taking this in conjunction with the authors’ determination of the 
hypo-eutectic branch of the liquidus, the eutectic between magnesium 
and Mg3Ag was found to occur at 48'6 per cent, silver and at 472° C. 
The temperature of the eutectic arrest obtained from the heating 
curves of the different alloys vary less from a mean value than do those 
obtained from cooling curves. The maximum difference between the 
temperatures of the arrests on heating and cooling for any one alloy 
is 4° C.

T h e  R e m a i n i n g  B r a n c h  o f  t h e  S o l i d u s .

This was determined by quenching samples of alloys which had 
been annealed at temperatures above that of the eutectic.

Alloys intended for this purpose were first annealed for 6 days at 
450° C. to render them homogeneous. The high temperature annealings 
were (with one exception) carried out in a bath of molten flux, and 
specimens were held at the required temperature for 15 minutes before 
quenching. Fusion spots were readily detected microscopically.

T h e  S o l i d  S o l u b i l i t y  o f  S i l v e r  i n  M a g n e s i u m .

This was determined by microscopic methods at 450°, 400°, 300°, 
and 200° C. Preliminary annealings showed that a period of 7 days was 
sufficient for equilibrium conditions to be attained at 400° C. A 
period of 4J days was adjudged to be adequate for annealings carried 
out at 450° C. Specimens for annealing at 300° and 200° C. were 
given an initial solution treatment of 7 days at 400° C., and were slowly 
cooled to the final annealing temperature. All annealings were carried 
out in vacuo.

R e f e r e n c e s .
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JOINT DISCUSSION.
D r . S. W . S m i t h ,*  C .B .E ., A.R.S.M. (M em ber): Mr. Payne and Dr. 

H aughton have  confirm ed and  supplem ented th e  work o f tho well-known 
Russian investigator Schem tschushny. H ow  eloso is tho confirm ation of th a t 
work which was carried  o u t 30 years ago, is shown by th e  fact th a t  whereas 
Schem tschushny found th e  eutectic  a t  48-14 per cent, o f silver, tho  present 
authors p u t  it— ra th e r by  com putation  and not, I  th ink , by exact determ ination 
—a t  48-6 per cent., while th e  corresponding tem peratures o f solidification 
were, in  th e  earlier work 469° C. and  according to  the  present authors 472° C., 
a difference o f only 3° C., w hich is actually  1° less th an  th e  diflerenco which 
tho au tho rs them selves say  m ay  occur betw een the arrests o f  heating and of 
cooling, nam ely 4° C.

W ith  regard  to  th e  p reparation  o f tho  alloys, the authors adop t tho pro
cedure o f m elting in  a  stainless steel crucible and then, for the  purpose o f their 
therm al curves, th ey  tran sfer a  portion to  a  stainless iron therm al-curvo 
crucible. To ob tain  specim ens for annealing and quenching they  cast in a  
horizontal chill m ould. Tho fact th a t  th ey  have given no indication o f how 
they sam pled th e  alloys leaves a  little  doub t in m y m ind as to w hether t hey are 
fully aw are o f th e  v ery  considerable variations which m ay occur in  such alloys 
when chill-cast in  th is  way. T hey m ention, however, a  slight loss o f silver 
which occurred during  th e  re-m eltings. One would ra th e r cxpect, o f course, 
th a t there  would be a  loss o f m agnesium  an d  th a t th e  silver content would 
increase, an d  I  th in k , therefore, th a t  th a t  m ust m ean only th a t  the  loss of 
silver exceeded th a t  o f m agnesium , because i t  seems m ost unlikely th a t  they 
did n o t lose some m agnesium . Perhaps i t  is unwise to  speculate on why the  
loss o f  silver m ay  be g reater th an  th a t  o f m agnesium , bu t we have had some 
such experience in  try in g  to  use magnesium in silver alloys in  a ttem pting  to  
obtain  sounder castings. Those particu lar trials were n o t very  successful. 
A certain  am oun t o f a ilver-m agnesium  alloy certainty comes aw ay from such 
alloys an d  m ay  bo left in  th e  p o t as a  shell o r a  scum. T h a t m ay explain 
perhaps w hy th e  investigation  o f th is  series a t  the  silver-rich end does no t 
appear to  have received m uch a tten tion . I  have no wish, however, to  bo 
too critical o f th e  technique which Mr. Payne and Dr. H aughton have 
used, because I  know  only too  well the  difficulties of obtaining, in sm all 
m elts particu larly , com positions which are aim ed a t, and also th e  diffi
culties o f sam pling them  accurately. W ith  regard to  the  therm al analysis, 
tho au th o rs  took  considerable precautions w ith regard to  stirring  w ith  the 
object o f avoiding a n y  possible segregation, and th ey  have a  special apparatus 
for th a t  purpose w hich th ey  have described in  an  earlier paper and in to  
which I  need n o t go. I n  th e  paragraph  headed “ The L iquidus ”  th ey  say 
“  The liquidus p lo tted  from  these observations will be seen to  agree quite  well 
w ith th a t  o f  Schem tschushny : perhaps ra th e r surprisingly well in  view of the  
fac t th a t  no consideration was given by  him  to  th e  effects o f segregation.” 
On reading th a t ,  I  w ondered w hether th e  authors quite  realized where segrega
tion  comes in. I  do n o t feel th a t  in  tak ing  a  cooling curve the  effects o f segrega
tion  are very  m uch to  be  feared. There is probably no tem peratu re  g radient 
in  a  sm all m ass o f  th is  k ind , and i t  is difficult to  see how a  small am oun t of 
segregation, should i t  occur, can  affect th e  in itial freezing po in t or th e  final 
freezing p o in t. W hen i t  comes to  casting th e  m etal in  a  chill m ould, however, 
tho effects o f  segregation m ay  be very  considerable.

I t  m ay  be, o f  course, th a t  tho silver-m agnesium  alloys resemble the 
silver-zinc alloys, w hich do n o t segregate very  much. I  have no experience 
of th is  particu la r series, b u t looking a t  the d iagram  I  should say th a t  there
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is possibly some liability  to  segregation, an d  th a t  on the  m agnesium  side of 
th e  cu tectic  i t  will bo in th e  d irection  o f an  enrichm ent o f  th e  silver on the 
outside of the  eastings; i.e. th e  central and  last portions to  solidify are likely 
to  be low in  silver. I  will n o t go in to  th e  grounds for m aking th a t  suggestion.

I  should like to  say  a w ord, however, ab o u t casting specimens in chill 
m oulds. I  ra th e r  prefer th e  m ethod, adop ted  by Mr. Reynolds and Dr. 
H um e-R othery  in  their s tu d y  of th e  silver-rich s ilver-an tim ony  alloys, 
o f casting these specim ens in  a  sand  m ould. T here they  have a ttem pted  to 
approxim ate  to  conditions in  w hich there  is very  little  tem pera tu re  gradient, 
and  th ey  say th a t  they  have practically  overcom e th e  effects o f segregation by 
casting in th is  way. I  th in k  th a t  th a t  is p robably  correct, because i t  is con
sisten t w ith  our experience. I  should like, however, to  go still fu rther th an  that, 
and suggest th a t  th e  m etal m igh t be left in  th e  p o t in which i t  was m elted and 
allowed to  solidify w ithout any pouring or casting a t  all. We have found a 
g rea t advan tage  in m aking use of th a t  procedure in  exam ining alloys o f many 
compositions, i.e. we allow th e  m etal to  solidify as slowly as possible in  the 
cruciblc w ithou t pouring. The fears o f  segregation under those conditions 
are n o t so g rea t as m igh t be im agined, and  certain ly  n o t so g rea t as when the 
m etal is cast in to  a  chill m ould. There is th e  fu rth er advantage  th a t  by slow- 
solidification th e  stru c tu re  develops to  its  fullest ex ten t. I  often  th in k  th a t 
m uch o f th e  long annealing to  which specim ens arc subjected , runn ing  up  to
7 o r 8 days, m igh t be p a rtia lly  obv iated  a t  any  ra te  by  s ta rtin g  w ith  specimens 
which have been very  slowly solidified.

Dr. D. Sto ck pile , JI.A.* (Member) : The w ork described in the paper by 
Mr. P ayne  and  D r. H augh ton  appears to  be accurate, b u t  anyone m aking a 
detailed  s tu d y  of th is system  can get his inform ation only from  Fig . 2. The 
po in ts on th e  d iagram  m u st therefore be tran s la ted  back in to  term s of per
centages of silver and  degrees before th ey  can be used. T his process m ust 
necessarily introduce some inaccuracy. I  ask  th e  au thors, therefore, whether 
th ey  could use equations to  preserve th e ir  work. I t  m ay  be easy to  find 
equations for th e  solidus an d  a-phase boundary . These, and sm all deviations 
from  them , could be given in four or five lines. I f  funds perm it us to  have tables 
such as D r. H um e-R othery  and Mr. B utchers have given, so m uch th e  better.

A  m inor p o in t is th a t  D r. H aughton  is o f th e  opinion th a t  formula; should 
n o t be in troduced  in to  equilibrium  diagram s, a s  has been done liere.f

D r. M. H a n s e n  |  (Member) : As I  was n o t able to  read  these papers 
u n til th is  m orning, I  can m ake only a  few general com m ents. Very little  can 
be said on these tw o papers, because no real criticism  can be m ade of modern 
work on these lines, especially when i t  is o f th e  high s tan d ard  o f th a t  presented 
th is m orning.

I  am  very  m uch im pressed by th e  fac t th a t  in th e  las t 2 or 3 years a  g reat 
deal o f w ork has been done on m agnesium  alloys by th e  D ep artm en t o f 
Scientific and  Indu stria l R esearch in  th is  country , and  I  very m uch appreciate 
th e  fa c t th a t  th is  work has been done so system atically . No d o u b t there  is a 
very  grave need fo r such research w ork, because m agnesium  will become 
m ore an d  more im p o rtan t in  certain  branches o f engineering, and  particularly  
in a irc raft work. U nfortunate ly , m agnesium  is ra th e r a  base m etal, and 
therefore th e  possibility o f finding appropria te  alloying elem ents is small. 
Zinc and  alum inium  are  th e  tw o m ost im p o rtan t ones, an d  th a t  is w hy in 
nearly all industria l alloys o f m agnesium  such as those developed in Germ any

* Fellow of King’s College, Cambridge.
t  Monthly J. Inst. Metals, 1937, 4, 79.
t  Dürener Metallwerk A.G. Hauptverwaltung, Berlin-Borsigwalde, Germany.
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these two m etals are present. I  believe, therefore, th a t  these two papers are 
more im p o rtan t from  th e  scientific po in t o f view.

I f  we com pare th e  behaviour o f copper, silver, and gold tow ards m agnesium, 
and especially th e  solid solubility, we find th a t  silver is soluble in  solid m ag
nesium to  a  ra th e r  high con ten t, whereas copper and gold are practically 
insoluble and  very little  soluble, respectively. This is, I  th ink , very rem ark
able, and the  reason is w orth  seeking, because copper, silver, and gold form an 
allied group in  th e  periodic system  o f elements. There is ano ther example 
of the  fact th a t  silver m ay behave quite  differently from copper and gold in 
alloying w ith  a  second m etal. Copper and gold can form real alloys with 
iro n ; th ere  is com plete solubility  o f th e  tw o m etals in  iron in the  liquid state, 
and bo th  copper and  gold can replace iron atom s in  the  a  and y iron lattices. 
Silver, on th e  o ther hand , cannot form  an alloy w ith  iron, and therefore in 
consequence of th is  there is no solubility o f silver in  iron.

Mr. R e y n o l d s  : D r. Sm ith  referred to  our work on the  silver-antim ony 
alloys, in  which we cast in  sand moulds. We did th a t  because it  is generally 
recognized th a t  i f  inverse segregation is suspected it  is b e tte r to  cast in  sand 
than  in a  chilled m ould. Since then, however, we have come to  wonder, 
because, for instance, silver-alum inium  can be east beautifully in a  steel or 
copper m ould and  there  is no segregation, and I  have since then  cast silver- 
indium  in a  copper m ould w ith  no segregation, although, to  be perfectly 
fair, I  ought to  add  th a t  I  hod to  throw  aw ay two antim ony alloys because 
they  were bad ly  inverse segregated. The only explanation th a t  I  can th ink  
of is th a t  th e  principles have been worked o u t for larger quantities and th a t 
they  will n o t app ly  to  ingots J  in. in diam eter and l i  in. long.

D r. C. J .  S m it h  e l l s ,*  M.C. (Member o f C ouncil): I  th in k  th a t  Dr. Stockdale 
criticized th e  p ap er by  Mr. P ayne and Dr. H aughton on the  ground th a t  it 
was n o t possible to  read from th e  diagram  some of th e  points w ith sufficient 
accuracy where they  really  m atter, whereas in the paper by Dr. Hum e- 
R othery  and  Mr. B utchers there  is a  tab le which gives the  d a ta  for the points 
which are really  im p ortan t. The Publications Committee is quite prepared 
to  publish bo th  tables an d  curves when i t  is desirable and  necessary to  do s o ; 
there is no  h a rd  an d  fast ru le ; we do not, however, wish to  publish tables 
and curves which m erely duplicate each other. W hen, however, a  diagram , 
and particu larly  a n  equilibrium  diagram , cannot give inform ation sufficiently 
accurately, there  is no reason why a  table giving the  exact d a ta  a t  the really  
critical po in ts should n o t also bo included.

I  should also like to  po in t o u t th a t  un til recently, diagram s reproduced 
in th e  Journal were n o t reproduced to  any definite scale. Xow all diagram s 
are draw n so th a t  th e  o rd inates are simple m ultiples o f e ither an  inch or a  
cen tim etre ; th a t  enables one to  read  very m uch more accurately and easily 
th an  would otherw ise be possible the  exact position o f points on these curves.

Mr. P a y n e  ( in reply) : The question of the  sam pling of these alloys for 
analysis is bound up w ith th e  po in t about the  loss o f silver, which was, o f 
course, due to  dissolution in the  protective fluxes used. The flux protected 
the  alloy from oxidation, and  therefore from appreciable loss o f magnesium, 
b u t a t  the  sam e tim e caused a  loss o f silver by the  a tta ck  o f the  fluorides and 
chlorides o f which i t  is composed. The therm al curve ingots were m elted in 
the  crucible and  th en  poured in to  small horizontal chill m oulds which were 
sectioned vertically, a  parallel slice being taken  from tho centre o f the  ingot, 
for chem ical analysis, and  th is  I  th in k  gives a representative sam ple o f the 
m aterial.

* Research Staff, The General Electric Company, Ltd., Wembley'.



360 Correspondence on Hume-Rothery and

D r. Sm ith  is ra th e r sceptical ab o u t th e  necessity fo r stirring , whereas we 
have found in  previous w ork, p a rticu larly  in  our s tu d y  o f  th o  m agnesium - 
nickel alloys, th a t  th is stirring  is very  necessary. W ith  these alloys we obtained 
liquidus a rre s t po in ts when, s ta rtin g  from  pure  m agnesium , we approached 
th e  eutectic, b u t th ey  faded aw ay ab o u t h a lf  w ay before th e  eutectic  com
position was reached. On th e  o th er branch o f th e  liquidus, and  working 
backw ards from  th e  com pound Mg2N i we obtained one or tw o points which 
became again  very  diffuse when th e  eu tectic  was approached. B y simple 
stirring  m ethods sh a rp  liquidus a rrests were obtained over th e  whole range, and 
i t  was possible to  com plete th e  diagram . I t  was w ith  some surprise, therefore, 
th a t  we found agreem ent betw een o u r own results, using stirred  specimens, 
and  th e  results o f Schem tschushny. T his segregation i3 due, I  th in k , to  th e  fact 
th a t  if  a  crucible o f alloy is cooled slowly th ere  is a  tendency fo r th e  prim ary 
crystallization, if  o f m agnesium , to  seek th e  to p  o f the  p o t (being ligh ter th an  the 
m other liquor from  w hich i t  separates), or, i f  th e  alloy is beyond th e  eutectic, 
for th e  p rim ary  separation  (which in th is  case m igh t be heavier th an  th e  m other 
liquor), to  sink  to  th e  bo ttom . In  bo th  cases i t  will becomo rem oved from 
th e  junction  of th e  couple, and  will n o t have its  due effect on th e  curve 
recorded.

D r. Sm ithells has relieved me o f th e  necessity o f reply ing to  D r. Stockdale 
w ith  regard  to  th e  publication  of bo th  d iagram s an d  tables.

D r. H u m e - R o t iie r y  (in  reply): D r. S m ith  ha3 suggested th a t  th e  agree
m en t betw een th e  N ational Physical L ab o ra to ry  w ork and the  old Russian 
work which was done w ith  u n stirred  alloys can be tak en  as ind ica ting  th a t  tho 
need for stirring  is n o t so very  v ita l. I  th in k , however, th a t  i f  th e  evidence 
o f o ther system s is tak en  as a  whole, th a t  is a  very  dangerous conclusion to  
reach, and  certain ly  in  a  large num ber o f cases th e  stirring  is absolutely 
essential. I t  is essential, first o f all, in  order to  ob tain  a  hom ogeneous alloy, 
and  i t  is essential secondly to  p reven t under-cooling or super-cooling effects. 
Wo have exam ined these effects a t  Oxford in  very  g reat deta il for silver alloys, 
and  have found th a t  for accurate  freezing p o in t determ inations thorough 
stirring  is essential. E rrors of several degrees m ay easily be in troduced if  
under-cooling occurs in  an  u n stirred  alloy, b u t i f  i t  is s tirred  th e  effects a re  to  a 
g reat e x ten t rem oved. I f  a  curve is d raw n for a n  alloy w hich is thoroughly 
stirred  to  p rev en t under-cooling, th e  tru e  a rre s t p o in t is obtained. I f  th e  sam e 
alloy is entirely  unstirred , a  lower a rre s t po in t m ay  be ob tained  w ith  little  o r no 
recalescence. W hen th e  freezing begins, p resum ably  i t  s ta r ts  a t  th e  outside 
o f th e  alloy, and  so th e  frozen layer a t  th e  outside stops th e  therm al effect 
from reaching th e  therm ocouple. We have carried o u t an  experim ent w ith  an 
alloy o f know n freezing p o in t which we deliberately allowed to  undercool, 
and as soon as we saw th a t  th e  freezing had s ta rted  we stirred . W e obtained 
a  curve, in  which there  was rccalescence and  h a lf th e  under-cooling effect was 
recovered by stirring , b u t one can never recover i t  all, whereas by  stirring  in a  
su itab le  w ay one can ob ta in  the  tru e  a rre s t po in t.

CORRESPONDENCE.
D «. H a u g h t o n  (in further reply to the oral discussion): M ost o f th e  points 

raised in th e  discussion have been effectively answered by Mr. P ayne  or by 
o th er speakers. I  should, however, like to  refer in  m ore deta il to  th e  question of 
segregation. I t  is well known th a t  th ere  are two form s in  which th is  can o c cu r: 
inverse segregation an d  w hat, for w an t o f  a  b e tte r  term , we can call “ g rav ity
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segregation.”  In  general, trea tm e n t th a t  is a  cure for one aggravates th e  other. 
Thus, rap id  chilling w ill com pletely overcome g rav ity  segregation, while really 
slow cooling will, I  believe, reduce inverse segregation to  a  m inim um . In  taking 
thermal curves, cooling h a s to  be very  slow, and therefore g rav ity  segregation is 
the bite noir, especially where there  is a  g reat difference between the densities 
of the phases. I t  is therefore necessary to  adop t some dcvicc, such a-s stirring, 
to overcome it. The chill-cast ingots used for analysis, on the  o ther hand, will 
only be affected by  inverse segregation. Perhaps sand-cast specimens, which 
would cool m ore slowly, would have been less segregated, as there  would alm ost 
certainly have been less inverse segregation and probably no t very m uch gravity  
segregation. However, as po in ted  o u t by  Mr. Payne, a  complete cross-section 
of the chill-cast ingo t was analyzed, which should give an accurate representa
tion o f th e  composition.

Dr. Stockdalo would like to  see equations for the curves. This is an  in te r
esting suggestion, b u t I  ra th e r do u b t th a t  m ore really accurate results would 
be obtained from  them  th an  from  a  diagram  draw n on the scale o f Fig. 2. I t  is 
easy to  determ ine a  p o in t to  ±  2° on th is  figure, which is about the  accuracy 
of the  experim ental w ork. The composition is n o t quite so satisfactory— 
about i  0-2 per cent., b u t  I  wonder i f  th e  equation  would agree b e tte r w ith the  
facts th an  th is. As regards tables, i t  is very unlikely th a t  anyone would w ant 
to use th e  exac t alloys employed by the  investigator, so ho would have to  
replot th e ir  results, w ithou t having th e  guidance from  practical experience 
with th e  individual therm al curves th a t  the  au tho r had.

W ith  reference to  D r. S tockdalc’s p o in t ab o u t the  introduction of formulae, I  
m ust cry peccavi. How ever, th e  paper was w ritten  about fifteen m onths before 
the le tte r  in  th e  Monthly Journal, and  I  will see th a t  i t  does no t occur again.

D r. N . A g e k w ,*  Met. Eng. (.Member), and Mr. V. G. K ijz n e zo w  * ; W e have 
carried o u t some experim ents in  an  X -ray  study  of the  equilibrium  diagram  
of th e  silver-m agnesium  alloys, th e  results of which m ay  be compared with 
those of two papers now under discussion.

Our determ ination  of the  solubility o f  silver in magnesium was based on 
the X -ray  precision m easurem ent o f the  lattice  spacing in  a  Preston camera. 
After p reparation , th e  alloys were annealed for 5 days a t  400° C. and  slowly 
cooled to  room  tem perature. The annealed alloys were m ado in to  powder for 
the X -ray  investigation  and again annealed and quenched in petroleum , 
which had  been trea ted  w ith  metallic sodium and  cooled to 2°—5° 0 ., for the  
determ ination  of th e  solubility  curve. A t 260° C. annealing lasted for 12-15 
days, a t  390° C. for 6 days, and  a t  440° C. for 5 days.

Fig . A  (P la te  L) shows some of th e  X -ray  p h o to g rap h s; th e  results o f the 
calculations o f th e  la ttice  spacing for (10l5) are given in Table A and 1' ig. B. 
I t  is rem arkable th a t  th e  solubility lim it for the  alloys slowly cooled to  room 
tem pera tu re  is 0-4 atom ic per cent, silver as compared w ith 0-2 atom ic per cent, 
a t  260° C. The solubility lim it 0-4 atom ic per cent, corresponds to  the  tem 
peratu re  o f 285° C. on our solubility curve.

T he process o f p recip ita tion  is a  diffusion process and some tim e is neces
sa ry  fo r its  com pletion. I f  th e  tim o available during cooling is insufficient, 
p recip ita tion  does n o t occur, an d  th e  alloy is left in a  s ta te  corresponding 
w ith equilibrium  a t  a  h igher tem peratu re.

The solubility curve for th e  solid solution of silver in  magnesium , based on 
th e  d a ta  given in  th e  Table A  and  in  F ig . B , is given in F ig. C. As will be seen, 
our X -ray  results are  closer to  th e  microscopical observation o f Payne and 
H aughton, b u t all th ree  investigations arc in  good agreement.

* X-Ray Laboratory, Institu te  of General and Inorganic Chemistry, Academy 
of Sciences. Moscow, U.S.S.R.
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Fio. B.—Lattice Spncings of the Heat-Treated Magnesium-Rich Magnesium-
Silver Alloys.

T a b l e  A.— The. (l(iois) of the Magnesium-Rich Silver-Magnesium Solid 
Solutions and the Solubility Limits.

Silver, Atomic Per Cent. Slowly
Cooled.

Qnenching Temperature.

200” C. 390° C. 4111“ C.

0 0-9734
0-42 0-9725
0-89 0-9720
1-75 0-9695
3-15 0-9726 0-9701
4-65 0-9726 0-9730 0-9703 0-9676

10-12 0-9725 0-9731 0-9700 0-9675

Solubility limits, silver,
atomic per cent. 0-40 0-20 1-40 2-65
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The results o f th e  investigation of o ther p a rts  o f the silver-m agnesium  

equilibrium  diagram  arc  ready for publication and  will be published soon.

Dr. H u m e - R o t h e r y  and  Mr. B u t c h e r s  (in reply) : Wc thank  Dr. Ageew 
and Mr. Kuznezow for th e ir  in teresting  contribution to  th e  discussion. The 
differences between our own results and those o f Dr. H aughton and Mr. Payne 
may possibly bo due to  th e  fac t th a t  our alloys were annealed for longer 
periods. I t  is sa tisfacto ry  to  no te  th a t  D r. Ageew and  Mr. Kuznezow 's 
X -ray m ethods have given results in general agreem ent w ith those o f the 
m icrographic investigations, b u t  we do n o t th in k  th a t  a  detailed comparison 
is justified. In  Fig. B , th e  s tra ig h t line from which Dr. Ageew and Mr. 
Kuznezow’s so lubility  lim its are deduced is obtained from four points, b u t the

S/l VER, ATOMIC PER CENT.
Fio. C.—The Solubility Curve of Silver in Magnesium.

poin t a t  0-9720 A. appears to  have been alm ost ignored in drawing the  
s tra ig h t line, and we consider th is  to  be som ewhat a rb itra ry ; unless there 
is an y  reason for doubting th e  result o f th e  experim ent concerned, th e  poin t 
a t  0-9720 A. should be tak en  in to  account, in which ease th e  best curve will 
lie slightly  to  th e  rig h t o f th a t  draw n by Dr. Ageew and  Mr. Kuznezow, and  the 
solubilities will be greater. W e would refer them  to  th e  discussion on our 
paper on “ The Control o f Composition in the  Application o f the  D cbye-Scherrer 
M ethod o f X -R ay  Crystal Analysis,”  * where speakers emphasized th e  dangers 
o f ex trapo lating  lattice  spacing-com position curves as has been done in  Fig. 
B. D r. Ageew and  Mr. Kuznezow’s solubility values really depend alm ost 
en tirely  on th e  one po in t a t  0-9695 A., and in view of the  inevitable 
sligh t experim ental errors, th is p o in t clearly requires confirm ation before 
an  entire  solubility  curve is deduced. Dr. Ageew an d  Mr. Kuznezow do

* This volume, p. 303.
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not refer to tho analysis of their specimens, and it is to bo noted that since 
magnesium is slightly volatile, results based on the analysis of lump material 
will tend to give too low values of the solubility limits, so that a complete 
analysis of the filings for both constituents is highly desirable.

Mr. P a y n e  and Dr. H a u q h t o n  (in reply) : We aro very interested in 
Dr. Ageew and Mr. Kuznezow’s communication. The agreement between 
their solubility determinations and those of Dr. Humc-Rothery and Sir. 
Butchers’ and ours is very good.
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THE CONSTITUTION OF SILVER-RICH 
ANTIMONY-SILVER ALLOYS.*

By PE T E R  W. REYNOLDS, t  B.A., B.Sc., and WILLIAM 
HUM E-ROTHERY4 M.A., D.Sc., M e m b e r .

S y n o p s is .

The liquidus curve of the system silver-antimony is determined 
accurately in the range 0-25 atomic per cent, of antimony. A new 
peritectic horizontal is found a t  702-5° C., a t  which temperature the a 
solid solution reacts with the liquid to form the solid solution which has a  
close-packed hexagonal structure. The phase boundaries of the a and /? 
solid solutions are determined accurately a t  temperatures above 300° 0.
The general form of the diagram when drawn in terms of electron concen
tration resembles th a t of the system silver-tin. The critical points 
determined are examined from the point of view of Stockdale’s theory of 
integral atomic ratios,

I .— I n t r o d u c t i o n .

T h e  system silver-antimony was investigated by Petrenko 1 whose 
equilibrium diagram indicates that the solid phases consist of a silver- 
rich solid solution containing up to 15 per cent, by weight of antimony, 
a compound Ag3Sb, and pure antimony. By means of X-ray crystal 
analysis, Westgren, Hagg, and Eriksson,2 and Broderick and Ehret3 
showed that a phase w'ith a close-packed hexagonal structure exists 
between the compound AgsSb and the «-solid solution, a fact which had 
been indicated by the electrolytic solution potential measurements of 
Raeder.4 This new phase may be denoted P§, and the present paper 
describes a detailed investigation of the phase boundaries in the a and 
(3 regions.

II.— E x p e r i m e n t a l

(a) Materials Used.
The silver used was electrolytic silver grain supplied by Messrs. 

Johnson, Matthey & Co., Ltd., and was of a purity of 99'997 per cent. 
The antimony was kindly presented by Messrs. The Cookson Lead and

* Manuscript received Sept-ember 9, 1930. Presented a t  the Annual General 
Meeting, London, March 1], 1937.

f  Jesus College, Oxford.
I  Royal Society W arren Research Fellow, Oxford.
§ The X-ray investigators call this phase e, and use tho symbol f for the 

AgjSb phase. Apart from the possible confusion between e and e', this nomen
clature obscures tho close resemblance of tho jS phases in the systems silver-tin 
and silver-antimony.

758
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Antimony Co., Ltd., and was of 99'917 per cent, purity, the chief 
impurities being iron 0-041, lead 0-025, and copper 0-012 per cent.

(b) Cooling Curve Technique.
The cooling curves were taken by a method developed for the 

accurate determination of freezing point depressions. The details 
of the technique are being published elsewhere.5 The method consisted 
essentially in melting 120 grm. of silver under powdered charcoal in a 
cylindrical graphite crucible provided with a graphite lid in which 
holes were bored for the admission of a thin silica thermocouple 
sheath, a silica stirrer, and a thin silica tube by means of which a 
small sample of the alloy could be removed. After adding the 
antimony with thorough stirring of the molten alloy, the current 
through the electrically-heated crucible furnace was adjusted so as to 
give a rate of cooling of not more than 2° C. per minute at the arrest 
point. As the temperature approached that of the expected liquidus 
point, a small sample of the alloy was sucked up the silica tube 
and removed for analysis; in this way difficulties caused by 
segregation in the final solid ingot * were avoided, and the composition 
of the melt a few minutes before the beginning of crystallization was 
readily determined. The alloy was thoroughly stirred throughout the 
determinations of the arrest points. It was then reheated, and more 
antimony was added for the next experiment. Four additional points 
are included in which the composition was determined from the weights 
of metals used.

The temperatures were measured by means of a platinum/platinum- 
rhodium (13%) thermocouple in conjunction with a Carpenter-Stansfield 
potentiometer of double the usual sensitivity, the coils of which had been 
accurately calibrated at the National Physical Laboratory. By using 
strictly standardized conditions, and taking a number of precautions 
in the potentiometer adjustments, it has been possible to obtain an 
accuracy of ±  0'3° C. for the freezing points of alloys which show 
pronounced arrests.

In the present system, a change of 0'1 per cent, in composition is 
equivalent to roughly 1° C. in the liquidus temperature, so that the 
accuracy of the liquidus curve is limited more by the precision with which 
the exact composition of the alloy can be determined, than by the 
accuracy with which the arrest point can be measured.

* Experience shows th a t errors of several per cent, may be introduced if the 
composition is determined by the analysis of portions of the final ingot, and this 
error may be accentuated if the alloy is stirred, since the stirring may cause 
agglomeration of the first portions to solidify.
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It has been found that the method o f determining the composition 

of the melt by sampling is liable to give slightly high results for some 
silver alloys, because the sample is sometimes very slightly richer in 
the solute element than the melt from which it is taken. For this 
reason four liquidus points based on synthetic compositions are included 
in Table I, and marked j\ These are very slightly below those obtained 
by the method of sampling. This discrepancy between the results 
based on analysis, and on synthetic compositions has been thoroughly 
investigated, and is fully discussed in the paper referred to above.6 
For the points based on synthetic compositions, the composition is 
considered exact, and the results accurate to ±  0'3° C. For the 
remaining points it is considered that the errors do not exceed the

( I Q.QO Q v
O' 1° C ) ’ ky notation it is meant that the values are not

more than 0'9° too high, and not more than 0 ‘4° too low. AH tem
peratures were deduced from the measured electromotive force o f the 
thermocouple by means of deviation graphs from the table of Roeser 
and Wensel,7 and the absolute values, as distinct from the relative 
accuracy, therefore depend 011 those o f Roeser and Wensel.

(c) Preparation of Alloys for Annealing and Quenching Experiments.
The alloys were prepared in quantities of approximately 20 grm. 

by melting the two metals under charcoal in small Salamander crucibles, 
and were cast in ¿-in. diameter sand moulds in order to reduce inverse 
segregation which was then small, and insufficient to interfere with the 
results.

(d) Annealing and Quenching Experiments.
The alloys were annealed in evacuated hard glass tubes, and were 

quenched in water. For short anneals, the temperature was kept con
stant within i  0'3° C. by hand control, whilst for the long anneals 
use was made of Foster temperature regulators which maintained the 
furnace temperatures constant to within i  1’5° C. The general 
arrangements have already been described.6

(e) Calibration of Thermocouple.
All temperatures were measured by a platinum/platinum-(13%) 

rhodium thermocouple standardized against the freezing points of 
silver (960'5° C.), copper-silver eutectic (778‘8° C.), pure aluminium 
(659° C.), and zinc (419'5° C.). Intermediate temperatures were ob
tained by means of a deviation graph from the table of Roeser and 
W'ensel.7
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(f) Micioscopic Examination and Etching Reagents.
Alloys consisting of the (3-phasc were very brittle, the individual 

crystals showing a great tendency to fall apart, but this difficulty was 
overcome by careful hand sawing and grinding. The twinned crystal
line structure of the a-pliase was best revealed by etching with a mixture 
of chromic and sulphuric acids, whilst the presence of chilled liquid in 
this phase was shown by etching with ammonia and hydrogen peroxide, 
which revealed the structure of the a-pliase only after a long period, 
but attacked the chilled liquid more rapidly. The latter reagent was 
also suitable for the determination o f the a/a -f- [3, and a - f  ¡3/(3 
boundaries, the p-phase being revealed as a bluish or brownish con
stituent in contrast to the white a. The structure of the (3-phase was 
best revealed by a mixture of nitric and chromic acids, which was also 
suitable for the determination of the |3 solidus, and the p/p +  y  solubility 
curve.

(g) Analysis.
All the specimens from the cooling curve experiments, and all the 

critical specimens near the phase boundaries were analyzed, both silver 
and antimony being determined. After dissolving the alloy in sulphuric 
acid, the silver was precipitated as chloride by means of hydrochloric 
acid. The silver chloride was then filtered off and weighed, and the 
antimony determined by titration with permanganate after the addition 
of the required amount of hydrochloric acid. As shown by Pugh,8 
the success of this method depends on the correct adjustment of the 
relative amounts of sulphuric and hydrochloric acids present. Under 
the required conditions the standardization of the permanganate by 
metallic antimony agreed exactly with that by sodium oxalate, and 
the sums of the percentages of silver and antimony as determined by 
analysis varied between 99'9G and 10001.

III.— E x p e r i m e n t a l  R e s u l t s .

The results of the cooling curve experiments are given in Table 1, 
whilst the critical annealing experiments on either side of the phase 
boundaries are shown in Table II. The full details of the additional 
annealing experiments which confirm these results are submitted for 
deposition in the library of the Institute.* The date included in the 
Tables, as well as the resuite of the additional experiments, are shown 
in Fig. l , f  which is almost self-explanatory.

* These tables may bo consulted in the Im titu to ’a library, 
f  The liquidus points for alloys 9 and 11 are not shown in the figure.
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Tlic liquidus curve for the deposition of the a solid solution agrees 
closely with the freezing point data of Heycock and Neville.9 The peri- 
tectic reaction a -f- Liq. p takes place at 702‘5° C., and produces
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T a b l e  I .— The Liquidus and Cooling Curve Results.

No. Antimony, Weight 
Per Cent.

Antimony, Atomlo 
Per Cent. 1st Arrest. 2nd Arrest.

0 0 960-5
i 113 1-00 951-5
2 2-16 f 1-92 942-7
3 2-24 1-99 942-5
4 2-81 2-50 937-1
fi 3-35 2-98 932-5
6 394 3-51 927-6
7 4-21 f 3-75 924-1
8 606 4-51 916-4
9 O l l f 5-45 905-1

10 6-66 5-95 898-2
11 7-40 f 6-62 889-8
12 8-80 7-88 871-3
13 8-95 8-01 871-5
14 12-35 11-10 820-0 700-9 *
15 15-84 14-29 761-2 703-0
16 17-70 16-00 725-7 701-7
17 18-15 16-42 714-8 702-2
18 18-69 16-92 700-9 558-2
19 21-28 19-30 659-4 558-0
20 23-41 21-31 619-9 558-4
21 25-73 23-48 582-4 558-1
22 28-25 25-86 552-9
23 30-98 28-45 538-5

* Unstirred, stirrer firmly fixed in. f  Synthetic compositions.

only a very slight thermal arrest, which is not shown clearly unless the 
alloy is well stirred. In  the three alloys where proper stirring was possible 
the arrest point lay between 701'7° and 703'0° C., whilst the quench
ing experiments gave the temperature as lying between the limits 
702'0° and 703'1° C. The peritectic reaction ¡3 +  Liq. =?=£: y  produced 
a much more definite thermal arrest, and in four different cooling curves 
the arrest points only varied between the limits 558'0° and 558'4° C., 
whilst quenching experiments placed the horizontal line as lying between 
557’9° and 558'5° C., so that the most probable value is 558'2° C.* The 
solid solubility of antimony in silver is 7 -2 atomic per cent. (8'05 per 
cent, by weight) at the 702'5° peritectic temperature, and diminishes 
to 5'5 atomic per cent. (6‘2 per cent, b y  weight) at 300° C. The limits 
of the |3-phase are 8'8 atomic per cent, antimony at the 702'5° C. peri- 
tectic temperature, and 16-3 atomic per cent, antimony at the 558'2° C.

* The values given by Petrenko lie between 5£>7° and 5 6 2 °  C.
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periteetic horizontal. The range of solubility diminishes slightly as the 
temperature decreases, and at 300° C. the ¡3 solid solubility limits are 
at 8'6 and 15'6 atomic per cent, of antimony.

T a b l e  I I .— Annealing and Quenching Experiments.

Antimony 
Weight 

Per Gent.

Antimony 
Atomic 

Per Cent.
Time and Temperature 
(° C.) of Final Anneal. Micros trnctoire. Previous Annealing 

Treatment.

3-00 2-67 i  hr. a t 856-3°. a 24 hrs. a t  700° C.
” ” 1 hr. a t  861-3°. a +  trace of 

chilled liquid.
»» *»

5*71 5-09 I  hr. a t 776-8°. a 2 | days a t  650° C.
” t* 779-9°. a -f  trace of 

chilled liquid.
)> »»

7-82 0-99 1 hr. a t  707-3°. a 5$ days a t 691° C.
»» 710-5°. a +  trace of 

chilled liquid.

9-98 8-94 1 hr. a t  698-0°. P 5} days a t 691° C. ]
»» ** 700°. P -f  minute trace 

of chilled liquid.
10-92 9-80 680-8°. P 13 days at 525° C.

„ „ 682-9°. ¡8 -f chilled liquid. »» >»
13-57 12-21 640°. P tl »»

„ 642-2°. P +  chilled liquid. ,, „
15-39 13-88 605-2°. P

” »» 607-4°. P +  minute trace 
of chilled liquid.

M »»

17-37 15-70 569-6°. P t* *t
■> '• 572-0°. p +  chilled liquid.

5(71 5-09 21 days a t 302D. a 5 J days a t G91° C. ! 
„6-27 5-60 302°. u +  /3

,, „ 382°. a H **
0-70 6-04 382'. a +  trace of p. »T M

! „ 14 days a t  465°. a »* •*
7-38 6-59 10 days a t  551°. a +  trace of S. M *»
*» „ 606°. a. ,, „

7-88 7-0-1 5 days a t 659°. a +  trace of /?. »» »»
„ 5} days a t  691°. a none.

8-18 7-32 3 days a t 696". a +  i3 10 days a t 606° C. | 
*

9-55 8-55 21 days a t  302°. a +  0 * 10 days a t 606° C. 1
»» „ 3 days a t 696°. a - r  P* *» »1

; 10-08 9-03 21 days a t  302°. P 5 | days a t  691° C. j
** » 3 days a-t 696°. P ,, „

; 17-12 15-47 21 days a t 302°. P 10 days a t 544° C. |
»» ** 10 days a t 544°. P none.

17*56 15-88 14 days a t  465°. 3 +  trace of y. 10 days a t  544° C.
„ ** 10 days a t  5)2°. P „ „

18-22 10-48 10 days a t  551°. j9 -f a  little  y. ♦» »»

* In  these a +  B alloys which lie near to the a -f- fi/fi boundary, the relative 
amount of the /3 phase increased slightly when the alloys which had previously
been annealed a t  a  high temperature were re-annealed a t  a  lower temperature. 
This indicates th a t the a -j- fiftS boundary in Fig. 1 is not vertical, but inclined 
slightly to the left a t  lower temperatures.
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IV.— D i s c u s s i o n .

In Fig. 2, the equilibrium diagrams of the silver-rich silver-tin 
and silver-antimony alloys are compared, the diagrams being drawn 
in terms of electron concentration. The [3-phase in the system silver- 
tin has also a close-packed hexagonal structure,10 and it is clear that the 
two equilibrium diagrams resemble one another both as regards the 
higher peritectic temperatures, and the general form of the diagram. 
In both systems the composition corresponding with the electron 
concentration T5 lies near the centre of the ¡3-phase area. In other 
alloy systems it is well known that phases with the body-centred 
cubic or ¡3-manganese structures tend to occur at this electron concen
tration. The present work, therefore, confirms that the same electron 
concentration can also give rise to a group of close-packed hexagonal 
structures, since this structure at the electron concentration T5 is 
found also in the systems silver-indium,11 copper-germanium,12 and 
copper-gallium.13 The diagrams in Fig. 2 show that in terms of 
electron concentration both the a/a ¡3 and the a -|- P/,3 boundaries 
in the system silver-antimony are displaced in the direction of lower 
antimony content compared with those in the system silver-tin. The 
¡3/(3 -f- y  boundary is displaced in the same direction at higher tem
peratures, but at lower temperatures this boundary gives a much 
narrower range of composition in the system silver-tin.

The phase boundaries in the present work were determined accurately 
and may be surveyed in the light of Stockdale’s hypothesis14 that 
critical points occur at integral atomic ratios. The point A in Fig. 1 
representing the limiting composition of the a-solid solution may be 
placed at 7'2 i  0'1 atomic per cent, of antimony. This does not corre
spond with any simple ratio of numbers up to 12, but if numbers up to 
24 are permitted, as in parts of Stockdale’s paper, the ratio ¡’4 =  7'14 
per cent, agrees within the limits of experimental error. The point F 
representing the composition of the (3-phase at the peritectic temper
ature lies at 8'8 ±  0T0 atomic per cent, of antimony, the nearest 
integral ratio being -¿-s =  8-70 per cent. The difference between these 
values is small, but the ¡3 solidus curve suggests that the point F  
corresponds with a slightly higher antimony content than that required 
by the ratio -¡fx. The point G representing the composition of the ¡3- 
phase at the lower peritectic temperature may be placed at 1C'3 ±  O'l 
atomic per cent, antimony, and definitely differs from the ratio £ =  
1G-67 per cent, which is the nearest ratio involving numbers up to 24. 
The same ratio appears definitely distinct from the composition of the 
point M  on the liquidus which lies at 36 9—17 0 atomic per cent, anti-
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mony, but the lower liquidus point N  lies at the composition 25‘0 ±  0'1 
which corresponds with the ratio Of the five critical points deter
mined, it may be said, therefore, that only one corresponds with the ratio 
of small whole numbers, but the A point agrees with the ratio . Two 
points do not agree with the whole number hypothesis, whilst for the 
fifth the conclusion is uncertain.
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DISCUSSION.
D r . M a r ie  L. V. G a y l e r  * (M em ber): The authors s ta te  th a t they  

experienced inverse segregation w ith  th e ir alloys; have th ey  any evidence 
of segregation betw een the  top  and  the  bottom  of th e ir castings ? I  ask this 
because I  m ade up  an  alloy containing silver and tin  in the proportion of 
26-8 per cent, tin , an d  was am azed to  find very different t in  contents in the 
top and th e  b o ttom  o f th e  ingot. The average o f the  tw o gave th e  desired 
composition.

The fact t h a t  the composition corresponding w ith the electron concentration 
1-5 lies near th e  centre o f th e  ¡3-phase area is interesting. Does the  same 
hold for (3-phase o f th e  silver-m ercury  system , which has also a  close-packed 
hexagonal stru c tu re  ? W h at is ex traordinary , to  m y m ind, is th a t  the  com
position corresponding w ith  th e  electron ra tio  1*5 cuts the  [3-range in half, and 
th a t  i t  seems to  have no relation to  th e  composition of the  phase formed a t 
tho pcriteetic  tem perature. Is  there any fundam ental reason w hy th is ra tio  
should divide the  (3-phase in half?

D r. D . S t o c k d a l e , f  M.A. (Member o f C ouncil): Some tim e ago I  exam ined 
certain  o f th e  antim ony-rich  alloys o f th is system .{ Some of my results are 
shown in Fig. A. T he lines PQS and  QR in th is figure a re  from m y work, the 
o th er lines shown being tak en  from  Fig. 1 o f th e  present paper (p. 369). The 
p o in t P  is arrived  a t  a fte r  considerable extrapolation. I t  is near 22-0 atom ic 
per cent., b u t th is value is n o t reliable. On the o ther hand, the  position of Q 
was exam ined w ith some care. I t  is probably very n ear 24-9 atom ic per cent., 
th is value being m ore probable th an  th e  25-0 per cent, required by th e  ratio  
1 : 3 .  I  have also determ ined th e  solubility o f  silver in antim ony. This is 
considerably less th an  0-1 per cent. The eutectic  po in t was found to be a t  
41-05 a tom ic per cent, o f antim ony. I  also found th a t the  boundary QS is 
vertical an d  th a t  th e  solubility  o f  silver in  antim ony is n o t noticeably affected 
by  tem perature. These results su b stan tia te  the early work of Petrenko.§

I t  is suggested th a t  the  constitution o f th is system , save only for the  position 
of th e  boundary  PT, is now accurately  known.

I t  is gratify ing , though a t  the sam e tim e a  little  unfortunate, th a t th e  
au tho rs have raised tho question of simple ratios w ith regard to  th is particular 
system . In  th e  first place, except for certain  rem arks on the cadm ium -silver 
alloys,() any  rules th a t  I  have p u t  forw ard deal only w ith  eutectic m ixtures 
and  sim ple a-solid solutions. F u rth e r, the  ranges o f solid solution are here 
lim ited, w ith  th e  resu lt th a t  an  experim ental error o f a  small fraction o f 1 per 
cent, m ay become m uch m agnified and obscure the  results when ratios are 
considered. F o r th is reason no great weight can a t  present be a ttached  to  the 
fac t th a t  th e  position o f th e  po in t A, F ig. 1, is in conform ity w ith  the  Three 
Rule.*! I  have exam inod po in ts sim ilar to M  and  N  in o ther system s and have 
concluded th a t  th e  bu lk  o f the  evidence is against their falling a t  simple ratios. 
Hence, th e  fact t h a t  N  is a t  a  simple ra tio  m ay be accidental.

There rem ain  points F  and  O. As these are analogous to  th e  “  trip le  ”  
po in ts on a-phase boundaries, these should fall a t  simple ratios. There are 
m any ways o f looking for these ratios, b u t i t  is reasonable to  suppose th a t the 
sim plest way, th a t  chosen by th e  authors, is incorrect, because here we are

* Scientific Officer, Department of Metallurgy, National Physical Laboratory, 
Teddington.

t  Fellow of King's College, Cambridge.
X D. Stockdale, J. I  list. Metals, 1930, 43, 193; Proc. Roy. Soc., 1935, [A], 152, 81.
§ G. J . Petrenko, Z. anorg. Chem., 1906, 50, 139.
|| P. J . Durrant, J. Inst. AlelaU, 1931, 45, 116.
If D. Stockdale, Proc. Roy. Soc., 1935, [A], 152, 81.
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dealing, n o t w ith  a  prim ary  solid solution, b u t w ith a  m ore complicated 
“ com pound.”  A sim ple ra tio  superim posed on a  “ co m p o u n d ”  o f quite 
sim ple form ula m ay lead to  e x trav ag an t num bers. The problem  is to  disen-

Fio. A.

tangle tw o sim ple ra tios. W e m ight suppose th a t  t he form ula o f th is  particu lar 
“ co m p o u n d ”  is A g,Sb, in  conform ity w ith  th e  H um e-B othery  a to rn - 
eleetron ra tio  ru le. I f  we assum e th a t  th e  solid solutions are b u ilt up  by  the  
norm al process o f substitu tion  on th e  la ttice , i t  follows th a t  a t  p o in t F, 10
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“ molecules ”  o f A g,Sb contain  3 atom s o f silver acting as antim ony atom s 
(required a tom ic percentage 8-75; found 8-8±0-10) and  a t  0  10 “ molecules ”  
contain 3 atom s o f an tim ony acting  as silver atom s (required atom ic percentage 
16-25; found 16-3 ±  0-1). This is m erely a n  arithm etical exercise to  show th a t  
ratios can  be found if  th e  correct procedure is adopted. This procedure can 
only be leg itim ate  i f  i t  yields results when applied to  a  large num ber o f system s 
and in  cases where th e  a rrangem ent o f th e  atom s ill th e  crystal is exactly  
known. In  th is  p a rticu la r case there  is a t  least one o ther form ula which 
gives sim ilar results.

A peritcctio  reaction  in some respects resembles a  cutectic reaction, and  it 
m ight bo reasonable to  dem and th a t  if  simple ra tio  rules apply  to  th e  la tte r  
they m u st also app ly  to  th e  form er. Thus F (Fig. 1) and P (Fig. A) should 
fall a t  sim ple ratios. I  have shown elsewhere * th a t  there  are two different 
ratios to  consider, th e  constituen t and  th e  phase ratios. The sim ple rules 
cannot hold for bo th , b u t  as y e t i t  has been impossible to  decide between them . 
For F, th e  au th o rs  have considered th e  constituen t ratio , a  doubtful 2/21. The

, . . . . .  FMphase ratio is given by

, T FM  1 6 - 9 5 - 8 - 8  _
No w A F =  8-8 — ~7-2~ ~

(Moving F to  8-85 gives 4-91.)

Thus a  phase ra tio  o f 1 : 5 is n o t impossible.
Sim ilarly, tak in g  P a t  22-1 atom ic per cent.

OP 22-1 -  16-3 0 „
P N ~  2 5 - 0 -  22-1

As I  have pointed  ou t, th is  system  is so cram ped th a t  little  weight can be 
given to  these figures, b u t  m y object now is to  show th a t  th e  au tho rs’ work does 
no t p u t sim ple ra tio s o u t o f th e  question.

Inc iden ta lly , th e  au th o rs  use th e  convention o f expressing ra tios in term s 
o f num ber o f atom s o f th e  one so rt and  to ta l num ber o f atom s. I  use num ber of 
a tom s o f th e  one so rt and  num ber o f atom s o f the  other. Can a  convention now 
bo agreed upon ?

The A u t h o r s  (in reply): In  reply to  D r. Gayler, wo have no t experienced 
m uch difficulty over vertical segregation in  silver-antim ony alloys, b u t we
can fully confirm  D r. Gayler’s experience w ith  silver-tin  alloys, for which wo
have found m arked vertical segregation. Silver alloys appear very puzzling 
in  th is  respect, an d  duplicate analyses o f different parts o f ingots are essential 
as a  safeguard against m isleading results. The electron concentration 1-5 
does n o t lie in  th e  centre o f  th e  “ -phase of th e  silver-m ereury system . The 
factors affecting th e  exac t compositions o f copper and silver ‘ ¡3”  phases 
are  very  com plicated, and  we hope to  discuss th is po in t fully in  th e  future.

W e m ust th an k  D r. Stockdalo for h is m ost interesting com m unication, 
an d  are glad to  see how his d a ta  fit on to  our own. Wo agree th a t  th e  system  
is too cram ped to  allow a  critical te s t  o f the  w hole-number laws, b u t the phase 
ra tios w hich D r. S tockdale has calculated are ccrtain ly  m ost suggestive, and 
we hope th a t  we m ay be able to  te s t more suitable Bystems in  the future. 
W e will also adopt D r. Stockdale’s policy o f expressing ratios in  term s o f the 
num ber o f  atoms o f th e  one sort and  th e  num ber o f atom s o f  th e  other.

* R. Stockdale, Proc. Roy. Soc.., 1935, [A], 152. SI.
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THE CONSTITUTION OF THE ALLOYS OF 766  
SILVER, TIN, AND MERCURY.*

By MARIE L. V. GAYLER,f D.Sc. (Mrs. H a o q h t o n ) ,  M e m b e r .

S y n o p s is .

Tho constitution of the ternary  alloys of silver, tin, and mercury has 
been determined, except for a small range of composition near the tin 
comer. Five invariant reactions have been found, while two others have 
been deduced from experimental and theoretical evidence. Isothermal 
sections for tem peratures of 100°, 84°, and 70° C. have been plotted from 
experimental data.

The investigation described in the present paper forms part of a research 
which has been carried out in the Department of Metallurgy of the 
National Physical Laboratory, on behalf o f the Dental Investigation 
Committee o f the Department o f Scientific and Industrial Research, 
and with the aid of funds provided by the Dental Board of the United 
Kingdom.

(1 )  I n t r o d u c t i o n .

Joyner 1 published the results of the first attempt to determine the 
constitution o f silver-tin-mercury alloys by a study of the composition 
o f the liquid phases in contact with solid or solids; this work was ampli
fied later by Knight in conjunction with Joyner.2 These authors deter
mined the limits o f existence of the liquid phase and deduced from the 
position and shape of these regions, the nature and composition of the 
solids capable of existing in contact with them. This method was 
employed at temperatures of 63°, 90°, 166°, and 214° C., and for each 
temperature an equilibrium diagram was obtained (cf. Figs. 20 and 21).
The interpretation of their results, however, was based on the silver-tin, 
silver-mercury, and tin-mercury binary systems existing at that time.
These have since been shown to be incomplete by Murphy3 and 
Prytherch,1 whose results are embodied in Figs. 1, 2, and 3. These 
diagrams form the basis o f the present research.

Murphy identified in the silver-tin system a silver-rich (3-phase in 
addition to the compound Ag3Sn, while in the case o f the silver-mercury

* Manuscript received July 4, 1936.
t  Scientific Officer, Department of Metallurgy, National Physical Laboratory, 

Teddington.
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system he showed that the compound Ag3Hg4 does not exist, but that 
two intermediate phases of restricted compositions were found, i.e. a

P-phase containing 40 per 
cent, silver, and a y-phase 
containing 29-30 per cent, 
silver. The composition of 
the latter phase is close to 
Ag3Hg4, but it is more nearly 
associated by its lattice 
structure to the formula
Ag5Hgs.

With regard to the tin- 
m e r c u r y  s y s t e m ,  v a n  
Heteren 5 concludcd that no 
compound exists between tin 
and mercury, but Prytherch 
has proved the existence of 
three compounds. The y  
compound has now been

o Cooling Curvt Arrests 
n One Phase Prvxnt 
a Two Phase* Present

60 70nnt wacftr pen cint.
F ig . 1.—Silver-Tin Equilibrium  Diagram 

(Murphy).

found to react with liquid at 90° C. to form a 8-phase which in 
turn reacts with liquid, to 
form HgSn3.*

Tammann and Mansuri6 
determined the hardness o f the 
ternary amalgams of silver, tin, 
and mercury and, later, Tam
mann and Dahl 7 studied the 
constitution at room temperature 
of silver-tin amalgams over a 
range o f compositions. These 
authors confirmed the existence 
o f three constituents, Ag3Sn, 
a tin-mercury solid solution, 
and a solid solution of tin 
in the compound Ag3Hg4, re
spectively.

Knight and Joyner concluded 
from their own researches, that 
the equilibrium diagram of 
silver-tin-mercury alloys might 
be grouped into two classes : those about 70° C. containing a large 
proportion of solid solution, and those below containing negligible 

* See reply to discussion.

Eio. 2.—Silver-Mercury Equilibrium 
Diagram (Murphy).
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amounts only. These diagrams will be discussed later. These authors 
summarized amalgamation at room temperature in the equation : 

Ag3Sn +  4Hg — > AgjHgj +  Sn 
The results of the present investigation (apart from the fact that 

Ag3Hg4 does not exist in the binary silver-mercury system) disprove the 
formation of tin as a product of amalgamation.

Fro. 3.—Tin-M ercury Equilibrium Diagram (Prytherch, unpublished work).

(2 ) E x p e r im e n t a l  D a t a .

The determination of the constitution of silver-tin-mercury alloys 
has been based on (a) thermal analysis, (b) microscopical analysis, and 
(c) X-ray analysis. The diagrams submitted must be considered as 
constitutional diagrams, since it has not been possible, in the time during 
which this investigation has been carried out, to attain equilibrium 
conditions. Alloys have been annealed, however, at 70° C. and left to 
“  self-anneal ”  at room temperature before taking low-temperature 
thermal curves ; by these means the limits of existence of free mercury 
has been ascertained.

The boundaries of the other phase fields have not been fixed other
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An iron-Constantan thermocouple, calibrated against the freezing 
point of mercury (—38’8° C.), the melting points of tin (232° C.), lead 
(327° C.), and zinc (419° C.) was used for the low-temperature thermal 
curves. These were carried out in a small gradient furnace, specially 
constructed for the purpose. A'steel tube 1J in. in diameter, and 24 in. 
long, closed at one end, was wround over a distance o f 3 in., at the open 
end, with Nichromc wire, giving a resistance of 200 f l ; this was 
surrounded for a length o f 15 in. with thermal insulating material, as 
shown in K g . 6. About 9 in. o f steel tube, extending below the casing, 
dipped into a quart thermos flask containing a mixture of carbon 
dioxide snow and acetone. If, howfever, no thermal arrests were 
expected at about— 40° C., the freezing mixture was replaced by broken 
ice, and by its use thermal curves up to temperatures of about 250° C. 
could be easily obtained. With suitable voltage control of the furnace, 
a very uniform gradient resulted when the silica container was hauled 
up or down the furnace at a constant rate.

For thermal analysis at temperatures above 250° C., a 12 per cent, 
platinum/platinum-rhodium thermocouple wras used, calibrated against 
the standard melting points of gold (1063° C.), zinc (419° C.), and tin 
(232° C ); the general temperature-e.m.f. curve for the batch of wire from 
which the above was obtained having previously been determined over a 
wider range of temperature.

The results of thermal analyses are plotted diagrammatically in Figs. 
7-15 (Plate LI),* w'hile the heat-treatments at 70° C., together with the 
subsequent thermal analysis, are given in Appendix II  (p. 398).

The liquidus surface, obtained from data given in Figs. 7-15 (Plate 
LI), is plotted in Fig. 16 (Plate LII), while isothermal sections at 100°, 
84°, and 70° C. arc given in Figs. 17-19 (Plate LII), respectively.

The addition of tin to silver-mercury alloys causes great changes 
in the constitution of these alloys. Briefly, the following effects are 
observed :

(a) The temperature o f the liquidus is lowered markedly with 
increasing tin content;

(b) The temperature of the aj -f- liquid — >- (jj reaction o f silver- 
mercury alloys is raised very steeply with the addition o f t in;

(c) A t temperatures below about 150° C. y,(Ag-H g) or y2{Sn- 
Hg) separate from the Pi -f- liquid phase field until at a temperature 
of 84° C. an invariant reaction occurs and y, -f- y 2 separate simul
taneously from the liquid. This may be expressed as :

Pi +  liquid — Yi +  Y i .........................
* The values obtained arc filed in the archives of the Institu te  of Metals, where 

they may be consulted on application.
VOL. L I .  B B
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(d) This y 2 phase is unstable in the presence of liquid and, as in 
the ease of the binary tin-mercury alloys, this phase at some lower 
temperature will react with any liquid above that required for the 
reaction (1) to form the S2 phase o f the tin-mercury system. 
Since y 1 is present, this reaction must be invariant; it takes place 
at 80° C. according to the equation :

7 i +  72 +  liquid — >- yi +  S2 • • • • (2)

(e) Similarly, at a still lower temperature the S2 phase is un
stable in the presence of liquid and at about 3° above the freezing 
point of mercury (— 38'8° C.), i.e. — 36° C. approximately, this 
phase reacts with excess liquid to form the e2 phase o f the tin - 
mercury system. This reaction again is an invariant one owing to 
the presence o f y v

y 1 -f- So -f- liquid---- >- y 1 -f- e2 . . . . (3)

( / )  With further lowering of temperature to that of the freezing 
point o f mercury (— 38'8° C.), the residual liquid solidifies at 
constant temperature.

7i +  e2 +  tiquid — >  yi +  E2 +  Hg . . . (4)

Thus, four invariant reactions take place at temperatures between
the liquidus and the solidus of the ternary alloys of silver, tin, and
mercury, over a wide range of composition as seen in Figs. 7-15, 
respectively. Of these invariant reactions those expressed by 
equations (1) and (2) are of fundamental importance for the setting 
of dental amalgams.

(g) Further, analysis shows that the p, phase is isomorphous 
with the p phase of the silver-tin system (cf. Figs. 17-19); in other 
words, the p (Ag-Sn) phase will hold a large amount of mercury in 
solid solution and the Pt (Ag-Hg) phase will hold an appreciable 
amount of tin in solid solution. This fact, again, is of fundamental 
importance, since a dental filling, made under “  ideal ”  conditions 
and whose final composition corresponds with the maximum amount 
of tin and mercury simultaneously held in solid solution in the Pi 
phase should show little or no dimensional changes during setting. 
An explanation o f this fact is given in a separate paper12 which 
deals with the setting o f dental amalgams.

(h) The effect o f the addition of mercury to the silver-tin y-phase 
Ag3Sn has been studied in some detail. The results are summed up 
in Fig. 13 and show how extremely complex are the changes that 
take place.
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From thermal analysis the boundary between the (Jj +  y 2 and 

the (Bj - f  yi +  y2 phase fields (Fig. 13) is about 18 per cent, mercury 
(on the Ag3Sn-Hg section); and this, together with other results, 
would place the above whole boundary in the position shown by 
the line PM , in Fig. 19. This result is obviously incorrect and must 
represent a metastable condition since, from theoretical reasoning, 
the ternary phase field Pi +  y ! +  y2 must be bounded by straight 
lines joining the points representing the compositions of the phases 
Pi, y „  and y2, respectively. It is probable, therefore, that ML 
(Fig. 19) would represent more closely the position of the boundary 
under equilibrium conditions.

(i) The presence of other phases in the 4-5 per cent, mercury 
section, and the general character of the Ag3Sn-Hg section, and 
that of alloys containing 20 per cent, tin, indicate that the following 
invariant reactions must take place in the ternary system :

y(Ag=Sn) +  a2 +  liquid — ^ y +  P2 • • - (5)
y  +  P2 +  liquid — >- y  +  y2 • . . (6)

y  - f  liquid---> Pj +  y2 . . . (7)

Time has not permitted a closer investigation of these reactions, 
but the temperature of the invariant reaction

y +  I32 +  liquid---- 3* y  4- y2 . . . . (6)

has been found by thermal analysis to be 217° C. (see Fig. 14). 
Since the Ag3Sn-tin binary eutectic separation takes place at 221° 
C., and the peritectic reaction SnOJ +  liquid — y  p2 of the tin - 
mercury system takes place at 226° C., it follows that the invariant 
reaction

y +  «2 +  liquid — >- y +  P2 . . . . (5)

must take place at some temperature below 221° C. but above 217° 
C. Further, from an examination of the liquidus surface, Fig. 16, 
and from the fact that the binary reaction of the tiu-mercury system
P„ +  liquid---- >  y2 occurs at 216° C., it may be deduced that the
temperature of the invariant reaction

y +  liquid — > Pi +  y2 ......................... (7)

must take place at some temperature below 216° C. and probably 
above 210° C.
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(b) Microscopic Analysis.

The microscopic examination of specimens specially prepared and 
annealed for several months at 70° C., which in these cases is below their 
solidus, together with their X-ray analysis, has been carried out over a 
very limited range of composition. The examination is admittedly in
complete, owing to the lack o f time, but it is sufficient to confirm the 
conclusions o f thermal analysis regarding the existence of the various 
phase fields. The limits, however, of these constituents under equili
brium conditions have not been determined, but the results obtained, 
as shown in Figs. 7-19, show the constitution of the alloys under the 
conditions o f thermal analysis and certain heat-treatments. The boun
daries shown may probably be shifted somewhat by subsequent w ork; 
but apart from the limit o f the Px +  y , and the Pi +  yi +  y2 phase 
fields, the constitution shown will probably not be far from equilibrium 
conditions. Examination of sections of the constitutional model plotted 
with constant tin contents, parallel to the silver-mercury side o f the base 
o f the model shows, in the case o f silver-rich alloys, that over a wide 
range of composition the limits o f the solidus can only be determined, 
if  at all, with great experimental difficulty; while from sections, shown 
in Figs. 7-12, which are parallel to the silver-tin side, and which are 
constant mercury sections, it will be seen that prolonged low-tempera- 
ture annealing of these mercury-rich alloys is essential, if their solidus 
is to be determined. For various reasons, it is probable that the limits 
inserted in Figs. 7-19 are substantially correct, but the limits of the 
Pi +  7 i +  7a phase field have, as yet, not been determined.

The alloys examined were made up in a manner similar to that used 
for thermal analysis, slowly heated to about 400° C. and then slowly 
cooled to room temperature, in order to ensure complete amalgamation 
before subsequent annealing. The annealings were carried out in a ther
mostatically controlled water-bath at 70° C. for weeks or months, 
details being given in Appendix III  (p. 399).

Typical microstructures are given in Figs. 22-30 (Plates L III-L V ), 
inclusive. The polishing and etching o f the alloys were very difficult 
owing to the ease with which the alloys tarnished during polishing or, 
in those in which the y,> phase was present, the relative difference in 
hardness of the constituents made it impossible to obtain a surface 
without the compound y2 in relief. The alloys were etched by means o f a 
polish attack on the pad with a dilute solution of ammonium persulphate 
to which a few drops o f ammonia had been added.

Figs. 22, 23, and 21 show the microstructures o f the ternary alloys 
containing 5 per cent, tin with 45, 50, and 55 per cent, mercury. Fig. 22
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shows homogeneous P j; the round dots are probably due to cavities left 
by the absorption on annealing at 70° C. of residual mercury. Tbe 
addition of more mercury results in the formation of the y1 phase of the 
silver-mercury system (see Figs. 23 and 24). This phase persists in 
increasing quantity in the alloy containing 60 per cent, mercury.

A series containing 10 per cent, tin was next examined. In the 
unetched state, a very hard white constituent identified as y2 appeared 
during polishing on the pad which increased with increasing mercury 
content. On etching, a third phase was detected in the matrix in the 
ternary alloy containing 40 per cent, mercury; these phases have been 
identified as the y , and y 1 phases, respectively. Fig. 25 shows the micro
structure of this alloy in the unetched state. Unetched, the alloy 
containing 45 per cent, showed the two phases Pj and y2 (cf. Fig. 26) 
while more of the y , phase appeared in the alloy containing 55 per cent, 
mercury. Fig. 27 shows the microstructure o f this alloy etched by 
means of the polish attack; the background was etched, showing two 
distinct phases (as in the case of the alloy containing 10 per cent, tin 
and 40 per cent, mercury), which are probably Pj, y u and y2. There is 
little doubt, on etching alloys containing 10 per cent, tin, 45-55 per cent, 
mercury, that a third phase appears, though photographically it is 
difficult to distinguish the two. There is, how'ever, an apparent differ
ence in hardness.

Of alloys containing 15 per cent, tin, that containing 35 per cent, 
mercury showed unetched the presence o f the hard, white y 2 phase in an 
amount appreciably less than that in the alloy containing 10 per cent, 
tin, 50 per cent, mercury, and probably more than that in the alloy 
containing 10 per cent, tin, 40 per cent, mercury. A polish attack, 
however, etches the y2 phase, and, as before, shows the presence of a 
phase surrounding it. This phase is apparently harder than the matrix, 
i.e. pi and its association with the y2 compound would suggest its forma
tion either simultaneously with y2, or else as a product of some reaction 
between y2 and px. From Fig. 19 this phase is probably y v Fig. 28 
shows the etched alloy containing 15 per cent, tin, 35 per cent, mercury. 
The alloy containing 40 per cent, mercury contains more of this third 
phase surrounding y 2: further increase o f the mercury content results 
in more y 2 and y } and less px. Fig. 29 is o f the alloy containing 15 per 
cent, tin, 50 per cent, mercury in the unetched state. This, compared 
with Fig. 25, demonstrates the relative increase of the y 2 phase with 
increasing tin and mercury contents.

A similar section of an alloy containing 40 per cent, tin 30 per cent, 
mercury, unetched, is shown in Fig. 30; the substance in relief is y2. A 
polish attack etches up another phase w'hich surrounds this y2 phase,
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in a manner similar to that shown in Fig. 27. X-ray analysis confirmed 
that these three phases must be y.,, y u and

It is seen, therefore, that the hard white phase increases in amount
(a) with the tin content, (b) with mercury content, and more rapidly 
when both constituents are increased simultaneously. This fact, apart 
from other evidence, supports the conclusion that this phase is associated 
with a tin-mercury phase. X-ray analysis identifies the actual presence 
of such a phase in these alloys.

(c) X-Ray Analysis.
The X-ray analysis of annealed specimens has been carried out by the 

author’s colleague, Mr. C. Wainwright, to whom she is much indebted 
for his valuable contribution.

The results have not been used to determine phase limits, but only 
as an independent means to identify or corroborate the nature of the 
constituents found by microscopic examination. In this connection the 
occurrence o f a new phase is usually plainly observable under the micro
scope before its quantity is sufficient to give positive evidence by the 
X-ray method.

The specimens, which previously had been heat-treated as shown in 
Appendix III (p. 399), were examined microscopically and then the 
surface was filed and the filings submitted to X-ray analysis. The results 
obtained are given in Table I, together with those observed from micro
scopic examination.

T a b l e  I.

Mercury, 
Per Cent.

Silver, 
Per Cent. X -R ay Analysis. Microscopic Analysis.

5 per cent. Tin 45 50 Pi Pi
Series 50 45 Pi Pi +  Yi

55 40 Pi +  y i Pi +  Y1
GO 35 y +  tr . J9 Pi +  Yi

10 percent. Tin 40 50 Pi
Scries 45 45 Pi +  little

50 40 Pi +  Yi +  t r - Yi
Tin,

Ter Cent.
50 per cent. 5 45 Pi Pi +  Yi

Mercury 10 40 Yi +  Pi Yl +  Yi +  Pi
Series 15 35 Yi +  tr. /?! -f- tr . y2 Yi +  Yi +  Pi

25 * 25 Yi +  Yi +  t r - Pi? Yi +  Yt +  possibly
a  third pnase

* Thermal curve ingot, annealed 3 weeks a t 70° C.

In order to confirm the identification o f the phase termed y 2, the 
thermal ingot of an alloy containing 40 per cent, tin, 30 per cent, mercury
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and 30 per cent, silver after being annealed for 6 days at 70° C. was 
examined microscopically and by X-ray analysis. Fig. 30 (Plate LV) 
shows the microstructure; the hard phase standing in relief was identified 
as the y 2 phase, while the background consists mainly of px or y v  Visu
ally it seemed as if twice as much y 1 (or p2) than y2 was present and yet 
only y 2 was found with difficulty by X-ray analysis. There were in
dications that a reaction ring surrounded the y i  phase; this, however, 
does not appear in the photomicrograph. It will be seen from these few 
results that both X-ray and microscopic analysis support those obtained 
from thermal analysis.

Results have been obtained, however, which do not, on the surface, 
appear to be consistent with thermal analysis. Three specimens were 
made up, by the method already described, annealed for 28 days 
at 490° C. and then quenched in water. The composition of the alloys 
w ere:

(i) Tin 2, mercury 50, silver 48 per cent.
(ii) »  4-, „  50, „  46
(ili) >) tj >>

Microscopic examination showed the presence of quenched liquid in all
three specimens, a small amount in (i) and an appreciable amount 
in (iii). The first alloy consisted definitely of two constituents, one o f 
which was in the crystal boundaries and was very brittle : this was pre
sumably quenched liquid. The other phase was slightly twinned and was 
definitely ductile. On grinding the sample for X-ray analysis, the brittle 
phase powdered easily, but the other phase was hammered into ductile 
plates. An X-ray analysis of each constituent, independently, gave the 
same lattice structure in each case, i.e. y, (silver-mercury compound).

The other two alloys, containing 4 and 6 per cent, tin, respectively, 
consisted o f three phases :

(a) the ductile matrix;
(b) the brittle quenched liquid in the crystal boundaries; and
(c) a white phase which pitted easily during polishing.

X-ray analysis o f the alloy containing 4 per cent, tin, again showed 
the lattice structure of one phase only, viz. y j (Ag-Hg).

From the constitutional diagram of alloys containing 50 per cent, 
mercury (Fig. 8), it is seen that the alloys containing 2 per cent, tin 
consist of a! +  liquid at the temperature of quenching, i.e. 490° C., 
while both of the two alloys containing 4 and 6 per cent, tin consist of 
the phases a, - f  pt -f- liquid, the latter o f these two alloys being near to 
the p, -f- liquid phase field. That these alloys, though three phases are 
visible on microscopic examination, should only show the presence of



yj (Ag-Hg) on X-ray analysis is remarkable and cannot be explained 
satisfactorily, except by the fact that it may be impossible to retain the 
¡3, phase in the quenched state and that the separation o f the y x phase 
takes place in spite o f quenching (see Fig. 8).

(3) T h e  Co n s t it u t io n a l  D ia g r a m .

The constitution of ternary alloys o f silver, tin, and mercury at tem
peratures of 100°, 84°, and 70° C. are shown in Figs. 17, 18, and 19 
(Plate LII). With temperatures above 100° C., the -j- liquid phase 
field enlarges at the expense o f the adjoining phase fields, until the 
liquidus, as shown in Fig. 16, is reached.

The constitution o f the ternary alloys containing 0-50 per cent, silver, 
0-25 per cent, tin has been fairly well established. It is probable, as 
previously explained, that the position o f the junction o f the p2 phase 
field with the three phase fields may be displaced owing to non-equili
brium conditions. The evidence available suggests that the a and p 
phases o f the binary silver-tin and silver-mercury systems form con
tinuous series o f solid solutions, as shown in the diagrams, and, further, 
that the silver-tin-mcrcury ternary system is divided into the ternary 
fields: (a) y - « 2-p 2, (b) y -p 2- y 2, (c) y-Px-y.,, (d) P i-y ry 2> (e) y r y 2-S2,
( / )  yr727E2> (9) y r t -H g -

Of vital importance to dental amalgams is the constitution o f 
alloys (amalgams) containing about 40-50 per cent, mercury, and 
about 13-16 per cent. tin. It has been shown 8 that the composition 
of dental amalgams which will expand on setting not more than 
4 |jl on 3-4 mm., should lie within the above-mentioned range of 
composition, and that the composition of dental fillings which contract 
on setting contain less than 40 per cent, mercury and more than 15 per 
cent, tin, and those which show marked expansion more than 50 per 
cent, mercury and less than 13 per cent. tin. From a study o f the con
stitution, it is seen that (with a small displacement, see paper on Dental 
Amalgams12, Fig. 4, PQR) these dimensional changes may be associated 
with the simultaneous disappearance or reappearance of the y , and y 3 
phases; and that the boundaries LM , MS  o f the ternary phase field 
Pi +  7 i +  72 mark the limits o f the compositions of those amalgams 
which contract or expand, respectively, on setting. Furthermore, it has 
been noted that the compositions o f amalgams showing little or no 
dimensional changes on setting, lie close to M , i.e. the junction o f the Pj 
phase field with the ternary phase field, pt -f- y x -f- y2. Hence the dis
appearance o f yj and the presence o f y2 in the dental amalgam may be 
associated with contraction while the re-appearance of y l and disappear

392 Gayler : The Constitution of the
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ance o f y2, with expansion. The disappearance o f both phases is associ
ated with little or 110 dimensional change.

The setting o f dental amalgams is described fully in another paper on 
Dental Amalgams 12 and, therefore, only brief mention o f it is made here. 
The composition o f silver-tin dental alloys has been found to be ex
tremely critical8 and the best compositions are those which contain not 
less than 25 or more than 27 per cent, tin (copper may replace silver up 
to 5 per cent.). This composition practically corresponds with that of 
the y  compound o f the silver-tin system, i.e. Ag3Sn, and, therefore, the 
section showing the effect of the addition o f mercury (Fig, 13) to this 
compound is o f the utmost importance.

It is noticed that in Fig. 13 a series of thermal arrests at a tempera
ture of 200° C. and lower are marked. These are associated with those 
seen in the section Fig. 14, which cuts across the above section at 4-5 per 
cent, mercury; as has been already pointed out these thermal arrests are 
indicative of non-equilibrium conditions. This section (Fig. 13) is o f the 
utmost importance, since the changes which take place during the setting 
of dental amalgams made from alloys consisting of silver and tin in the 
ratio o f that in the compound Ag3Sn, must be associated with their 
constitution.

The addition o f small amounts of mercury to Ag3Sn, results in the 
formation of the Pi phase at the expense of y  (i.e. Ag3Sn). Increasing 
amounts o f mercury result in the formation of y 2, and then y „  the 
relative proportions depending on the amount of mercury. It is seen, 
therefore, that under equilibrium conditions a dental amalgam should 
finally consist of pt +  y 2 or px +  y ,  -f- y2> depending on the mercury 
content. It is likely, however, that the changes taking place in a dental 
filling during setting are an indication of an unstable state, which is 
unlikely ever to reach equilibrium, though the rate of change may 
approach zero asymptotically.

From the liquidus surface, given in Fig. 16, it is seen that the 
p - f  liquid phase field extends over the major part of the ternary system 
and that at the tin and mercury ends, respectively, it must meet two 
other liquidus surfaces to form an invariant point in each corner. The 
invariant reactions are :

(a) y  -f- liq. — Pi +  y2
(b) pj +  liq. — yi +  y2

The 100° C. isotherm (Fig. 17) shows that under this +  liquid 
surface, the Pi +  y2 +  liquid binary complex surface extends over very 
nearly the same range o f composition, while that of the Pi +  y i +  liquid 
is small. The Pi +  y  +  liquid phase region exists at much higher tem
peratures, but not at this temperature 100° C.
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At a temperature o f 84° C., the invariant reaction

Pi +  liq- —> yi + y2
occurs; Fig. 18 shows the constitution of the alloys as existing just a 
fraction above the invariant reaction temperature, while Fig. 19 
shows that at 70° C., where the composition of the alloys which are 
still liquid down to the temperature of the freezing o f mercury, lie to 
the right o f the line joining the y x +  y2 phase fields.

The boundaries o f the Pi +  y2 +  liquid phase field (Fig. 18) towards 
the tin end of the diagram have not been drawn, since the data at hand 
are insufficient to establish its limits. In Fig. 19, however, the dotted 
lines indicate the probable limits of the pt +  y  and fJj +  y2 phase fields. 
The limit o f the Pi +  yi +  y2 phase field has not been established. 
The dotted line P M  (from thermal analysis alone) cannot possibly be the 
boundary of this field under equilibrium conditions.



From these diagrams it is also seen that the [3 phases of the silver-tin 
and silver-mercury systems form a wide range o f solid solutions.

Knight and Joyner 2 found that the compositions of the point M  at 
63° and at 90° C. were

Atom ic Per Cent. Weight Ter Ctent.
Ag Sn ITg Ag Sn l lg

00° C. . . . 57 11 32 44-2 9-35 46-45
63° C. . . .  46 2 52 31-78 1-52 66-7

Their results shown in Figs. 20 and 21 were obtained by the analysis 
of the liquid phase determined by sealing weighed amounts o f the three
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constituents, silver, tin, and mercury, in reaction tubes in an atmosphere 
of coal gas. . . . “  Care was taken that all the solid had really come into 
contact with all the liquid. . . “ After the reaction tubes had 
remained in the thermostat for a sufficiently long time to ensure the 
attainment of equilibrium— this time varied from 4 days at the low 
temperatures to as many hours at the high temperatures— part o f the 
liquid phase was removed and analyzed. . . .”

F ig . 21.—90° C. Isotherm.
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The results from the present research indicate that the composition 
o f M  at 100° C. is little, if at all, different from that at 70° C. This 
composition is found to be approximately

Silver . . .  50 per cent.
Tin . . . .  10 „  „
Mercury . . .  10 „  „

and is of the same order as that found by the above authors at 90° C.
Black 8 observed that a permanent change occurred in an amalgam 

heated to about 100° C., which could not be attributed to thermal expan
sion alone, while McBain and Joyner 10 found that “  all amalgams of 
tin and silver . . . undergo partial fusion at 65°-100° C. ” ; Gray 11 
confirmed these results in some experiments determining the effect of 
temperature on the crushing strength o f amalgams. He found that 
there was a rapid decrease in strength between 70° and 80° C., and heat
ing curves showed sharp peaks close to 77'3° C., corresponding with 
about the completion o f the sudden decrease in strength.

The results of the present investigation confirm these facts, but show 
that they may be attributed to the two invariant reactions occurring at 
80° and 84° C., respectively.

C o n c l u s i o n s .

(1) The liquidus o f silver, tin, mercury alloys (except for a range of 
composition extending from the tin corner to a composition of 6 per cent, 
mercury), has been determined.

(2) Five invariant reactions have been found to occur, while two 
others are deduced from experimental and theoretical evidence.

(3) The invariant reactions starting from the tin corner o f the dia
gram and their temperatures are :

Temperature, ° C.
(1) y +  a2 +  l iq . ---> y  +  f}« • ■ • Between 217° and 221°
(2 ) y  +  A  +  liq- — >  y  +  y 2 ■
(3) y - f  l iq .---- >Pi +  y 2

(4) P i +  li<l- — ->■ Yi +  Ys
(5) y , +  y2 +  l iq .------ >- yy +
(6) Vi +  8j +  li<I- — > yi +  e»
(7 ) Yi +  «2 +  liq - --- >  Yi +  *2 +  H g

217°
Probably about 210° C. 

84°
80°

- 3 6 °
-3 8 -8 °

(4) Isothermal sections for temperatures of 100°, 84°, and 70° C. 
have been plotted from the experimental data obtained.
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APPENDIX I.

A n a l y s e s  o p  M a t e r ia l s  U s e d .

(1) Silver obtained from the Sheffield Smelting Co., Ltd. Spectro- 
graphic analysis : total metallic impurities not exceeding one part per 
million.

(2) Silver containing 0 066 per cent, copper by analysis.
(3) Chemically purified, re-distilled mercury.
(4) “  Chempur ”  tin. Chemical analysis : trace of iron only.
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APPENDIX II.

The Numeral "before 
*<T •' Denotes Per Cent. 
Tin. The Numeral after 
“  T  ”  Denotes Per Cent. 

Mercury.

Temperature o f Arrests on Cooling, ° C.

Number of 
Weeks at 

70° C.

lîefore 
Annealing at 

70° 0 .
After Annealing at 70° C.

2TG3

2T68

2T73

/  - 4 0  
I - 4 2  

/  - 4 2  
\  - 3 9

Not done

No arrest a t  either tem perature.

One very small a rrest a t —41°.

f  Arrest a t  —40°. 
t  Arrest a t —42°.

5T55 39 - 4 1 No arrest a t either tem perature.
5T60 39 f —40 

I - 3 8 ”  ”  ”  ”

5TC5

5T70

39•
40

r — 44 
I - 4 0  
f - 4 4  
I - 4 0

t t  t t  I t  tt

Arrests a t  both tem peratures.

5T75 40 f - 4 9  
I - 3 9

»  t t  tt

10T50
10T65

32
12

1 
1 

W 
CO

<1
 

o No arrest a t  either tem perature. 

Arrests a t  both tem peratures.

15T50 32 - 4 0 No arrest a t  either tem perature.
15T55

15T60

3

14

—41
- 3 9
- 4 2
-4 1

t t  t t  t t  t t  

Arrests a t both tem peratures.

15T70 14 - 4 3
- 4 0

t t  t t  tt

20T55
20T60

19
19

- 4 2
- 4 1
- 3 9

No arrest a t  either tem perature. 
Arrests a t  both tem peratures.

20T65 19 —41
- 3 9

t t  t t  M

25T50

25T55
i

19

12
1

1

- 4 0
- 3 8
- 4 0
- 3 8

No arrest a t  either tem perature. 

Arrests a t  both tem peratures.
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M ic r o s c o p ic  A n a l y s is .

The specimens were sealed in an atmosphere of dry hydrogen, in 
transparent quartz tubes, provided with closed stuffer tubes to reduce 
the available gas space.
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M ic r o s c o p ic  A n a l y s i s .

Alloy.
Composition, Ter Cent. Number 

of Weeks 
at 

70° C.

Number o f Phases Present. X -R ay
Structure.

Tin. Silver. Mercury.

5T46 4-99 49-71 45-05 40 Homogeneous ß .
5T50 4-96 45-08 49-9 30 Two. Small amount o f a 

second phase ß t

5T55 4*98 39-46 55-54 30 Two. A  deal more o f the 
second phase

01 +  Vi

5T60 5-12 33-98 00-80 40 Tw o. Still more of the second 
phase

ß i  "H Yi

10T40 9-85 48-50 41-5 44 Two. A  small amount o f a 
hard white phase. Possibly 
a third phase

ßi

10T45 10*11 44*41 15*4 41 Two ß x +  little 
Yl

10T50 10-03 39-37 50-40 40 Possibly three phases, A 
greater amount of the hard 
white phase.

ß i + Y i  +  
t r .y a

10T55 9-99 34*13 55*70 44 Possibly three phases. A 
great deal more o f the hard 
phase

Not done

15T35 15-11 50-21 34-0 44 Possibly four. Appreciably 
less o f the hard white phase 
than in 10T50, but more 
than in 10T40.

N ot done

15T40 15-14 45-14 39-72 44 Possibly four. One o f which 
is the hard phase

N ot done

16T45 15-21 39-00 45-72 44 Possibly four. More o f the 
hard phase

N ot done

15T50 14-97 35-03 49-90 40 Possibly four. Still more of 
the hard phase

y» + ’ tr. ßi  
+  H. y ,

2T50

4T50

6T50

Quenched 
in water 
after 28 
days at 
490° C.

Possibly three, including small 
amount o f quenched liquid

Three. A greater amount of 
quenched liquid

Three. Still greater amount 
o f quenched liquid

y t only

V1 only. 

N ot done

25T50
Cooling
Curve
Ingot

3 Possibly four. A large amount 
o f the hard phase.

y> +  y ,  +  tt.ß,
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H e a t - T r e a t m e n t  f o r  C o m p l e t e  A m a l g a m a t i o n .

The tube containing the specimen was encased in an iron tube, which 
was placed in an electric furnace, the temperature of which was slowly- 
increased to about 400° C. The furnace was maintained at this tempera
ture for 12 hrs. then increased to about 30° C. above the Iiquidus of the 
specimen, and held there for 1 hr. to ensure complete fusion. The cur
rent of the furnace was then switched off, and the specimen allowed to 
cool in the furnace.

The position of the specimen tube was so arranged that the upper 
portion was in the hottest part of the furnace, thus making a tempera
ture gradient from top to bottom. This was found to prevent condensa
tion o f mercury on the sides of the specimen tube.

The specimens were then annealed at 70° C. in a thermostatically 
controlled water-bath from 9 to 11 months.

CORRESPONDENCE.
M il  E. H. B u c k n a l l ,*  M.Sc. (Member): Dr. Gayler’s paper describes 

the almost complete elucidation o f a hitherto practically unexplored ternary 
system of unusual complexity in a very restricted compass. Readers are likely to 
be puzzled by differences between the binary mercury-tin system as presented in 
Fig. 3 and that deducible from Kgs. 7-19 as the limit of the ternary system when 
the silver content becomes zero. In the ternary diagrams a binary constituent 
referred to as S2 is represented as occurring in a wide range of alloys at tempera
tures between 90° and — 31° C., below which temperature an £, constituent is 
shown (apparently Prytherch’s 8). The isothermal section at 100° C. also 
indicates the existence of a p3 constituent, although in Fig. 3 ¡3 is shown to 
decompose at 198° C. into (a  - f  y). From the foregoing it would appear that the 
binary diagram for tin and mercury accepted by Dr. Gayler differs markedly 
from that suggested by Prytherch, although the highly condensed text o f the 
paper does nothing to suggest this.

Two small points in connection with the presentation o f the ternary system, 
which seem to me to call for further attention are the unusual shape o f the 
(Pi +  72 +  liquid) fields at 100° and 81° C. and the equations (2), (3), (4), (5), and 
((>) used in the text to denote some of the invariant reactions. In true equilibrium 
all three-phase fields in ternary systems must, o f course, be triangular in isother
mal section and one wonders whether the dotted extension o f these fields to the 
left o f the point M,  in Figs. 17 and 18, is really caused by the non-attainment of
equilibrium during the thermal curves, as is suggested by Dr. Gayler, or whether
it represents an additional three-phase field formed by a reaction at a temperature 
indistinguishably close to that forming (Px +  y2 +  liquid). To turn to the second 
point, the equations referred to appear unnecessarily complex. Invariant 
reactions in ternary systems involve in general four constituents, o f which two 
may be found on each side o f the reaction plane, or alternatively three on the one 
side and one on the other. The two kinds o f reaction are adequately represented 
by equations of the form :

0C -f- p «5=̂ y  -f- S 
a -f- (3 -f- y  S

* Seientiiic Officer, D epartm ent of Metallurgy and Metallurgical Chemistry, 
N ational Physical Laboratory, Teddington.



Fig. 22.— Sn 5, Hg 45, Ag 50%. Polish Attack with Ammonium Persulphate and Ammonia.
X 150.

Fig. 23.— Sn 5, Hg 50, Ag 45% . Polish Attack with Ammonium Persulphate and Ammonia, 
x  150.

Fig. 24.— Sn 5, Hg 55, Ag 40% . Polish Attack with Ammonium Persulphate and Ammonia 
X 150.

Fig. 25.— Sn 10, Hg 40, Ag 50% . Unetched, x  150.
All Annealed at 70° C. for 9-11 Months. [To face p .  4 0 0 .

POLITECHNIKI Plate L III.



P l a t e  L IV .

F ig . 26.— Sn 10, Hg 45, Ag 4 5 % . Polish Attack with Ammonium Persulphate and Ammonia. 
X 150.

F i g .  27.—Sn 10, Hg 55, Ag 35%. Polish Attack with Ammonium Persulphate and Ammonia* 
x 150.

F i g .  28.—Sn 15, Hg 35, Ag 50%. Polish Attack with Ammonium Persulphate and A m m o n ia , 
x  150.

F ig . 29.— Sn 15, Hg 50, Ag 35% . Unetched, x  150.
All Annealed at 70° C. for 9-11 Months.



P l a t e  L V .

F ig . 30.— Sn 40, Hg 30, Ag 30%. Unetched, 
x  150.

Cooling Curve Ingot.





To use more than four items in such equations particularizes the reaction to a 
part o f the total area o f the reaction plane and the advantages of generalization 
arc lost.

Dr. A rthur W. G u a y , *  A.B. (Member): I should be glad if  Dr. Gayler 
would describe in detail the exact nature o f the evidence and the reasoning that 
led her to important conclusions, especially when her conclusions differ from 
those o f other investigators. What are the particular characteristics o f each 
phase that enabled her to identify it ? Neither X-ray nor microscopic evidence 
seems to be very definite, and Dr. Gayler herself points out inconsistencies.

What is the proof that the pj and the y, phases do not contain intermetallic 
compounds, but are solid solutions o f narrowly limited ranges of composition ? 
Does evidence now available definitely exclude the possibility o f such compounds, 
with or without accompanying solid solution in them or o f them in solid solutions'! 
or, does the evidence merely suggest the interpretations given by Dr. Gayler ? 
On p. 3S0 she states that Murphy “  showed that the compound Ag3Hg, does not 
exist ’ ’ ; but Murphy f  writes : “ In the absence of accurate values for the specific 
gravity the X-ray observations throw no light on the atomic ratios in the com
pounds which might bo considered to be the bases of these phases: formula; 
o f the type Ag4Hga or Ag5Hg4 would satisfy the thermal and microscopic observa
tions relating to the composition of the (3 phase, and in the same way Ag3Hg4, 
Ag1Hgs, &e., could be suggested for the y phase.”  How were the doubts about 
these hypothetical compounds and about Ag5Hg8 finally cleared up ? Also, on 
p. 380 Dr. Gayler states that “  Prythcrch has found evidence for the existence of 
three”  between tin and mercury; but she show's only one (HgSn3) in either 
the Sn-Hg diagram (Fig. 3), which she reproduces from Prytherch’s unpub
lished work, or in her own diagrams of the Ag-Sn-Hg system, and she does 
not mention the nature of the evidence.

Howr was the “  very hard white constituent identified as y2,”  as mentioned 
on p. 389 and indicated in Figs. 23-30 ? The solid solution of mercury in tin is 
not ordinarily regarded as very hard. Tammann and Mansuri (Dr. Gayler’s 
reference 6) found the maximum hardness obtained by dissolving mercury in tin 
to be about the same as that o f cadmium. This maximum was very sharp at 
about 5 per cent, mercury. According to the tin-mercury diagram o f Prytherch, 
this amalgam would consist of a, and y2; but Tammann and Mansuri (p. 60) report 
only one constituent visible through the microscope up to 18 per cent, mercury. 
Did Dr. Gayler compare the hardness o f the pure Sn-Hg phase designated y2 on 
the diagram of Prytherch with the hard constituent that she liaa designated as y, 
in her Figs. 25-30 ? A comparison could be made easily by moans of Bierbaum’s 
micro-character. Of course, solution of silver in y2 might cause additional 
hardening, but no evidence on this point is submitted.

There seems to be uncertainty in the identification of the phases marked ¡3, 
and y ! in Figs. 22-30. On p. 391 the description o f Fig. 30 indicates that {Jx could 
not be distinguished from yx and that “ only y2 was found with difficulty by 
X-ray analysis.”  On p. 389 it is stated that the constituents shown in Fig. 27 
are “  probably p1; yu and y2.”  Farther down on the same page, after describing 
a constituent o f the amalgam composed of silver 50, tin 15, and mercury 35 per 
cent, it is concluded : “  From Fig, 19 this phase is probably y v ”  However, 
Fig. 19 shows no y lt but only and y2 for this composition.

Fig. 25 indicates that the amalgam composed of silver 50, tin 10, and mercury 
40 per cent, is mainly fij with some y2; but Fig. 7 indicates that it consists entirely 
of a,. In all the amalgams illustrated in Figs. 22-30, and also in amalgams of 
Ag3Sn containing 40-50 per cent, mercury', the mercury content ranges from 
about 41 to about 61 per cent, of the total o f mercury plus silver in the amalgam.

* Consulting Physicist and Metallurgist, Westfield, N.J., U.S.A. 
f  J. Inst. Metals, 1931, 46, 513.
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According to Murphy’s silver-mercury diagram, amalgams o f silver only that 
contain from 41 to 61 per cent, mercury consist of a,, plP or a mixture of the tw o; 
according to Dr. Gayler, the addition o f tin changes the constituents to Pu or 
and yj, with y2 appearing when the concentration of tin and mercury becomes 
high enough. According to Table I, p. 390, microscopic analysis showed that 
the amalgam composed o f silver 35, tin 15, and mercury 50 per cent, consisted of 
y! and y2; but Fig. 29 represents it as consisting of y, surrounded by very much 
more p , ; the table reports X-ray analysis as indicating yt with a trace o f px and a 
trace o f y2. The amalgam composed of silver 35, tin 5, and mercury 60 per cent , 
is reported to show y plus a trace of p by X-ray analysis, but Pi plus yj by micro
scopic analysis. Incidently, the table represents all three amalgams of the 10 per 
cent, tin series as composed of 105 per cent.

An error similar to the one just mentioned 00 01™ in lino 6 from the top of p. 
395, which interchanges the atomic percentages o f silver and mercury derived 
from Knight and Joyner’s 63° isotherm (Fig. 20). As a consequence of this slip 
the weight percentages calculated arc likewise incorrect.

How were the boundary lines of the several fields represented in the diagrams 
determined where 110 points indicating observations are shown V I11 some cases 
the widths of the fields seem less than the uncertainties o f observations. Some 
points on these boundaries are plotted that do not correspond to alloys shown in 
Fig. 4, which p. 383 represents as showing all the alloys examined. For example, 
how was Fig. 7 drawn for less than 10 per cent, tin ? and Fig. 14 for less than 
20 per cent, tin 1

The tin-mercury diagram o f Prythcrch (Fig. 3) shows no p2 below 200° C .; 
but Dr. Gayler’s 100° isotherm (Fig. 17) shows fields marked p2, a2 +  p2, p2 +  y2, 
y +  aj +  p2, p2 +  y, and P2 +  y +  y2; also, Fig. 14 shows y +  P2 +  y2 below 
200°. How were these fields determined ?

Fig. 14 indicates that amalgams containing 4-5 per cent, mercury consist of y 
plus liquid immediately under the liquidus when the tin content is from about 
63 to 80 per cent., and o f p2 plus liquid when it is from 80 to 96 per cent. Murphy’s 
silver-tin diagram shows that with 0 per cent, mercury there is y plus liquid under 
the liquidus from about 52 per cent, tin to 96-5 per cent. Fig. 16 show’s under the 
liquidus a field marked y plus liquid extending right up to the Sn-Hg side of 
the triangle at both 0 and 4-5 per cent, mercury. Also, on the Ag-Sn side of the 
triangle in Fig. 16, a plus liquid is represented adjacent to both the silver and the 
tin comers. Are these representations consistent with one another? Again, 
is Fig. 7 consistent with Figs. 8 ,9 ,10,13, and 15 ? Apparently the field in Fig. 7 
marked Pi +  y2 +  S2 should have been marked Pi +  yi +  y2.

In describing the occurrence o f the y1 phase of the silver-mercury system 
(p. 389) it is stated that “  this phase persists in increasing quantity up to 60 per 
cent, mercury ” ; but Fig. 19 indicates up to 70 per cent.

Professor E. W. S k i n n e r ,*  Ph.D. : I  have no criticism to make concerning 
the data given in this paper nor the accuracy with which they were determined. 
However, from the point o f view of dental interpretation of the results, it is 
not clear why a temperature o f 70° C. was selected for the annealing o f the 
specimens for microscopic examination. This temperature is very close to the 
transition temperatures found by Gray in some o f his specimens, and a lower 
annealing temperature, if only 5°—10° C. might be more convincing as a basis 
for the comparison with dental amalgam restorations. However, on the basis 
o f her own data, the author is justified in this respect.

One cannot help but be impressed with the complex structures involved, 
and also by the fact that the author does not claim to have reached equilibrium 
conditions even after the rather extensive homogenization carried out. It 
is little wonder that dimensional change and plastic flow' measurements show' a

* Northwestern University Dental School, Chicago, 111., U.S.A.
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slow but continuous change taking place in these materials for as long a time

• as the tests have been continued.
It is o f interest to note the difference in hardness between the various 

phases as demonstrated by the polishing technique. These observations may 
eventually be o f value in explaining the plastic flow which occurs in these 
amalgams.

The A u t h o r  (in reply): Mr. Bucknall has observed differences between 
Prytherch’s tin-mereury diagram (Fig. 3) and that which can be deduced 
from the end points o f Figs. 7-9 when the silver content is nil. The text has 
been very briefly amended to explain this divergence and the following will 
amplify that explanation.

In a private communication, Prythereh has said that he observed some

MERCURY, WEIGHT PER CENT

FlO. A.

slight arrests in thermal curves o f some alloys at a temperature o f about 100° C., 
but a very limited examination in the solid state showed no evidence o f a new 
phase. Thermal curves o f  the ternary alloys, however, indicated the evidence 
o f a reaction which could be associated definitely with the tin-mereury system, 
and thermal curves o f the binary alloys taken under the same experimental 
conditions as those used for the temar3r alloys also showed the existence of 
thermal arrests at about 90° 0. on both heating and cooling curves. Fig. A 
shows the liquidus o f the binary system based on van Heteren’s and Prytherch’s 
data, indicated by small circles and crosses, respectively; while the results 
obtained during the present investigation from thermal curves on three alloys
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forming the end-points o f the 80, 70, and 50 per cent, mercury sections o f the 
ternary system, are shown by largo crosses (heating) and full circles (cooling). 
These results point to tho existence o f a new S phase formed by a peritectic 
reaction between tho y  phase and liquid.

The ((?! +  y2 +  liquid) field at 100° and 84° C. is unusual in shape and 
theoretically impossible. The experimental data available, however, indicated 
limits as shown in Figs. 17 and 18. The investigation over this region was 
necessarily incomplete, and further work will be required to elucidate this 
region. The dotted lines in the isothermal sections are only put forward 
as possible boundaries; their existence was necessary to explain phases present 
in the AgjSn-Hg and the 4-5 per cent, mercury sections (Figs. 13 and 14).

Invariant ternary reactions, Mr. Bueknall suggests, must be o f  tho form 
either a p y +  8 or a +  P +  y S. Equation (2) may be written as (a) 
liq ^  */[ -f- y„ -|- S2 or (b) y, - f  liq +  S2. The first docs not hold, since 
no temaiy eutectic is formed by the three phases. The reactions represented 
by equations (2), (3), (4), (5), and (6) are peritectic reactions which are caused 
by a phase in the tin-mereury system reacting with liquid to form another 
phase. This takes place in the ternary system in tho presence o f tho y 1 
(Ag-Hg) phase; hence, an invariant reaction occurs which can bo expressed 
in tho form o f the equation (6).

Dr. Gray wishes a detailed description o f  the exact nature o f the evidence 
and reasoning o f the conclusion reached on p. 39C. Tho evidence has been 
based on experimental data, as stated on p. 381; and the sectional diagrams 
given in Figs. 7-15 show tho interpretation which has been based on that data. 
In the limited time available for this portion o f the investigation, a detailed 
examination o f  alloys in equilibrium was out o f the question. In the sectional 
diagrams, Figs. 7-15, the temperatures o f  thermal arrests from heating curves 
are indicated by crosses and those from cooling curves by circles. From these 
results the sectional diagrams have been constructed. Those portions o f the 
diagrams which have no such marks, such as the left-hand side o f  Fig. 14 up to 
about 20 per cent., have been inserted, perforce, from theoretical deductions. 
In Fig. 15 the junction o f  the phase fields Pi +  y +  liq, Pi +  liq, P +  y, and 
pt also could not be determined in the time available, but again lack o f crosses 
and circles indicate this. I  have also plotted sections parallel to the silver- 
mercury side o f  tho ternary diagram and they confirm the sectional diagrams 
Figs. 7-15.

Dr. Gray comments on my “  conclusions differing from those o f other 
investigators.”  So far as I am aware no investigators other than Knight and 
Joyner have studied the constitution o f the ternary system silver-tin-mercury, 
and so far as possible I have compared my results with theirs. There arc no 
other data with which I can compare the conclusions reached on p. 396.

The microscopic and X-ray examination o f alloys is admittedly incomplete, 
but, as stated, that is owing to circumstances beyond my control. It is impossi
ble to solve tho constitution o f amalgams from an examination o f  alloys of 
restricted composition and I found it necessary to extend the field o f  my 
investigation far beyond that wliich covers the range o f composition o f dental 
amalgams. The sectional diagrams put forward represent the constitution of 
the ternary alloys and indicate the reactions which take place in alloys at 
temperatures below the liquidus.

With regard to Dr. Gray’s remarks about the pt and phases, the old metal
lurgical conception o f  intermetallic compounds has been replaced by that 
formulated by X-ray investigators, who regard such phases as crystal structures 
existing over a wide range o f composition; whether these are compounds or 
not is o f no importance. In discussing Murphy’s paper on silvcr-mercury 
alloys, Westgren has pointed out that the phase has the structure o f  y  brass
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and licnco, according to the Hume-Rothery rule, must be assigned the formula 
■Ag6Hg8.

M y reason for amending Prytherch’s tin-mercury diagram Las been given 
in m y reply to Mr. Bucknall. The four compounds ¡3; y, 8, and e in Fig. A  
appear in Figs. 7-15.

The hard wliito constituent (p. 389) identified as “  y2,”  increased in amount 
as (a) the tin content increased, (b) the mercury content increased : it must, 
therefore, bo associated with a tin-mercury phase. The ternary diagrams 
which have been based on the results o f  thermal analysis indicated that this 
hard phase must bo the “  y2 ”  phase o f  the binary system (Fig. A).

Dr. Gray’s suggestion o f  analysis b y  hardness measurements is interesting.
1 have made no hardness measurements o f  the pure tin-mercury phase; time 
has not permitted any physical properties o f  the alloys to be investigated, 
other than those reported in the paper.

The very limited microscopical anatysis carried out has been used “  to 
confirm the conclusions o f  thermal analysis regarding the existence o f  the 
various phase fields ”  (p. 388). I t  has been stated definitely that tho alloys 
examined m ay not be in equilibrium and therefore tho microstructures Figs. 22 -
30 must not bo interpreted as “  equilibrium ”  structures and used to define 
the limits o f  phase fields : they simply show that such phase fields exist in tho 
neighbourhood o f  their composition.

The effect o f  the addition o f  tin to silvcr-m ercuiy alloys is very marked :
2 per cent, tin increases tho temperature o f  the peritectic reaction a -(- liq 
—>  (3 from  278° to above 400° C. Thermal arrests indicating the formation o 
the (3 +  7 i +  liquid phase field appear in alloys containing 56 per cent, and 
more mercury.

I  thank Dr. Gray for pointing out the error in the composition o f  the 10 per 
cent, tin series and in Knight and Joyner’s results; both have been corrected; 
also in the microscopic analysis o f  alloys containing 50 per cent, mercury and 10 
and 15 percent, tin, a third phase, (3lt had been observed, though it was unfortu
nately omitted from  Table I. It has now been inserted.

Dr. Gray refers to tho difference between the results o f  X -ray and micro
scopic analysis, viz. phases are seen in appreciable amounts in the photom icro
graphs and yet only traces are observed on X -ray analysis. Tho X-ray 
spectra o f  the y 1 phase is composed o f  a very great number o f  lines, and it is 
consequently extremely difficult to identify other phases present in tho alloy 
except when tlioy are present in appreciable amount. Hence, X -ray analysis 
alone should not bo used as a means o f  indicating the number o f  phases present 
in these alloys. Tho micro-examination o f  dental fillings showed three distinct 
constituents under tho microscope, but here again X -ray analysis failed to 
detect any phase other than the yt (Ag-H g) phase.

The position o f  the boundaries in the diagrams has been discussed earlier. 
In Fig. 17 a2 4- y2 should have been written instead o f  ¡32 : this has since been 
corrected.

The thermal analysis o f  alloys containing 4-5 per cent, mercury gave 
thermal arrests indicated in Fig. 14 : these values linked up at the end-points 
with tho silver-m ercuiy and tho tin-mercury systems, respectively. There 
was no experimental evidence against the diagram being drawn other than as 
in Fig. 14. It has been deduced, as stated on p. 392, that there is evidence for 
tho existence o f  the ternary fields as shown in Fig. 17 at the tin comer. No 
claim has been made that these fields have been determined.

W ith regard to Fig. 1G no attempt has been made to determine the liquidus 
beyond the line forming the boundary o f  the ¡3 +  liquid and tho y  +  liquid 
surfaces. The positions o f  the a +  liq and tho a2 +  liq. phase field are 
indicated so that their existence in that oomer is realized.

Fig. 7 is consistent with the other diagrams. I  regret that S2 has been
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inserted for y.,; this has been altered. The sentence on p. 38!) to which Dr. 
Gray refers, applies on ly to the composition o f  the alloy whoso microstructure 
was examined and for “  up to ”  read “  in the alloy containing.”

1 thank Dr. Gray for pointing out that Fig. 19 différa from  the isotherm in 
the paper on Dental Amalgams. This has now been corrected.

In reply to Professor Skinner the temperature o f  70° C. was selected for 
the annealing o f  microscopic specimens for the following reasons :

(а) Thermal analysis showed that no transformation occurs in theso alloys 
between the temperatures o f  — 36° and 80° C.

(б) Amalgams at mouth temperature, i.e. 37° C., tend to attain a condition 
associated with the reaction which takes place at 80° C. Such low-temperaturo 
reactions only proceed very slowly, so that i f  the alloys aro annealed at a 
temperature close to the transformation temperature, i.e. at 70° C., there is more 
likelihood that equilibrium conditions may be approached more nearly in a 
comparatively reasonable time. The transition temperature found by  Gray 
took place on heating at about 77° C. ; no corresponding evolution o f  heat was 
observed on cooling. The conditions under which his thermal analysis were 
carried out differed from  those o f  the present investigation in that in the latter 
case the alloys were amalgamated thoroughly before the thermal analysis. 
Gray, on the other hand, relied on the absorption o f  mercury under pressure. 
The composition o f  the amalgams which ho used is not stated in his paper, and 
it is probable that the small difference in temperature o f  the transformation 
found by him (77° C.) and by mo (80° C.) m ay bo accounted for by tho com posi
tions o f  tho alloys which were used in both cases ; added elements would tend 
to  lower the temperature o f  tho transforma tion. There is no reason, however, 
to doubt that within certain limits tho additions o f  small amounts o f  added 
elements will have little effect on the interpretation o f  the results.

The com plexity o f  the constitution o f  these alloys emphasizes more strongly 
the need for further investigation o f  the changes taking place in amalgams 
made under different conditions.
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DENTAL AMALGAMS.* 7

By MARIE L. V. GAYLER,f D.Sc. (Mrs. H a u o i i t o n ) ,  M e m b e r ,

S y n o p s i s .

A theory of tho sotting of dental amalgams is submitted which is 
based on a study of tho constitution of the ternary alloys of mlver, tin, 
and mercury, together with the results of published data on tho correla
tion between the dimensional changes occurring during tho setting of 
these amalgams with (a) the composition of tho dental alloys from which 
they are made; {b) the composition of tho dental filling itself; and (c) tho 
disappearance and appearance of the y2{Sn-Hg) phase in the amalgam or, 
vice versa, tho appearanco and disappearance of tho yj(Ag-Hg) phase.

Tho changes taking place on setting are attributed to complex 
reactions which probably do not proceed to completion. These may be 
summed up briefly a s :

(1) AgjSn +  H g -----+  y2
(2) pi +  y2 ---- >- +  yi +  Yi

No explanation for the marked contraction or expansion can be 
obtained from X-ray analysis, but the former is attributed to the forma
tion of a solid solution of mercury in Ag3Sn.

T he investigation described in the present paper forms part o f  a 
research which has been carried out in the Department of Metallurgy 
of the National Physical Laboratory, 011 behalf of the Dental Investiga
tion Committee of the Department of Scientific and Industrial Research, 
and with the aid of funds provided by the Dental Board of the United 
Kingdom.

(1) T he Settixg  of Amalgams.

It has long been known that if mercury be mixed with filings of 
silver-tin alloys, which have or have not been previously aged at 
100° C., dimensional changes occur during the setting of the resultant 
amalgam. G. V. Black 1-3 (circa 1896) was the first to carry out 
researches on this problem, and it is only comparatively recently 
that attention has once more been directed to the control of these 
dimensional changes.

Space does not permit more than reference to the work of those who, 
within the last few years, have supplemented Black’s pioneer work.

* Manuscript received July 4, 1936.
| Scientific Officer, Department of Metallurgy, National Physical Laboratory, 

Teddington.
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Of these investigators, however, Gray,4-10 Souder and Peters,11,12 
Taylor,ls-15 Ward and Scott,18 Rothen,17 McBain and Knight,18 
Loebich19,20 and Nowach,'21 Sterner-Rainer 22 have contributed largely 
to the knowledge of amalgams. Apart from the researches of Joyner,23 
and later of Knight and Joyner,24 the constitution of the silver-tin- 
mercury alloys has not been studied and, therefore, explanations of 
this problem of the setting of amalgams have not been based on 
fundamental knowledge.

Feneliel 25 photographed the structure of an amalgam at intervals 
up to 24 hrs. after mixing and thereby demonstrated the growtli of 
crystals in an amalgam. He was not able to identify the constituents 
which were formed.

The constitution of the silver-tin-mercury system was determined, 
therefore, in order to elucidate, if possible, the problems connected with 
amalgams. The present paper represents the correlation of results 
obtained during researches on the setting of amalgams (made from 
alloys of definite composition and under standardized conditions) 
with their constitution, as deduced from an examination of the silver- 
tin-mercury ternary system.

It has been shown 26 that dimensional changes during setting bear 
a definite relation to the composition of the dental alloys from which 
they are made. The microscopical examination of binary silver-tin 
alloys containing less than 25 per cent, tin, in the cast state, shows 
the presence of the p silver-tin phase embedded in a matrix of Ag3Sn 
in an amount proportional to the percentage of tin present in the 
alloy, while that of alloys with 27 or more per cent, tin shows free 
tin and Ag3Sn. If filings of such alloys are mixed with mercury under 
the conditions laid down and packed in a dental cavity, then amalgams 
made from alloys containing the lesser amount of tin will expand, 
while those with the greater amount will contract on setting, the 
degree of expansion or contraction depending on the amount of ¡3 or 
free tin, respectively, in the alloys.

If up to 5 per cent, copper be added, replacing silver in Ag3Sn, a 
general stiffening of the amalgam takes place, together with an increase 
in expansion (contraction being considered as negative expansion). 
As before, alloys giving amalgams which expand on setting contain 
less than 25 per cent, tin, and those which contract, more than 27 per 
cent. tin.

The compositions of the alloys investigated are plotted in Fig. 2, 
and the boundaries between the P +  y, y, and y +  Sn phase fields, 
appear to coincide with those drawn distinguishing amalgams which 
expand or contract on setting. It is seen that the addition of copper
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does not appear to alter the constitution of the Ag3Sn phase; a solution 
of copper in Ag3Sn is apparently formed, the copper atoms replacing 
an equivalent number of silver atoms.

The relation between the dimensional changes observed 011 setting
10 hrs. after mixing, and the compositions of the corresponding dental 
alloys, containing 0-5 per cent, copper and 22-50 per cent, tin, 
has been represented by a ternary model (Fig. 1, Plate L YI); the base 
of which represents the compositions of the dental alloys and the 
vertical axis, the dimensional changes in microns (i.e. in thousandths 
of mm.).27 The surface thus obtained shows no discontinuity but a 
very sharp change in direction at about 25-5-26 per cent. tin. This is 
an extremely important fact, since on setting, the expansion of 
amalgams made from alloys whose compositions lie along that line, 
is about 4 microns on 3-4 mm. This is the ideal expansion of a 
dental filling, and it is obvious from Fig. 3 that the composition of a 
dental alloy must be fixed within very close limits.

It has also been shown 28 that the composition of the dental filling 
itself can be correlated with its dimensional changes on setting, but no 
explanation has been given of this relationship. The investigation 
into the ternary silver-tin-mercury alloys has, however, thrown light 
on this complex problem.

The compositions of dental fillings made from alloys of various 
compositions have been inserted in the diagram representing the con
stitution at 70° C. (Fig. 4), of silver-tin-mercury alloys, which, how
ever, will differ only very slightly, if at all, from that at mouth tempera
ture, viz. 37° C. The numbers against the dots in Fig. 4, are the numbers 
of the dental alloys used for making the amalgams; their composition 
can be read off from Fig. 2.

The amalgams may be divided into the following three groups, 
according to their behaviour on setting.

(i) Marked expansion . 1, 13, 14, 20.
(ii) Slight expansion . 2, 7, 15, 22, 27, 28.

(iii) Contraction . . 5, 6, 8, 9, 10, 11, 12, 19, 26.

The dental alloys from which these groups of amalgams are made
contain, respectively: (i) less than 25 per cent, tin; (ii) between 25 and
27 per cent, tin; and (iii) more than 27 per cent. tin.

From Fig. 4 it will be seen that the alloys of the third group lie above 
the line Hg-yi joining the mercury corner with the boundary between 
Ag3Sn and the Ag3Sn +  Sn phase field; the first group below the 
line Hg-Z? joining the mercury corner with the boundary between 
Ag3Sn and the Ag3Sn - f  ¡3 (Ag-Sn) phase field, while the compositions
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of amalgams belonging to the intermediate group lie in the area between 
these two lines. Fig. 4 probably approximates equilibrium conditions, 
as already explained in the paper on the constitution of these ternary 
alloys,29 and therefore the boundary LMS, Fig. 4, may indicate the 
limit of existence of the +  y l -f- y2 phase field. A dental amalgam; 
however, probably approaches the ideal state more nearly than those

of thermal curve ingots ; therefore PQR rather than LMS will represent 
more truly the limit of the Pi +  yi +  72 phase field.

The point Q (or M ) represents the junction of the ¡31; [ii +  y lt 
-j_ y i y2> p1 y 2 phase fields ; amalgams whose compositions lie 

to the left of PQ, contract on setting, those below QR expand, while 
those whose compositions are close to Q, in the direction QR, show slight 
expansion. The compositions of such amalgams lie within the limits 
tin 13-5-16, and mercury 47-40 per cent. To sum up, expansion and con
traction of amalgams, may be associated with the disappearance and

M ER C U R Y , PSR C E N T  

Fig. 4.— 70° C. Isotherm.



412 Gayler : Dental Amalgams

appearance, respectively, of the y2 phase of the tin-mercury system or 
conversely, with the appearance and disappearance of y i of the silver- 
mercury system. Hence, excess of tin in the dental alloy is to be 
condemned, since it causes the formation of the y2 constituent; on 
the other band, an insufficient amount of tin in the alloy increases the 
amount of the y 1 silver-mcrcury compound formed, which results in 
expansion. Therefore the composition of an amalgam which shall 
neither expand nor contract must lie, under ideal conditions, at the 
junction of the four phase fields, Pi - f  y L, pj +  yi +  y2, Pi +  y2, 
i.e. at Q.

The compositions of amalgams giving small expansions on setting 
have been shown to lie near Q in the direction of R (Fig. 4). This 
experimental fact is strong evidence in support of the conclusions 
drawn above: that the ideal amalgam should consist of [Jj only.

(2) T h e o r y  of the Setting  of A malgams.

(A) Existing Theories.
Fenchel30 found that the combination of Ag3Sn and mercury 

takes place with marked contraction.
Knight and Joyner2'1 from a restricted study of the equilibrium of 

silver-tin-mercury alloys at room temperature to about 214° C., con
cluded that amalgamation might be summed up as :

Ag3Sn +  4 Hg — 3- Ag3Hg4 +  Sn 
McBain and Knight 31 in an extension of this research found that “ in 
the presence of mercury the tin and the silver in the alloy undergoing 
amalgamation cannot be combined with one another in any way, and 
therefore the products of amalgamation are the same as if each metal 
had been amalgamated separately . . . the alloy, which is a mechanical 
mixture of the compound Ag3Sn and tin, becomes a mixture of Arbor 
Dianee and tin.” They found, also, that the addition of mercury to 
Ag3Sn resulted in marked contraction whether the filings were pre
viously aged at 100° C. or not; they remark that “ every case occurring 
in dental practice must be intermediate between no volume change and 
the extreme changes mentioned above. This will depend on how nearly 
the amalgamation is complete before insertion.”

Gray, 8,10 explained the peculiar alternation of contractions and 
expansions which take place in amalgams (when made in a specified 
manner) by a theory based on the work of McBain, Joyner, and Knight, 
supplemented by his own observations and general physico-chemical 
facts :

"  (a) The rapid drop to a minimum that forms the first part of the
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typical curve of reaction expansion evidently represents the end 
of the stage dominated by contraction accompanying solution of the 
alloy in mercury and formation of compounds with silver and copper.

“  (6) Crystallization of these mercury compounds quickly follows 
their formation, and is accompanied by expansion. The first minimum 
in the curve marks the time when the rapidity of this expansion just 
equals the rapidity of the contraction caused by the simultaneous 
formation of more of these same compounds.

“ (c) As the solution and reaction diminish, the crystallization 
expansion comes to predominate. This predominance is indicated 
by the rise of the curve from the first minimum to the first maximum.”

Gray accepts McBain’s and Joyner’s conclusions with regard to 
the process of amalgamation, viz.

Ag3Sn +  4 Pig — >  Ag3Hg4 +  Sn

(B) Theory Submitted by the Present Author.
The theory now put forward is based on (1) a knowledge of the 

constitution of the alloys of silver, tin, and mercury; (2) observations 
on the behaviour of alloys and mercury during mixing; and (3) X-ray 
analysis of dental alloys and amalgams.

It has already been shown in the paper on the constitution of the 
ternary alloys 29 that the effect of the additions of mercury to Ag3Sn 
cannot be summed up by the simple equation

Ag3Sn +  4 Hg — > Agjlig* +  Sn 
A very much more complex reaction takes place.

The addition of up to 64 per cent, mercury to Ag3Sn results in the 
formation of three phases in proportions depending on the constitution 
of the alloy :

(a) The (3 phase of the silver-tin system, in which mercury is held 
in solid solution, forms a continuous series of solid solutions with 
the (3X phase of the silver-mercury system in which tin is held in solid 
solution. These two phases are therefore isoinorphous and form a 
series of solid solutions (which have been designated ¡3j), which stretch 
right across the ternary diagram.

(b) The y 1 phase of the silver-mercury system which contains a 
small amount of tin in solid solution.

(c) The y2 phase of the tin-mercury system.
If Ag3Sn and not more than 64 per cent, mercury are mixed together 

at some temperature above 150° C., and then cooled to mouth tem
perature, the following reactions take place (cf. Fig. 13, of the paper on 
the constitution of the alloys of silver, tin, and mercury).29

(i) Ag3Sn -j- liq. Hg — > +  liquid (at 150° 0.);
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(ii) As the temperature falls the y2 phase separates from 
the mixture, (3, +  liquid, until the temperature of 84° C. is reached. 
Here, from the residual and liquid, the y 1 +  y2 phases separate 
according to the following equation

Pi +  liq .— > y i  +  y2
Alloys in equilibrium containing less than 65 per cent, mercury will, 
therefore, be completely solid below 84° C. and will consist of px +  y2 
from 15 to 18 per cent, mercury, and of Pi +  yi +  y2 from 18 to 65 
per cent, mercury. Excess mercury, above 65 per cent., results in 
additional complex reactions as shown on examining the diagram 
mentioned above.

The changes taking place when mercury is mixed with Ag3Sn cannot, 
therefore, be summed up by a simple equation; under equilibrium 
conditions, the resulting product of amalgamation at temperatures 
below 70° C. consists of a mixture of the px and y2 phases with or without 
the y l phase, depending on the amount of mercury used.

In the case of dental amalgams, the degree of amalgamation varies 
with the method of mixing and therefore the final constitution of the 
resulting amalgam will depend on factors connected with mixing and 
subsequent manipulation.

It has been found 28 that an alloy of satisfactory composition should 
be mixed with mercury in the ratio 1 : 1-75 which corresponds with 
63-6 per cent, mercury and is represented by some point on S'T  (Fig. 4) 
according to the composition of the alloy. In the case of alloys in 
which copper replaces up to 5 per cent, of silver in the compound 
Ag3Sn, this particular ratio will give an alloy of composition 0  (Fig. 4) 
which is identical with that of the invariant point, at 84° C., given by 
the equation

Pi +  liq. — yi +  y2 

Therefore, the transformation of Ag3Sn into, ultimately, y, +  y2, 
should proceed at a maximum rate at room temperature when the 
amount of mercury used is 64 per cent.

It is highly probable that the first step in the transformation of 
Ag3Sn, will be the formation of a solid solution of mercury in Ag3Sn 
and then the formation of px +  y2 on the outside of the particles; 
the amount formed will depend on the rate of the diffusion of mercury 
through the layer of Pj +  y2 which will decrease as the amount of 
these phases increases. If the particle size be large, or the amount of 
mercury insufficient, a core of Ag3Sn may be left surrounded with 
Pi +  y2. These constituents will react with the adjoining mercury as 
soon as they are formed to give y t +  y 2, thereby inhibiting the diffusion
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of mercury and preventing further transformation of Ag3Sn. The 
quantity of y2 formed simultaneously with y x is necessarily relatively 
very little, as can be seen from the constitution of the alloys (Fig. 4).

The proportions of the different phases which finally are formed in 
the amalgam will depend on :

(i) The composition of the dental alloy;
(ii) The method of mixing and manipulation.

X-ray analyses have been carried out on amalgams made from 
Ag3Sn with and without copper in solid solution and varying per
centages of mercury. The author is indebted to her colleague Mr.
C. Wainwright, for carrying out these analyses. The results arc 
summed up in Table I.

T a b le  I.

Alloy.
Photographed.

During J - l i  lire, 
after Mixing. 20 Hrs. after Mixing.

1 Ag3Sn +  30% Hg Yi (Ag-Hg) 
Yi +  AgjSn ?

Yi (Ag-Hg)
2 20 „ Yi
3 10 „ Yi +  Ag3Sn (equal 

quantities)
Yi +  AgjSn (equal 

quantities)
4 t, G », After 2 days Ag3Sn
5 26-4% Sn !

4’8%  CU 1 , -.<>/ jr 
2 0%  Zn | +  b4/o Yl Yi

66-9% Ag j
6 34-8% Sn "I

4-85% Cu U  01% Hg Vi Yi
60-35% Ag J

These alloys were mixed with mercury in a rubber thumbstall 
for 1 minute and then any excess mercury was expressed by squeezing 
through linen. No mercury was expressed in the case of alloys Nos. 
1-4. Amalgams 3 and 4 were very crumbly.

X-ray analysis gives positive evidence of the formation of the 
yi (Ag-llg) phase and shows that the transformation of Ag3Sn has 
proceeded to a large extent within H hrs. No other constituent could 
be detected by these means, even though the microscopic examination 
of amalgam No. 5, showed that two, possibly three, phases were present. 
The X-ray method of analysis employed is therefore unable to detect 
small quantities of other constituents formed during the process of the 
setting of amalgams. This fact demonstrates the danger of assuming 
from X-ray analysis that the amalgam consists of one phase only.
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The fact that y v and a proportionally small amount of y 2 are formed 
so rapidly when filings of Ag3Sn are mixed with mercury, does not 
necessarily indicate that the amalgam soon reaches a stable state. 
Further reactions take place when the amalgam is packed in a tooth.

It has been shown, using particles of alloy of definite size and 
mixing under standardized conditions, that the mercury content of the 
amalgam is finally reduced from the original 64 per cent, to 40-47 per 
cent. Reference to Fig. 4 shows that the composition of such an alloy 
lies near Q and that its constitution, in a condition approaching 
equilibrium, should consist of with a little y y and very little y2.

It is obvious that particle size, as well as the composition of the 
dental alloy and the method of mixing, will have a marked effect on 
tho setting of the resultant amalgam. If the particle size is very fine, 
the transformation of Ag3Sn +  mercury into y l +  y 2 should proceed 
more nearly to completion, sincc diffusion will take place comparatively 
rapidly. If coarser particles of the same alloy are mixed with the same 
percentage of mercury, the reactions taking place on mixing will 
not proceed as far as in the above case. Most probably after mixing, 
the amalgam will consist of small amounts of Ag3Sn, (3,, y lf and y 2, 
depending on the particular size. Expressing mercury reduces the con
tent from 64 to 40-47 per cent, mercury, hence the subsequent 
reactions taking place will be different from those occurring when very 
fine particles of alloy are mixed.

The changes taking place in a dental filling made under standardized 
conditions, viz. mixing in a rubber thumb-stall for 1 minute, letting the 
amalgam stand for 2 minutes, during the first of which it is squeezed 
in linen; packing the amalgam in a cavity in 3 minutes, will probably 
be as follows according to the size of particles used (ratio of alloy to 
mercury being 1 : T75) :

(1) Very fine particles of alloy : after mixing, the amalgam will 
consist of a little unchanged Ag3Sn, possibly px, but mainly of yj +  y 2. 
After expressing mercury and packing in the dental cavity, further 
réaction will take place with the ultimate formation of y 1 -f- y 2 and 
possibly a very little px. The amount of y 2 should be very small, in 
comparison with that of y ,.

(2) Coarse particles of alloy : after mixing, the amalgam will 
consist of a comparatively large amount of unchanged Ag3Sn; Pj 
and possibly a little y 1 and a very little y2. Mercury is next expressed, 
reducing the content to about 40-47 per cent., and therefore, the changes 
during setting will consist mainly of px to y 1 +  y 2, the amounts of 
y x +  y2 depending on the mercury content, viz. the less mercury, the 
greater the amount of y 2 formed.
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It would be expected that an examination of the known lattice 
parameters of the phases taking part in these reactions would throw 
light on the dimensional changes involved. In Table II are given the 
parameters and calculated volume per atom of each constituent formed.

T a b l e  II.

Phase. Latlice Parameter, A. Vol. per 
Atom, A.3. Observer.

1

2

Ag3Sll 

Pi (AgHg)
«3 =  4-771} ° -  rhombio

“  2  hexae-

18-405

18-4

Nial 32 

Stenbeck 53
3
4

7 l  (Afe'n g) 
y„ (Sn-Hg)

a =  9-98 cubic 
a =  3-1981 , 

uc =  2 -980/c 'p g '

19-1
20-3 J*

5 Sn
c =  3 174 }  ‘ etragonal 26-85 Neubnrger 31

If mercury is mixed with Ag3Sn a marked contraction occurs; 
from the constitution of these alloys the first effect of the addition of 
mercury is the absorption of mcrcury and, possibly, the formation 
of the phase, from which +  y2 +  y x are ultimately formed. 
From an examination of Table II, it is difficult to account for the marked 
contraction other than by the removal of mercury by its absorption 
by the dental alloy filings to form a solid solution of mercury in Ag3Sn 
i.e. y , and subsequently p: +  y 2 (cf. Fig. 13 20). If the dental alloy 
consists of Ag3Sn -f- tin, the addition of mercury results in most 
complex changes taking place accompanied by a very rapid absorption 
of mercury. Dental alloys, containing less than 25 per cent, tin, 
when mixed with mercury, exhibit very marked expansion, which 
again is difficult to explain in the light of Table II.

One is therefore forced back to the possible cause of expansion being 
due, as originally suggested by Gray, to the mechanical thrust due to 
crystal growth. He considers, however, that contraction accompanies 
the solution of the alloy in mercury, but in the light of the present 
knowledge of the constitution of the ternary alloys of silver, tin, and 
mercury, the contraction observed in the amalgam during the initial 
stages of the setting may be attributed to the formation of a solid 
solution of mercury in Ag3Sn. From the AgsSn-mercury section given 
in Fig. 13, of the paper on the constitution of these alloys,29 it is seen 
that at mouth temperature about 15 per cent, of mercury is capable of 
being held in solid solution in Ag3Sn (y), while the yu and y2 phases 
appear to possess little or no solubility in each other or in mercury.

V O L . l x . K  u
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Su m m ary .

(1) Dimensional changes occurring during the setting of amalgams 
may be correlated with the compositions of the dental alloys from 
which they are made. These results have been represented graphically 
by means of a ternary model, in the case of silver-tin alloys containing 
0-5 per cent, copper.

(2) Expansion during setting can be correlated with the presence 
of the p silver-tin compound with Ag3Sn in the dental alloy, and 
contraction, with the presence of free tin with Ag3Sn. The first two 
phases exist in alloys containing less than 25 per cent, tin, the latter 
in those containing more than 27 per cent.

(3) Dimensional changes during setting may also be correlated 
with the composition of the dental filling itself and consequently with 
the constitution of the ternary silver-tin-mercury alloys.

(4) Expansion and contraction may be attributed to the dis
appearance and appearance of the y2 (Sn-Hg) phase in the amalgam 
or vice versa, the appearance and disappearance of the y l (Ag-Hg) 
phase.

(5) The changes occurring in amalgams may be said to be due to 
complex reactions which probably do not proceed to completion. 
These reactions depend on : (i) the composition of the dental alloy;
(ii) the method of mixing and manipulation; and (iii) particle size.

(6) In the case of dental alloys whose composition consists of 
AgjSn, these reactions, if allowed to proceed to equilibrium conditions, 
may be summed up briefly as follows :

(i) Ag3Sn +  Hg — > (Jj +  y2
(ii) pj +  y2---- > Pi +  yx +  y2

(7) No explanation for the marked contraction or expansion on 
setting can be obtained from X-ray data.

(8) It is concluded that Gray’s theory that expansion may be 
attributed to crystal growth is probably the true explanation, but that 
the cause of contraction, from a study of the constitution, is now 
attributed to the absorption of mercury by the dental alloy filings 
resulting in the formation of a solid solution of mercury in Ag3Sn, and 
not to the solution of the dental alloy in mercury as put forward by 
Gray.
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CORRESPONDENCE.
M r. E. H . B u c k n a ll ,*  M.Sc. (Member) : The experimental study o f  dental 

amalgams described in the present paper comprises, in addition to purely 
constitutional work, a detailed investigation o f  the compositions and the 
dimensional changes in setting amalgams. Within this field the investigation 
was earned out in a most thorough and detailed manner (as m ay perhaps 
better be seen from the reports published in the British Dental Journal than 
the summary here given), but it is doubtful whether such work alone is suffi
cient to support a theoretical consideration o f  the process o f  setting. In this

* Scientific Officer, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.
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connection the papers o f  Tammann with Dahl and with Mansuri appear 
important. These authors traced the hardness changes during the sotting o f  
amalgams and found the hardening to be greater for H g-A g3Sn mixtures than 
for other compositions.

The cfiect o f  additions o f  copper on the dilatation is extremely interesting 
as the contours o f  equal dimensional change run so nearly parallel to an 
Ag3Sn-Cu3Sn line, commencing at 26-8 per cent, tin and passing through the 
point 5 per cent, copper, 27-8 per cent. tin. It is noteworthy that alloys on this 
line are not, however, those which produce fillings with either zero or the desired 
small positive change. It is presumed that copper finds its way into commer
cial dental alloys primarily as a hardener.

Attention is directed by Dr. Gayler to  the fact that the mixture o f  dental 
alloy with mercury at the stage before it has been “  condensed ”  into a cavity, 
with the expression o f  mercury slightly contaminated by silver and tin, 
approximates in composition to an invariant point at 84° C. in the neighbour
hood o f  point O on Fig. 4 ;  it is then inferred that in this mixture the rate o f  trans
formation is a maximum. One is doubtful whether it is ever possible to argue 
from an equilibrium diagram with regard to rates o f  reaction and wonders 
whether this is a conclusion from practical results. The isothermal section 
at 84° C., given as Fig. 18 o f  the constitutional paper, does not seem to reveal 
this invariant point although it is shown on vertical sections. As Dr. Gayler 
goes on to observe, the alloy does not have time closely to approach equilibrium 
at this stage, as is o f  course indicated by the fact that liquid mercury is ex
pressible leaving an alloy containing only about 40 instead o f  64 per cent, 
mercury. The new composition clearly represents the average composition o f  
the solid phases present at this stage, a composition which could not be reached 
by  mixtures o f  the y x and y2 phases.

Dr. A. J . R o t i i e n  * : From  the theoretical point o f  view, this study is 
important in so far as it means a contribution to the knowledge o f  the 
physico-chemical composition o f  ternary alloys o f  silver-tin-m ercury.

From  the practical point o f  view o f  dental alloys, Dr. Gayler arrives at 
precise conclusions fixing the limits o f  the composition within which the alloy 
has the necessary stability o f  volume. Here, it must be pointed out that, i f  
these conclusions are valid for the conditions o f  the experiments made b y  the 
author, they should, however, not be generalized, i.e. extended to all alloys. 
Dr. Gayler has worked on  filings o f  a determined size, w ith an exact quantity 
o f  mercury, and applying a standardized mixing technique. The con 
clusions at which the author arrived, in these conditions, are not necessarily 
valid for filings o f  another size, nor for other proportions o f  m ercury; besides, 
Dr. Gayler rightly says in her paper : “  These reactions depend on the com 
position o f  the dental alloy, the method o f  mixing and manipulation, and 
particle size.”

So long as the part played by each o f  these different elements is not exactly 
determined, the practical problem to be solved is, in m y opinion, not to manu
facture an alloy having the desired stability in certain precise manipulating 
conditions, but rather to find an alloy presenting a maximum o f  stability and 
leaving, at the same time, as large a scope as possible to the variations o f  
manipulation.

Tho working conditions in dental practice are considerably different from 
those o f  a physical laboratory; as standardized as it m ay be, the manipulation 
o f  the products by  the dentist is inevitably subject to variations. Therefore, 
the composition o f  an alloy should be such as to protect the product, as much 
as possible, against such variations.

* De Trey Brothers, Ltd., Dental Research Laboratory, Zürich, Switzerland.



Correspondence on Gayler’s Paper 421
If, in her paper, the author has explained certain properties o f  the alloys, 

some other characteristics have been neglected. Admitting that the expan
sion is due to the appearance o f  phase yv  resulting from the conclusion is 
that, the more mercury is left in a filling, tho more expansion there will be. 
For the same reason, a fine-grained alloy should show more expansion than tho 
same product cut in coarser grains; now, experience shows that just tho 
contrary is tho case.

In  the domain o f  dental amalgams, the junction between practice and theory 
has not been realized as y et; this is the reason why caution is advisable in 
accepting new standardizations.

Professor E. W . Skinner,* Ph.D. : A ny theory for tho dimensional 
changes which occur during the hardening o f  amalgams must o f  necessity 
be rather involved in order to account for the many variables to  which this 
phenomenon is subject. Such a theory should explain all the effects observed 
with change o f  composition, particle size, and manipulation. The theory 
presented by  the author meets these requirements. Furthermore it is a theory 
based on sound constitutional data.

However, in America, amalgam workers are apt to criticizc the method by  
which the author obtained the dilatation data on which the present theory is 
based. Dr. Gayler condensed tho amalgam into a cavity with four walls and a 
floor, thus obtaining a preparation similar to that employed by the dentist in 
certain cases. In America, the general custom is to use specimens which are 
free to change dimension unrestricted by enclosures. The method employed 
by  Dr. Gayler m ay be o f  greater value than the second method in interpreting 
the changes which might occur in a dental restoration (although this point is 
debatable), but it is not clear how the results o f  such measurements can be 
reliable as metallographic data, because o f  added disturbances brought about 
by  the restraining forces o f  the cavity walls. Black f  who used the Wedel- 
staedt test tube for this purpose, notes that an expansion occurring under these 
conditions is more nearly a cubical expansion than a linear change. Gray J 
does not credit the method with measuring either linear or volumetrio expan
sion, but rather a “  heaped measure expansion.”  He further states that a 
linear contraction cannot occur under these conditions “  until the amalgam has 
become completely free from tho constraints imposed upon it by the walls o f  
the cavity .”

In  order to  test this point, I recently attempted to reproduce some o f  Dr. 
.Gayler’s results in m y own laboratory by means o f  the dental interferometer. 
A  commercial amalgam alloy was selected with composition by  weight silver 
68-8, tin 26-4, and copper 4-4 per cent. As m ay bo observed from Fig. 1, this 
alloy should exhibit neither expansion nor contraction. When all conditions 
were controlled as nearly as possible to  conform with those described by  Dr. 
Gayler § an average expansion o f  9-8 microns/cm. was obtained at the end of a 
period o f  24 hrs.

I t  should bo emphasized further that the alloys o f  composition plotted in 
Figs. 1 and 4 o f  the present paper reacted as stated by the author only when a 
very exact manipulation was employed. For example, by the use o f  a special 
technique o f  manipulation which is not far removed from that employed by 
dentists, I  have obtained expansions in excess o f  200 microns/cm. from an

* Northwestern University Dental School, Chicago, Illinois, U.S.A.
f  G. V. Black, “  Operative Dentistry,”  Vol. If, p. 307, 6th Edition (Medico- 

Dental Publishing Co.).
t  A. W. Gray, “  Metallographic Phenomena Observed in Amalgam,”  J. Nat. 

Dental Assoc.. 191!). 5. 909-910.
§ M. L. V. Gayler, “  The Setting of Dental Amalgams,”  Brit. Dental J., 1936, 58, 

143-160.
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amalgam whoso alloy com position was : silver 55, tin 41, copper 3, and zinc 
1 per cent. The alloy is a commercial product; it was mixed with mercury 
in the ratio 1 :1 -6 , little or no mercury being expressed during the condensation. 
These results are difficult to explain by Dr. Gayler’s theory, unless it is as
sumed that the phase boundary line in Fig. 4 is changed by  the zinc content so 
as to allow the ultimate formation o f  yi Ą- liquid.

Dr. W iłm er  Sotjdkr * : So far as I  am competent to express an opinion, 
this paper is sound in its metallurgical interpretations. Should not the copper 
percentages at the left o f  Fig. 1 be doubled 1

Our dental researches at the Bureau o f  Standards have not been prosecuted 
along these lines. W e have taken the experience o f  large numbers o f  dentists 
and from  these reports selected the alloys named as most satisfactory. Chemi
cal and physical tests o f  these alloys were made and a performance specification 
set up which is now used in the purchase o f  dental alloys. Full responsibility 
for the production o f  an alloy and instructions for mixing and packing the alloy 
so that it w ill meet the performance specification is placed on the manufacturer.

There are difficulties in setting up a narrow limit on chemical compositions 
for an alloy as the performance in a filling is dependent on so many additional 
items. The size and shape o f  cut, the annealing, the trituration time, the 
trituration pressures, the packing time, the packing pressures and mercury 
content o f  the finished filling have each an individual effect on the finished 
restoration.

W e have perhaps avoided these variations by demanding that the manu
facturer produce the alloy, test it and furnish a technique for its use, so that the 
resulting restoration will meet the performance demand o f  the specification.

The A u t i i o r  (in rep ly ): Rates o f  reaction, as .Mr. Bucknall suggests, 
cannot be determined from equilibrium diagrams. The statement that the 
transformation o f  A g3Sn into y t +  y 2 should proceed at a maximum rate 
when the amount o f  mercury used is 64 per cent, is intended to emphasize 
the practical value o f  using excess mercury during amalgamation rather than 
to  refer to the actual rates at which the reactions proceed. Fxom Table I 
it is seen that lesser amounts o f  mercury result in a more or less proportionate 
amount o f  unattacked AgaSn ; and if the amount o f  mercury used is that 
which is required to be left in a dental filling, i.e. 40-47 per cent., then it 
appears that the changes in the amalgam will take place at a slower rate 
than if  excess mercury is first used and then expressed.

For simplicity, the isothermal section given in Fig. 18 (see tliis vol., Plate 
L II) has been drawn to  represent the conditions existing im m ediately before 
the invariant plane is reached.

I t  is quite clear from Fig. 13 (Plate L I) o f  this same paper, No. 766 (see 
this vol., facing p. 384), that the final composition o f  the dental filling 
containing about 40 per cent, mercury could not possibly be reached by 
mixtures o f  the y t and y 2 phases; if, however, no mercury were expressed 
from an amalgam containing 64 per cent, mercury, then ultimately it should 
consist o f  the y 1 and y 2 phases.

The presence o f  liquid mercury in a dental filling may be due to 
incomplete expression o f  m ercury; in such cases absorption o f  mercury in 
the dental filling would bo likely to take place very slowly. As stated, a 
dental filling should ultimately consist o f  a mixture o f  the plf y „  and 
y 2 phases.

I  am glad that Dr. Rotlien has emphasized that m y conclusions are valid 
for the conditions o f  experiments cited by me, and that these conclusions

* Principal Physicist, National Bureau of Standards, Washington, D.C., U.S.A.
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should not tie generalized. I t  is a point which I  have stressed in the more 
practical papers on dental amalgams which liavo been published in the 
British Dental Journal-, these publications showr that i f  any one factor in 
the experiments is altered, quite unexpected results may be obtained.

I  agree with Dr. Rothen that the search for an alloy which will permit 
wide variation in manipulation is a practical problem ; but before such a 
problem can be solved, it is essential that a knowledge o f  the effect o f  
variation o f  any one factor in the trituration and manipulation o f  the 
amalgam should be known and, if  possible, the effect caused by varying two 
or more factors simultaneously. The investigations that 1 have carried out 
have been directed towards the latter problem with a view to their forming 
a basis for the more practical problem to which Dr. Rothen has referred.

I t  is not to be expected that theory and practice can be united until a 
great deal more fundamental research on amalgams has been carried out. 
New' standardizations based on known facts are preferable, however, to  a 
great deal o f  present-day practice, which has little or no scientific justification.

Tho method o f  obtaining the dilatation data, by filling Ivorine teeth, 
used during the investigation on amalgams, was considered to approach more 
closely that found in dental practice than that to which Professor Skinner 
refers. I  appreciate his remarks on the value o f  such a method in contrast 
to that in which specimens are free to change unrestrictedly, but, so far as I 
can judge from the results o f  experiments carried out during the earlier 
stages o f  this investigation, results obtained from both methods were com 
parable (making allowances for difference in the height o f the specimens). 
For really practical results I  think that a great deal more research should be 
carried out using both methods, standardizing exactly the conditions o f the 
experiments.

One o f  the most important factors which I have not yet been able to 
study, is the size o f  particle, and I  think that it is highly probable that this 
is the cause o f  the difference in results obtained by Professor Skinner using 
the high silver alloy. In the second case, the fact that he obtained expansion 
from an alloy containing 41 per cent, tin where a contraction would be 
expected, would suggest that the manipulation o f  the amalgam is the cause. 
I  have found, using a commercial alloy, that marked expansion in the 
amalgam could be induced by (a) light mixing pressure, (b) light packing 
pressure, (c) decrease in the time o f  mixing, (d) decrease in the amount o f  
mercury used for amalgamation, (e) decrease in the time o f  kneading.*

I f  trituration be carried o\it in a mortar, little or no control o f  the 
pressure o f  the pestle can bo maintained, and pressure during mixing is a 
most important factor, together with time o f  mixing and kneading. It is for 
these reasons that I  decided that another method o f  mixing was essential if 
similar results were to be obtained by all using the same amalgam : experi
ments showed that the thumbstali method o f  mixing gave repeatedly 
consistent results.

I  would suggest that the amalgam mixed in a mortar under the con
ditions referred to, is in a highly metastable state o f  equilibrium, owing to 
the fact that actual amalgamation o f  the filings is probably extremely 
superficial. I t  is impossible in these circumstances to offer an explanation 
o f  the characteristics o f  such an amalgam without carrying out further 
investigations.

In reply to Dr. Souder, the scale o f  the tin percentages in Fig. I was 
halved in order to reduce tho size o f  diagram.

Tho dental researches carried out at the Bureau o f  Standards are 
extremely important, and I  hope that the results o f  tho present investigation

* See Brit. Denial J., 1933, 54, 269.
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THE FLOW OF METALS. 7 7 0
B y  P r o f e s s o r  E. N. DA C. ANDRADE,* D.Sc., P h .D .,  F.R.S.

T W E N T Y -S E V E N T H  M A Y  LECTU RE TO TH E IN STITU TE  
OF M ETALS, D E L IV E R E D  M A Y  5, 1937.

S y n o psis .
Flow is most easily observed in the liquid state, but the structure of the 

liquid state is still obscure. Nevertheless it is possible on simple lines to 
formulate a theory of liquid viscosity, which both gives the observed 
viscosity of simple liquids and accounts for the temperature variation. In 
this connection viscosity of liquid metals is important, on account of the 
simplicity of the molecular state.

The flow of solids is best observed in single crystals of metals. Certain 
general laws have been formulated, from which it is clear that the velocity 
of flow is of fundamental significance. The perfect crystal lattice does not 
offer a basis for any theory of the flow of solids : the only successful 
attempts to construct a mechanism to explain plastic behaviour are based 
on the assumption of flaws, or dislocations, in the lattice, which are propa
gated along preferential directions when external stresses are applied.
Thermal fluctuations must also be invoked. Further investigation of the 
nature of the inherent flaws is of importance, not only for physical theory 
but also for metallurgical practice.

M a t t e r  can exist in three states: the solid, the liquid, and the 
gaseous. During the past two generations the interest of most 
physicists was concentrated on the gaseous state, and for this there 
were very good reasons. On the one hand the pioneers of electronic 
physics, men like J. J. Thomson, P. Lenard, and W . Wien, carried out 
their work in tubes containing gases at extremely low pressures, and 
their astounding successes, and the beauty and novelty of their results, 
directed attention to discharges in gases; on the other hand the kinetic 
theory of gases, as elaborated by Clerk Maxwell and Clausius, proved 
to be capable not only of giving a general account of the known 
properties of gases, but also of predicting apparently paradoxical 
results, such as the independence of viscosity of pressure.

From the point of view of theoretical physics gases are, of course, 
much simpler than solids or liquids: the molecules arc, relatively 
speaking, so far apart that, for the most part of the time, they can be

* Quain Professor of Physics in the University of London.
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considered as isolated from the effects of tlieir neighbours, as behaving 
in a manner unembarrassed, as it were, by the elbowing of their fellows. 
For instance, all the simple results of the kinetic theory of gases can 
be obtained by considering that each molecule travels in a straight 
line, uninfluenced by all the others, except for the comparatively rare 
occasions when it comes into close contact with another atom. Along 
these lines the general mechanical properties of gases can be calculated, 
and the size of the molecules worked out, and, while there are, of 
course, many remote provinces left to be explored, we can say that 
gases, except at very high pressures or very low temperatures, behave 
in a manner that seems reasonable to the theoretical physicist.

Of recent years, due to the work of the Braggs, and their col
laborators and followers in many lands, the structure of crystalline 
solids has been worked out in great detail, so that we now know the 
pattern according to which atoms are built up in a great variety of 
compounds. This is not to say, however, that we can calculate the 
forces acting on the individual atoms, which would give their heat 
movements about their equilibrium positions, but that we can find 
out experimentally, for any particular structure, what the average 
positions of the atoms are.

"We know, then, a good deal about gases, which flow freely, and a 
great deal about the structure of ideal solids, i.e .  crystals, which 
should not flow at all. When, however, we turn to the liquid state, 
we meet with great difficulties, and it is scarcely too much to say, as 
Bernal does, that the wider problem of why the liquid state should 
exist at all has as yet only been touched. There is no clear knowledge 
as to what happens when a solid melts. The chief physical sign of 
melting is that the substance suddenly begins to flow freely : the 
solid just below the melting point will, it is true, flow if forces 
sufficiently large are applied, but there is an enormous change of 
viscosity on melting, much greater than that in any other property. 
The change of volume is comparatively sm all: in general a pure metal 
expands on melting, but in the case of a few elements of complicated 
crystal structure, such as gallium, it actually contracts. The distances 
apart of the atoms in the solid and the liquid are, then, much the same, 
but we have this great difference of mechanical properties, entirely 
due to differences in the arrangement of the atoms. The molecules 
are not arranged as in the crystal, nor are they absolutely at random, 
but rather they have an intermediate arrangement, something like the 
crystal pattern with a relaxed discipline, smeared out, as it were, by 
the heat agitation. On the whole a liquid molecule will have a certain 
average number of nearest neighbours, with centres near a sphere
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surrounding it, and there will be a certain departure from lying exactly 
on the sphere, but the tendency to regular arrangement will be there. 
W hat vee require is a precise measure of the departure of the liquid 
arrangement from the crystalline arrangement, and Prins, Bernal, and 
others are now working on these lines. All that I  want at the moment 
is to show you what the problem is.

Let us now return to the crystal, and see how we should expect it 
to behave under stress. For simplicity we will first of all consider not 
a metal crystal, but one composed of positive and negative ions, like 
sodium chloride, since the mathematics of such a crystal have been 
worked out by B om  and others. When at a distance such ions attract 
one another according to an inverse square law, but when close 
together they must repel one another, or they would approach in
definitely. Such a repulsion, varying inversely as a higher power of the 
distance, can be explained by the fact that the ions are themselves 
made up of positive and negative charges, in a way that need not be 
considered here. Normally, then, these ions will be in a position of 
equilibrium where the positive and negative forces just balance, or 
where the potential is a minimum. Suppose that we apply a force 
tending to pull them apart, they will move to a position where the 
attractive force is greater than the repulsive, and just balances the 
external force. As we increase the external force the molecules will 
move further apart until a certain distance is reached where the total 
intermoleeular force reaches a maximum. Near this point it is clear 
that any increase in external force should produce a very large move
ment, or the Young’s modulus for the crystal should approach zero. 
Any further increase in force should produce rupture. W e have, then, 
on this simple physical picture of a crystal, elastic yield, with con
tinually decreasing Young’s modulus, until at a certain point rupture 
ensues. This is, of course, nothing at all like what occurs. In practice 
we have either elastic yield, at constant Young’s modulus, followed by 
brittle rupture, generally with permanent yield in between; or else 
plastic yield, that is, flow.

I do not want to discuss brittle rupture this evening, but I should 
like, in passing, to point out that very simple considerations sufficc to 
show that even here the simple crystal model is quite unsatisfactory. 
W e can work out from considerations of surface tension what the strength 
of a crystal should be, and it comes out to be very high, about a thousand 
to ten thousand times as great as it actually is. These considerations 
apply to metal crystals as well as ionic crystals; in the latter case the 
behaviour can be worked out by a more precise method, the agreement 
of which confirms the correctness of the more general treatment.
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We have now to consider the general problem of explaining how 
it is that a crystal can be plastically deformed. If a perfect crystal 
(and for simplicity we consider again a cubic ionic crystal, like rock- 
salt) is subjected to a shearing stress parallel to a simple crystal plane, 
and in a simple crystal direction, we should expect that the displace
ment would increase smoothly with the stress until it reached a maximum 
at the point when any one plane had been displaced by half the crystal 
spacing with respect to the other, and that then the force would be 
sufficient to displace the plane indefinitely, so that, after an initial 
elastic displacement, the crystal would shear into two. Actually it is 
well known that nothing of the kind takes place, and we have the 
fundamental difficulties: (1) that permanent displacement begins at a 
force which is smaller, by some thousands of times, than that 
theoretically predicted; and (2) that the crystal becomes harder as 
deformation proceeds, so that, with a given stress, a certain permanent 
set is produced. The latter phenomenon, that of work-hardening, is 
one that recurs as one of the major problems of polycrystalline metals.

The flow of liquids and of solids presents, then, grave problems 
which demand, perhaps, further systematic experiment rather than 
elaborate mathematical theories. For these experiments metals seem 
particularly suited. A simple metal contains atoms of only one kind : 
it can, in many cases, be obtained of exceptional purity, and single 
crystals can be prepared in forms convenient for experiment, either 
wires for extension or cylinders for compression. It is true that the 
structure of a metal is still something of a mystery. In an ionic crystal 
the cohesion can clearly be explained as due to the attraction existing 
between the positive and negative ions: in a homopolar crystal, such 
as, say, diamond, it is attributed to the sharing of electrons, which has 
been so successful in explaining certain classes of chemical compounds : 
the cohesion of the rare gases in the solid state is attributed to the 
so-called van der Waals forces, due to electric polarizations set up by 
one atom acting on the other. In metals there is no doubt a lattice of 
positive metal ions, and a cloud of valency electrons, distributed and 
moving througli it. Hume-Rotheiy has pointed out that the different 
types of crystal structure exhibited by the metals in different columns 
of the periodic table can be explained on a conception of electron 
sharing by the atoms, which involves something corresponding to the 
covalent bonds in chemistry. The binding energy and the com
pressibility have been worked out by a complicated application of the 
method of wave mechanics in certain simple cases, with fair success. 
Nothing, however, has been done as regards mechanical strength.

Having formulated the general problems, let us return to a con-
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«¡deration of the liquid state. For the problem of liquid viscosity, the 
electrons can, it is suggested, be neglected, since viscosity is a question 
of the transfer of momentum, and the electrons have negligible mass. 
Certain theories were at one time put forward which treated a liquid 
as a kind of gas, but they had little success, which is not, perhaps, 
remarkable, since, as we have seen, a liquid is really a kind of solid 
with a relaxed discipline, of density very like that of the solid, but 
with a greater power of diffusion, i.e. a single atom can work its way 
through the others much more easily than can an atom of a solid. I 
have calculated, for instance, that one atom of liquid lead will move 
through a distance equal to the atomic diameter in 1-89 X lO 11 
seconds, which is the time of about 38 complete vibrations. This 
calculation depends only upon the self-diffusion of liquid lead, measured 
experimentally with a radioactive isotope, and makes no assumption 
about liquid structure. The simple theory which I have suggested for 
liquid viscosity is on the following lines.

Whereas in gases momentum is transferred from one layer to 
another by a molecule crossing an imaginary dividing plane, and 
making a collision after travelling a distance very many times its 
diameter, which involves the conception of a mean free path, I suppose 
that, in liquids, momentum is transferred by moléculas vibrating about 
a mean position, and sharing momentum when they approach at the 
extremities of the •vibration, if conditions are favourable. The distance 
over which momentum is transmitted is thus c, the mean distance 
between molecules, and the frequency with which it Í3 transmitted is 
found, not, as with gases, by consideration of a mean free path and a 
molecular velocity, but by the frequency of vibration, which, it is 
considered, must be much the same as in the solid state. If it Ls 
supposed that at the melting point momentum is shared at every 
extreme libration, then the liquid viscosity can be calculated in terms 
of the fundamental frequency. It is

where v is the fundamental frequency of vibration of the molecule and 
m is its mas3. The constant -1 3 is only an approximate value: the 
important point is the general form of the expression. Since Lmdemann 
has given an expression for the fundamental frequency in terms of the 
temperature of melting, the atomic weight, and the atomic volume, we 
can find the viscosity at melting point in terms of these quantities, 
without any arbitrary constant. It comes out to be

r, =  5-1 X  K H ^ j ^ .............................. (2 )
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where Tm is the absolute melting point, A  is the molecular weight, and 
Va the volume of the grm.-molecule at T,„. The values calculated from 
this expression (2) agree wrell with the experimental values found for 
metals, especially for the metals of close-packed structure, as shown 
in the following table, which comprises all the metals for which reliable 
experimental values are to hand. The first group of metals are of 
closely packed, or approximately closely packed, structure: the last 
three are of more complicated crystal structure, and belong to Hume- 
Rothery’s Group III. The simple consideration of the theory cannot 
be expected to apply to such metals.

T a b l e  I.

Metal.
Viscosity of Liquid at Melting Point.

Calculated. Experimental.

Potassium 0 0 0 4 5 0-0054
Sodium 0-0050 0-0069
Tin . . . . 0-019 0-020
Mercury 0-021 0-021
Lead . . . . 0-025 0-02S
Copper 0-038 0-038

Bismuth 0 0 1 8 0-023
Antimony 0-015 0-024
Gallium 0-015 0-020

The agreement can also be expressed by comparing the fundamental 
frequency, found by putting the experimental value of the viscosity 
at melting point in (1), with that given by Lindemann’s formula, as is 
done in Table II. What it is desired to emphasize is not so much the

T a b l e  II.

Metal.

Fundamental Frequency.

Calculated from 
Liquid Viscosity.

Calculated from  Melting Point 
(Lindemann).

Lithium 1 -3 8 X 1 0 12 1 -4X  1012
Potassium 2-06 2-6
Sodium 4-62 4-3
Tin . 2-33 2-5
Lead . . . . 1-96 2-0
Copper 6-37 7-4
Mercury 1-34 1 3

Bismuth 1-63 1-8
Antimony 2-80 3-2
Gallium 3-54 2-8
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closeness of the agreement (this depends to some extent upon the exact 
value of the constant, given above as 4/3, which is very difficult to 
calculate, but cannot be far from 1) but, firstly, that the expression 
gives the right order for the coefficient of viscosity, and, secondly, that 
it arranges the metals in correct order as regards their viscosity.

To obtain the variation of viscosity with temperature we can adapt 
ideas which have already been applied to association in the kinetic 
theory of gases. The sharing of momentum which I postulate is a kind 
of instantaneous association. Whether atoms combine or not has been 
held to be determined by whether the atoms, at their closest approach, 
are favourably disposed in respect of their relative position, or inner 
state. The easiest picture to form is to suppose that there are, in the 
liquid molecules, axes, certain relative orientations of which are 
favourable for instantaneous combination, or sharing of momentum. 
There will be a local electrostatic field tending to orient the molecules, 
but the temperature agitation will interfere with this orientation. So 
precise a picture is not, however, necessary : all that we need assume 
is that positions marked by a certain potential energy are favourable 
for transfer of momentum. An application of the Boltzmann dis
tribution formula then gives

i) =  Aeir

where & is a constant measuring the potential energy concerned. This 
formula should express the variation of viscosity with temperature, as a 
first approximation. If we allow for the effect of expansion in separa
ting the molecules, and further' suppose that the potential energy 
varies inversely as the volume, this becomes

TjV'* — A epr

This formula expresses the results obtained with liquid metals very 
closely * : as an example we may take the viscosity of liquid sodium 
and potassium, as found by Dr. Chiong in my laboratory, where the 
departures nowhere exceed 0-5 per cent., as will be seen from Table III.

To check this theory, and, in particular, to find how the energy 
c[v is connected with other properties, it seems desirable to measure 
systematically the viscosities of the liquid metals, and a beginning on 
this task has been made in my laboratory. For instance, if the theory 
is correct, then at very high temperatures, sufficient to produce a nearly 
random arrangement of the molecules, in spite of the orienting effect 
of the local forces, the viscosity should be independent of the

* It also applies to a very wide selection of organic liquids, but that need not 
detain us here.

V O L . L X . E  E
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temperature. Dr. Spells has measured the viscosity of liquid gallium 
up to 1100° C., and has found that in the neighbourhood of 1100° the 
viscosity varies only by 2 per cent, per 100°. The viscosities of the 
liquid alkali metals are also being measured.*

T a b l e  I I I .

Temperature 
° O.

jj Experimental 
(c.g.s. units). t] Calculated. r] Exp.~rç Cal.

Sodium.
Per Cent.

120-4 0-006170 0-006188 -0 -2 9
154-5 0-005314 0-005336 -0 -4 1
155-0 0-005322 0-005308 +0-26
159-1 0-005225 0-005221 +0-07
173-7 0-004942 0-004933 +0-19
183-4 0-004760 0-004761 -0 -0 2
206-7 0-004431 0-004399 +0-72
218-0 0-004239 0-004240 -0 -0 2
289-0 0-003506 0-003495 +  0-31
355-0 0-003015 0-003035 —0-66

Potassium.
67-0 0-005256 0-005242 +0-27
67-9 0-005230 0-005216 +  0-26
79-4 0-004930 0-004945 -0 -3 1
99-5 0-004540 0-004539 +0-02

119-6 0-004188 0-004203 -0 -3 6
155-5 0-003707 0-003729 -0 -5 9
175-5 0-003530 0-003515 +  0-43
207-7 0-003249 0-003231 +0-56
282-5 0-002750 0-002756 -0 -2 2
352-5 0-002457 0-002458 -0 -0 4

The method which we have worked out has proved very suitable 
for liquid metals, especially those which are rare or oxidize easily. 
The liquid is enclosed in a sphere, which is hung by a bifilar suspension 
and set in torsional oscillation about a vertical axis. The whole is
enclosed in a high vacuum, as shown in Fig. 1. The damping of the
oscillation allows the viscosity to be calculated. Considerable care in 
design is needed to avoid any swinging motion, and the calculations are 
somewhat complicated, but the method has the great advantage that 
the liquid is sealed up from any possibility of contamination, that the 
measurements may be repeated any number of times without adjust
ment of the apparatus, and that possible specks of oxide, which would 
ruin any capillary tube determination, have no effect. The main part 
of the damping takes place in the neighbourhood of the equator, so

* Sodium and potassium, quoted above, have already been done. See Y . S.
Chiong, Proc. Roy. Soc., 1936, [A], 157, 264.
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that the neck of the sphere does not introduce any error. Further, 
the sphere containing the liquid is small, and does not need to be

observed, so that it can easily be enclosed in a furnace. In another 
form of the method a magnet is attached to the neck of the sphere, and
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subjected to an impulsive couple once every oscillation, by means of a 
discharge sent through a pair of Helmholtz coils. The oscillation 
settles down to a fixed amplitude, at which the energy thus supplied 
just compensates for that dissipated by the viscous forces.

These measurements of the viscosity of liquid metals will, I hope, 
do something to throw light on the liquid state, but have they or the 
theory any significance for the practical man, some of you may ask? 
I think you may take it that the viscosity of all molten metals with 
which you deal will be (a) small, that is, even for heavy metals of high 
melting point, where the viscosity is highest, not greater than that of 
a 40 per cent, sugar solution, say 10 lumps to a teacupfull of water, 
and (b) not much influenced by temperature. You are not going to 
get metals to pour much more easily by taking them to higher 
temperatures, as far as I can see.

I should now like to turn to the question of the flow of solid metals. 
We have already seen that we have the questions : (1) why do metals 
hold together at all ? (2) why, if they do so, don’t they do it better ? 
and (3) how comes it that a metal crystal can flow ? The first question 
is one for the dealers in wave-mechanics, who have decided that a metal 
docs hold together. The second and third are ones that must to some 
extent, as we shall see, be considered together.

First of all, let us look at the general behaviour of a single crystal 
of a metal when stressed. The region of elastic deformation is very 
small, if it exists at all* : the shear strain at the elastic limit certainly 
does not exceed KH. In whatever direction the stress, usually a pure 
tension or a pure compression, is applied, permanent deformation 
begins by relative displacement on planes belonging to a certain 
crystallographic family, and in a certain crystallographic direction. 
In the case of hexagonal metals, at room temperature, things are 
fairly simple, for the glide planes are the basic planes, which con
stitute a unique system, and the glide direction is a digonal axis in the 
glide plane, of which axes there are three, crystallographically 
equivalent. The operative one is the one nearest to the direction of 
the applied force. A pretty phenomenon occurs, if by chance, there 
arc two digonal axes equally favourably disposed, the crystal slipping 
in short lengths alternately in the one and the other glide direction 
(Fig. 2, Plate LVII). The case of a cubic metal is more complicated, 
because in the case of important planes, such as (111), there are other 
crystallographically equivalent sets, e.g. ( i l l) , each containing a possible 
direction of flow. Which plane is operative is then determined by

* B. Chalmers (Proc. Roy. Soc., 1936, [A], 156, 427), employing a very delicate 
extensometer, found that with single crystals of tin creep occurred under the 
smallest stresses.
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geometrical conditions. It may happen that two different planes, with 
their glide directions, are equally favourably disposed : then we get 
slip 011 both sets, i.e. the phenomenon of double glide, illustrated in 
Fig. 3, Plate LVII, by a crystal of solid mercury, photographed by 
Dr. Greenland in my laboratory.*

The particular plane which is the glide plane may vary with the 
temperature; thus with magnesium Schmid says that, at higher tem
peratures, glide can take place on (1011) planes in a [1120] direction, 
as well as on the hexagonal basal plane in the direction of a digonal 
axis.f

A great deal of work has been done on metals of different crystal 
structure, to determine the glide plane and glide direction, from which 
one general rule emerges, that the glide direction is that direction in 
the crystal along which the atoms are most closely packed. The only 
doubt that has ever been thrown on this rule is by Elam, in the case 
of a-iron and the alloy (3-brass, but other workers, e.g. Gough and G. I. 
Taylor, have found it to hold for both these metals. Both the 
crystals on which Elam worked were of the body-centred cubic type, 
which is the most troublesome type so far investigated in detail. Mr. 
Tsien and I have recently worked on single crystals of sodium and 
potassium, both of which have this structure, and have found the 
most closely-packed direction, i.e. the [111] direction, to be the glide 
direction, a result which Mr. Tsien and Miss Chow have also found to 
be true for the body-centred cubic metal molybdenum.

As regards the glide plane, this is generally the most closely-packed 
plane, except in the case of body-centred cubic crystals, where 
generalization is difficult. In the case of a-iron, G. I. Taylor has found 
that no particular crystallographic plane is operative, the metal 
slipping as a bundle of hexagonal rods might do : on the other hand 
Fahrenhorst and Schmid find that a single slip plane best explains their 
results, while Gough’s alternating torsion tests suggests a simultaneous 
slipping on pairs of planes. With sodium and potassium we find a 
fixed crystallographic family, {123}, as the slip planes, but for 
molybdenum Mr. Tsien and Miss Chow find that, while the slip takes 
place on a simple family of planes, the particular family which acts 
changes with the temperature, being {112} at room temperature, and 
{110} in the neighbourhood of 1500° C. It is clear, then, that the 
body-centred cubic crystal offers particular difficulties.

In general, it may be said that the glide direction is more definite 
than the glide plane. Even in the case of metals of other systems than

* The crystal structure of mercury is rhorabohcdral.
f  See also the cose of molybdenum, quoted later.
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the body-centred cubic the glide planes show irregularities, which 
manifest themselves as small departures from the perfect curve in the 
neighbourhood of the head of the elliptic trace of the glide plane, in 
the case of cylindrical wires. Dr. Greenland in my laboratory has 
found, however, that perfect or irregular glide planes can be produced 
at will with the same metal, namely very pure mercury. If the soft 
crystals are handled with the greatest care, irregular bands occur: if 
the slightest bending takes place before the crystals are stressed, 
perfect elliptic traces are produced. It would appear, therefore, that 
any slight distortion produces some kind of a disturbance along 
crystallographic planes which makes them more fit to act as glide 
planes. Attempts to produce good elliptic traces with single crystal 
wires of a-iron were not, however, successful.

One essential fact about the glide which is the mechanism by which 
metals flow is, then, that it takes place in a preferred crystallographic 
direction, and, in general, on a preferred crystallographic plane. We 
now turn to the question of the stress required to produce glide. The 
work of Polanyi, Schmid, G. I. Taylor, and others led to the conclusion 
that what determines the initiation of glide is the resolved shear stress 
(per unit area of glide plane of course) in the glide direction, and that 
the tension normal to the plane is without effect. This is expressed in 

Fthe formula sin y0 cos =  S0, where F  is the load, A  the area of

normal cross-section, y0 the angle between the glide plane and the 
direction of the applied force, and Xj, the angle between the glide direction 
and the applied force, while S0 is a constant. The least resolved shear 
stress S0 that produces glide is, then, a constant for a given metal, and 
is called the critical shear stress. Probably some recent experiments 
of Dr. Roscoe and myself give the most accurate confirmation of this 
law. The results, which were obtained with cadmium, a metal of

Fhexagonal structure, are expressed in Fig. 4, where cos a is plotted

against xo- Here a is the angle between the glide direction and the pro
jection of the wire axes on the glide plane, so that cos 7 ^ =  cos y0 cos a. 

FThe law is then cos a =  — . The line shown in the figure is A  sm 2 /0

y =  or is the line given by the formula with S0 =  55-5 grm.wt./

mm.'- and it will be observed that the points lie very close to it. It 
follows from these results that variation of the normal tension from 
215 to 10 grm.wt./mm.2 does not affect the critical shear stress by as 
much as 2 per cent., which is well within experimental error, that is, a



normal tension up to four times the critical shear stress does not affect the 
flow appreciably. This does not necessarily imply that a very much 
greater normal tension would have 110 effect, but it is difficult geometri
cally to produce such a tension. It does, however, mean that a crystal 
is so strong for tension normal to the glide direction that there is no 
appreciable yield for such forces as can be applied in practice. The way 
in which the glide takes place preferentially on the basal planes, even 
when they are nearly normal to the direction of pull, is well illustrated by 
the cadmium crystal shown in Fig. 5, Plate LVII (Andrade and Roscoe).
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The critical shear stress is not such a definite constant as the 
earlier workers thought. We have found that, if the crystals are 
prepared so as to be strain-free, their behaviour is very constant, but 
even with extremely small stresses a very slow rate of glide takes place, 
so that it is necessary to fix some arbitrary small rate as the beginning 
of glide, which was, e.g., taken as 1 per cent, per second for the results 
in Fig. 3. The variation of rate u with stress, which has been studied 
by Dr. Roscoe and myself, is an exponential one of the type 
it =  A e -W S  ~ so)\ where S0 is the applied shear stress, so that the 
variation of rate for a small change of S0 is extremely large. WTith the 
purest cadmium,* for instance, S0 — 17, 15, and 13 give, respectively,

* The cadmium used for the results of Fig. 3 contained (H I per cent, lead 
and 0-03 per cent, zinc, and is much harder than the pure metal.
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1 per cent, glide per 4 minutes, per 15 minutes, and per hour. It may 
be objected that the formula gives a flow for no stress, but the rate is 
only 1 per cent, in about 3 years, and the theoretical arguments 
underlying the formula, which will be mentioned later, do not con
template absolute correctness in this extreme case. If this view is 
correct, then, single crystals will flow even under the smallest force, 
but the rate of flow varies so rapidly with the stress that there is a 
limited range of stress within which it first becomes appreciable. We 
may note that Chalmers, working with tin,has experimentally found creep 
down to stresses much smaller than those used by previous workers, 
but he finds that the microereep, as he calls it, obeys a different law, 
so that the point at which the rate of creep increases suddenly is more 
definite than is indicated by our formula. We have not studied the 
slowest rates, of the order 10~7 cm./cm./minute, as Chalmers has done, 
but taking an arbitrary rate of 1 per cent, per hour we find for pure 
cadmium a critical shear stress of 13 grm.wt./mm.2 at atmospheric 
temperature. Quite apart from all questions of precision, however, the 
critical shear stress for crystals of pure metals recorded by different 
workers may be said to be in the region of 10-600 grm.wt./mm.2 which 
is very small. Single crystals flow extremely easily.

The critical shear stress is very susceptible to small traces of 
impurity. With cadmium we have found that a contamination of 
0-1 per cent, of lead doubles the critical shear stress, all other con
ditions being the same. We have carried out experiments on single 
crystals of mercury, since here the metal can be obtained in an 
extremely pure state. Such crystals show the phenomenon of glide 
very beautifully : a good example is given in Fig. 5, Plate LVII. We 
estimate our impurities as in the region of 1 in 10s, and in any 
case spectroscopic analysis, carried out by Messrs. Hilger, revealed 
no impurity. Dr. Greenland has found that, in the case of mcicury 
contaminated with small amounts of silver, the critical shear stress is 
roughly linear with the logarithm of the quantity of the impurity, one 
part of silver in a thousand giving a value of about four times that 
obtained with the purest mercury, while one part in a million gave 
an easily measurable effect. These experiments seem to me to dispose 
of any theory that attempts to trace the extreme softness of single 
crystals to dislocation of the crystal structure produced by foreign 
atoms.

The other remarkable mechanical property of single crystals is the 
hardening which they experience when they have been much stressed. 
This hardening is appreciable for metals of low melting point, such as 
cadmium, but is much more marked for metals of higher melting point,
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especially nickel, as is sliown in Fig. 7, taken from Schmid. A very 
striking demonstration of this was given by Hausser, who prepared 
single crystals of copper of very large dimensions. Such a crystal, in 
the form of a rod 16 mm. in diameter, could be very easily bent a little, 
with difficulty bent into the form of a semicircle, while an athlete could 
not bend it back again.

We have now reviewed briefly some of the most remarkable 
properties of single crystals, and come to the difficult task of con
sidering what explanation can be given of these properties. What

Fio. 7.

seems certain is that no picture of a crystal as a perfectly regular 
lattice is adequate. Energy considerations show that the flow cannot 
take place as the result of one perfect crystal plane being moved as a 
rigid whole over another crystal plane. The generally held opinion, 
put forward in different forms by Polanyi, Orowan, and G. I. Taylor, 
is that the plane moves by the propagation of a fault, a place of misfit, 
in the crystal structure, which normally has the atoms to either side of 
it properly arranged in the lattice. When the crystal is stressed the 
fault travels along, leaving the atoms behind it regularly ordered, but 
advanced by one spacing, compared with their previous position. The 
conception can perhaps be illustrated by a series of rollers, representing 
one crystal plane, on which rests a second series of rollers, joined to one 
another by elastic strip, to represent a second crystal plane (see Fig. 8,
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Plate LVIII). In the normal crystal, represented at (a), each roller of the 
second plane rests in a hollow of the first plane— and it may be incident
ally remarked that no metal crystallizes in the simple (as distinct from 
the body-centred or face-centred) cubic system, so that the picture has 
a certain appropriateness. A fault may be created by stretching part 
of the second plane, so that there are, say, only five rollers where six 
were before, as represented in (&). The region of the fault is indicated 
by a white line drawn above the model. If now a small shear stress 
be applied to the upper layer, say by running the hand gently along 
it, the dislocation will travel until it reaches the end, where the part of 
the layer through which it has passed will be found to have advanced by 
one roller. Successive stages are represented in (c), (d), and (e). Clearly 
far less force is required to produce the movement than if all the rollers 
of the upper plane, lying side by side, were pushed together as a rigid 
whole. The depressions represent the points of minimum potential energy 
occupied by atoms in the normal crystal. The picture is only a very 
rough one, but, as we have not the time to discuss the theory in 
detail, it may suffice. It illustrates an essential point, that a dis
location is the centre of a field of stress, and that it requires only a 
small force to make it travel, and so produce slip.

To have a rough picture of a mechanism by which metal crystals 
can flow is, however, only a beginning. We have to account for the 
time factor and for the hardening which is so marked a feature of the 
distribution. In connection with any flow with time Becker has put 
forward a suggestive theory. Let us consider any point in the metal 
where a shear stress S{ exists, insufficient to start flow in the absence 
of thermal agitation. In consequence of the local thermal movements 
the stress will, however, vary within any minute region of volume V : 
for instance clearly if, at a particular moment, several molecules in one 
layer happened to move in an opposite direction to several molecules 
in a neighbouring layer, a local shear would be set up which, with 
favourable conditions of direction, would reinforce the shear due to 
external stress. Becker’s idea is, then, that from time to time thermal 
agitation will raise the stress to a value S sufficient to produce glide : 
the glide will take place in a series of small steps, or jumps, at different 
points. The frequency with which the jumps take place can be found 
by applying Boltzmann’s familiar exponential formula, the energy

T/VC __
required for a jump to take place in volume V being —— ¡jg—- -, where

G is the shear modulus. Supposing all jumps to be of equal magnitude 
we get

V(S-Sj)'
v =  Be 2GkT
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as giving the velocity of glide in terms of the shear and the temperature. 
This is the type of formula which has been applied by us to express 
the relation between rate of flow and shear stress in the neighbourhood 
of the critical shear stress.

It is found, however, in general that if the ordinary shear modulus 
be taken, flow should not become appreciable except under very much 
higher forces than those under which flow is actually observed, forces, 
that is, a thousand or more times the actual ones. Orowan has 
explained this by assuming that the metal contains flaws, of the type 
originally assumed by Griffith, and hence often called Griffith 
cracks. Some such flaws are an essential feature of recent attempts 
to explain the properties of metals. They have been given various 
names, but the essential feature for our purpose is that emphasized 
by Griffith, that any long narrow crevasse in a stressed material 
will have an enhanced field of stress in the neighbourhood of 
the greatest curvature. The maximum shear, in fact, will, in 
the two-dimensional case, be given by a formula of the type

Smax. =  — ~i where a and h are the major and minor axes of the

supposedly elliptical cross-section, or if a is large compared to b,

Smax.= S * . Such a crack, then, may cause a very high local stress,

the limiting value of b being, of course, something like the molecular 
diameter. Orowan, then, has adapted Becker’s formula by putting 
qSt instead of q being a large multiplying factor to indicate the 
local stress.

Further, we have to consider hardening. G. I. Taylor explains it 
in terms of his dislocations, which are not the same thing as Griffith 
cracks, but centres of self-strain.* Two such dislocations exert a force 
on one another : if they are of opposite sign, that is, if the distortion 
is healed in an opposite direction in each one, as illustrated in Fig. 9, 
they will attract one another, and it will require a definite force to 
separate them, that is, to make them run past one another in their 
parallel courses, the magnitude of the force being inversely as the 
distance between them at their nearest approach. On these lines 
Taylor arrives at an expression for the hardening, but he has to assume 
that fresh dislocations are created by progressive deformation, and 
hence will be closer together than the old ones, and so require a greater 
force to make them run past one another. He also requires a second

* When a piece is removed from a unstrained body, and the surfaces then re
joined in such a way that the body is strained, the state is said to be one of self- 
strain. This is a particular case : in general the term is applied when the body is 
in a state of strain under no external forces, as in the case of temperature stresses.
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system of flaws, to prevent them running too far after tliey pass. The 
theory is an attractive formal explanation of some of the phenomena.

W. G. Burgers and J. M. Burgers have attempted to combine the 
best features of the Becker-Orowan and the Taylor theories, so as to 
make a comprehensive scheme. They start with the assumption of 
what they call “ Lockerstellen ” or flaws, corresponding to the Griffith 
cracks, i.e. places where an external stress produces locally a much 
greater concentration of stress. Here, owing to the temperature 
fluctuations, jumps take place, with the frequency given by the 
Becker-Orowan formula. As originally suggested by Orowan, these 
disturbances lead to dislocations, of the Taylor type, which travel 
until stopped by a flaw in the crystal, as with Taylor. The arrested

o o o o o
o u o o o
o o o o o

d. /.
N eg a tiv e  D isloca tion .

Fid. 9.

dislocations each have round them a field of stress which partly 
counteracts the external field at intermediate parts of the crystal, and 
render less likely the occurrence of jumps at cracks that may be there. 
This accounts for the hardening that takes place. The Burgers also 
invoke a local curvature of the lattice, although this part of their 
theory I find less clear.

This theory has a great deal to commend it, but this is no placc to 
consider it in detail. It does nothing to explain the fact that, with 
most if not all crystals, the glide takes place along selected planes : the 
crystal slips in “ glide packets.” Roscoe and I have shown that with 
lead, at any rate, the spacing of these glide planes is a real feature of 
the crystal, independent of a range of factors. I also do not think that 
it takes sufficient account of crystal break up, which X-ray analysis 
clearly shows to take place, for the single Laue spots are spread out
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into long lines, or into a secondary series of spots, as Tsien and 
I have found when the crystal is much strained. It is not, how
ever, my object this evening to pretend that there is any fully 
satisfactory theory of the mechanical behaviour of single crystals, or 
even to put before you such incompletely formulated ideas as I myself 
may have on the subject of a general theory. All that I wish to do is 
to present the general problem, and show you the kind of lines along 
which we may hope to reach a solution when we have sufficient 
material. The behaviour varies so much with temperature, rate of 
stressing, and previous strain that more systematic study of single 
metals is required before we really have the ground firm enough for 
theorising. But one thing seems certain, that it is no use to seek an 
explanation in terms of the mathematical crystal, but rather that 
crystalline imperfections are at the bottom of all these phenomena 
which I have described, of all phenomena, that is, that take place in 
real metals.

The interest and practical application of this kind of knowledge 
may seem very remote to some of you. Since, however, all the metals 
of engineering are masses of minute crystals, we are unlikely to make 
any fundamental advance except by learning how the single crystals 
themselves behave. Dr. Chalmers and I found, for instance, that the 
electrical behaviour of strained wires of certain polycrystalline metals 
could be explained roughly in terms of the single crystals, and Orowan 
has succeeded in explaining roughly the way in which strength varies 
with the size of the crystal grain in a certain simple case. Not much 
has been done, but a beginning has been made.

I do not pretend to have given you a balanced account of the 
subject of flow in metals. Work in which I have been personally 
interested probably looms too large. I felt, however, that to attempt 
to give a considered critical summary of the whole field would make 
impossible demands both upon my powers and upon your patience, 
and further would suppose that you are already familiar with a great 
deal of what may with justice be called tedious detail. My object has 
been the more modest one of trying to show the nature of certain 
fundamental problems, and the difficulties that have to be overcome 
before we can really claim to know anything about why metals behave 
as they do when pushed and pulled.

A c k n o w l e d g m e n t s .

The lecturer desires to express his thanks to the Eoyal Society 
(Figs. 1 and 9); the Physical Society (Fig. 4), and the publishers 
of Science Progress (Fig. 7) for permission to reproduce certain 
illustrations.



.

: 4

B IS S I8 S

!

.



( 447 )

OBITUARY.
T homas Bolton, J.P., died at his residence, Blackhurst, Tunbridge Wells,

011 March 9, 1937, at the age o f  78.
He was bom  at Oakamoor, Staffordshire, and as Chairman o f  Thomas 

Bolton and Sons, Ltd., represented a family which for many generations had 
been prominently connected with the copper and brass industry. His own 
firm was established in Birmingham in 1783, but in 1852 acquired the works at 
Oakamoor o f  the Cheadle Brass and Copper Company which itself had been 
founded in 1719.

Educated at Harrow and University College, London, and apprenticed to 
Kitsons o f  Leeds, he joined his family business at the age o f  20 and played an 
activc part in the erection o f  the Widnes works in 1881 and the Froghalf works 
in 1890. His engineering and technical ability was clearly demonstrated also 
by his inventions o f  continuous wire-drawing machinery and other improve
ments in the rolling and drawing o f  metals, which have kept his company 
in the van o f a highly competitive industry. As Chairman and Managing 
Director o f  his company from 1909 until bis death, his outstanding personality 
and the esteem which his character and power o f  leadership called forth were 
o f  great influence both on its internal and external affairs.

Mr. Bolton was not content to limit his powers to his private commercial 
interests, nor even to his hobbies, which were many. He always had in view 
the welfare and progress o f  industry, and was ready to devote his time and 
talents to movements which were concerned with these objectives. Thus, we 
find him amongst the earliest supporters o f the Federation o f  British Industries, 
when it was formed in 1916; he was elected a Vice-President in 1924 and was 
Chairman o f  its Finance Committee for the last five o f  the 15 years o f  his 
service on it. For the British Standards Institution he served as Chairman 
o f  the Non-Ferrous Metals Industry Committee and was most active in many 
other ways. He was also Chairman for over 20 years o f  the High-Conductivity 
Copper Association and was closely associated with the other Trade Associations 
which have played an important part in consolidating the interests and 
extending the influence o f  the copper and brass industries o f  this country. 
The recently formed Copper Development Association obviously secured his 
support and membership o f  its Council and Management Committee.

No record o f  Mr. Bolton’s public services, however sketchy this must be, 
could fail to refer to his work for the British Non-Ferrous Metals Research 
Association, for lie devoted himself whole-heartedly and continuously to its 
progress from 1918. He was Chairman o f  the Provisional Committee which 
established its plan and scope, and was its first and only Chairman o f  Council 
from its inauguration in December 1919 until his death. Largely due to his 
own gifts o f leadership the B.N.F.M .R.A. has become a powerful organization, 
supported to an ever-growing extent by all throughout the whole non-ferrous 
field who realize the benefits which science can provide for the advancement o f  
industry. The addresses which Mr. Bolton gave at the Annual Luncheons o f  
the Association greatly stimulated the progress o f  the Association and exerted 
an influence for co-operation in industry even beyond its own field. The new 
plans for an extension o f  the Headquarters o f  the Association, which were 
approved at the last meeting o f  the Association’s Council, which Mr. Bolton 
presided over, will form a tangible memorial o f  his period o f  office. The
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Bulletin  o f  the B .N .F.M .R .A . for April 1937 published a more detailed record 
o f  his life, and appreciations from many who knew him.

Mr. Bolton was an Original Member o f  the Institute o f  Metals and always 
took a keen interest in its work. Ho served on the Council from 1923 to 1931 
and was a Vice-President from 1926 to 1931. He was also a member o f  the 
Institute’s Corrosion Research Committee and was instrumental in the 
formation o f  the Atmospheric Corrosion Research Committee. Had he so 
desired he could have assumed the highest office that the Institute has to offer.

Few can have exerted so much influence on the non-ferrous metals industry 
nor have left such a fine example o f courtesy and unselfish devotion. His 
loss will bo deeply felt b y  all who had the privilege to come in  contact with him.

R. S. Hutton.

Georges Emil Buess died at his residence on February 22, 1937, in his 
sixty-third year, after a short illness.

O f Swiss extraction, he joined the clerical staff o f  Messrs. N . M. Rothschild 
and Sons’ Gold and Silver Refinery in the year 189S. On February 1, 1912, 
he was appointed manager o f  the refinery and had thus just completed his 
Silver Jubilee at the time o f  his death.

A  brilliant refiner, with an enormous knowledge o f  the precious metals, a 
true friend, beloved by all his staff, his was a personality with which it was a 
pleasure to com e into contact.

H e was elected a member o f  the Institute o f  Metals on March 9, 1925.
W .  H. W i l l i a m s .

Professor W illiam Campbell died suddenly on Decem ber 16, 1936, at 
the ago o f  60.

Born at Gateshcad-on-Tyne, Professor Campbell was educated at K ing ’s 
College, London, and at Oxford. He received the degrees o f  B.Sc. and o f
D.Sc. from Durham University, and was research scholar at the Iloyal School 
o f  Mines from 1899 to 1901. Ho went to Columbia University with a Fellow
ship in 1902, and taught there continuously from  1904 to his death, being 
appointed the first Howe Professor o f  Metallurgy at Columbia University in
1924.

A  year after he went to America, he received the Saville-Shaw medal o f  
the British Society o f  Chemical Industiy, and in 1905 the Carnegie Scholarship 
o f  the Iron and Steel Institute. During the W ar he was metallurgist in the 
New Y ork N avy Yard and rose to  the rank o f  Commander in the U.S. Navy, 
afterwards becoming consulting metallurgist to the New Y ork N avy Yard. 
He was a Fellow o f  the Geological Society o f  London. During his distinguished 
career in the United States o f  America, he held the office o f  metallographer for 
the technologic branch o f  the Geological Survey. He was also at one time a 
member o f  tho advisory' committeo o f  the Bureau o f  Standards and advisory 
metallurgist to  the New Y ork City Board o f  Transportation. He edited the 
Columbia School of M ines Quarterly, the International Journal of Metallography, 
and tho Journal of Industrial and Engineering Chemistry.

Professor Campbell was elected a member o f  the Institute o f  Metals on 
December 29, 1924.

W i l l i a m  C l a r k  died on March 13, 1937, at his residence in Skelmorlie, 
Ayrshire, at tho age o f  83.

He was bom  in Mauchline, Ayrshire, in 1854, but early in his life, his family 
removed to Glasgow. In 1873 Sir. Clark joined the accountants’ staff o f  the 
Steel Company o f  Scotland, L td ., and saw the first cast o f  Siem ens-ilartin 
acid steel made in Scotland. He left in 1875 to  take charge o f  a small wire- 
rolling mill plant at Brighouse, Yorkshire, but after only twelve months he
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was offered another appointment with the Steel Company o f  Scotland, Ltd., 
where ho eventually became accountant, then secretary and, finally, manager. 
He resigned in 1910 to become manager o f  Messrs. Vickers’ Sheffield works 
and was shortly afterwards appointed a local director o f  this company. This 
was followed by his election as. a full director.

During his sixteen years’ residence in Sheffield Mr. Clark played an 
important part in industrial development. He was Master Cutler in 1920 
and on the completion o f  his year o f  office, he was elected president o f  the 
Chamber o f  Commerce. He did much valuable work during the W ar when he 
was called on to control and direct a great number o f  alterations, extensions, 
and developments o f  the manufacture o f  armaments and munitions. In this 
connection he was appointed a member o f  a deputation to meet Lord 
Kitchener’s Committee which was dealing with this matter.

Mr. Clark managed, in spite o f  his many activities in the world o f  trade, 
to find time for social, philanthropic, and welfare work, and he was keenly 
interested in any movement for helping bo3-s to obtain a good start in life. 
Mr. Clark was one o f  the promoters of, and a member o f  the committee of, the 
Sheffield branch o f  the Anglo-American Society which was formed in 1919. 
He was also an enthusiastic member o f  the Caledonian Society o f  Sheffield, 
and became its president in 1923. He retired from Messrs. Vickers, Ltd., in
1925, and left Sheffield to return to Scotland in 1926.

Mr. Clark was a Past-President o f  the West o f  Scotland Iron and Steel 
Institute and was the first Chairman o f  the Steel Makers’ Association in 
Scotland, a position ho held when he moved to Sheffield. A t that time, too, 
he was a member o f  the Council o f  the Institution o f  Engineers and Ship
builders in Scotland. He was a member o f  the Merchant House in Glasgow, a 
life member o f  the Glasgow Chamber o f  Commerce, and a member o f  the Guild 
o f  Hammermen o f  that city. He was also a member o f  the Iron and Steel 
Institute, the Executive Council o f  the Iron and Steel Federation, and the 
Grand Council o f  the Federation o f  British Industries.

Mr. Clark was elected a member o f  the Institute o f  Metals on July 24, 1919.

D r . F r e d e r i c k  C. L a n g e n b e r g  died on April 4, 1937, three weeks after 
his forty-seventh birthday.

Dr. Langenberg first became associated with the U.S. Pipe and Foundry 
Company as consultant metallurgist in 1928. Ho joined its permanent 
executive staff in 1929 as organizer and director o f  the Research Laboratory 
o f  the Company.

In planning the buildings and equipping the laboratory ho brought to his 
task a broad experience and a scientific knowledge o f  ferrous metallurgy which 
proved to bo o f  great value to the Corporation. He was deeply interested in 
the education and proper training o f  young men and gave unstintingly o f  his 
time and knowledge to those in his department, or who in any way showed 
interest not only in his professional but also in his social work. He will be 
greatly missed by those who knew him.

Dr. Langenberg was elected a member o f  the Institute o f  Metals on May 11,
1927.

Crandall Zachariaii R osecrans died on January 7, 1937.
He was bom  in Chicago, 111., U.S.A., on January 4, 1897, and was educated 

at the University o f  Illinois where he obtained the degrees o f : B.S. in 
Mechanical Engineering 1919, and M.S. in 1921; and also M.E. (professional) 
in 1929. While at the University, he served successively as Research Graduate 
Assistant, Research Assistant, and Research Associate. His work chiefly 
dealt with the study o f  explosions o f  gaseous mixtures in closed chambers and 
thermodynamic analysis o f  gas engine tests, and resulted in the publication,
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with collaborators, o f  several University o f  Illinois Engineering Experimental 
Station Bulletins.

Mr. Rosecrans joined the Research Department o f  the Leeds and Nortlirup 
Company in July, 1926, and served successivly as Research Engineer 1926-
1928, C h ie f,o f  Mechanical and Chemical Divisions, 1928-1929, Chief o f  
Mechanical and Metallurgical Divisions, 1929-1935, Assistant Director and 
Chief o f  Metallurgical Division 1935-1936. His research work for this firm 
was in connection with fluid flow meters, thermal conductivity gas analysis, 
precision governors, combustion control, and carburizing furnaces.

He became Second Lieutenant in the U.S. Engineer Officers’ Reserve Corps 
in 1924, and was attached to the Ordnance Departm ent; was promoted to 
First Lieutenant in 1926, and was transferred to Coast Artillery Corps Reserve 
in 1930. In 1935 he was placed on the Coast Artillery Board in addition to 
his duties in connection with the 603rd Coast Artillery Regiment. In the 
latter connection he was called on from  time to time to give instructional 
lectures at the bi-monthly meetings and his presence at such times always 
ensured a good attendance as the other Reserve Officers greatly respected and 
admired his ability.

Mr. Rosecrans was a member o f  the American Society o f  Mechanical 
Engineers, the American Chemical Society, The Franklin Institute, A .S .R .E ., 
A .A .A .S., the American Institution o f  Electrical Engineers, the Vercin 
Deutscher Ingenieure, the American Society for Metals, Sigma K i and Tan 
Beta Pi. He was also a Past-Master o f  Western Star No. 240 Lodge A .F. 
and A.M. and a member o f  the Commandery and o f  the Scottish Rite bodies.

Mr. Rosecrans was elected a member o f  the Institute o f  Metals on December 
19, 1929.



( 4 5 1  )

NAMES
Ageow, N., and V. G. Kuznezow.

Correspondence on “  Alloya of Mag
nesium. Part VI.—The Constitution 
of the Magnesium-Rich Alloys of 
Magnesium and Silver,”  361; cor
respondence on “  The Solid Solubility 
of Silver and Gold in Solid Mag
nesium,”  301.

Alexander, W. 0. Correspondence on 
“  The Theory of Age-Hardening,”  
269.

Andrade, E. N. da C. May Lecture : 
“  The Flow of Metals,”  427.

Andrews, Kenneth William. Elected 
student member, 31.

Ansel, Gerhard. Electcd associate 
member, 31.

Arguelles, Angel Severo. Electcd mem
ber, 31.

Bailey, G. L. Discussion on “  Tho 
Effect of Cast Structure on the 
Rolling Properties of Zinc,”  244.

Baines, Arthur. Elected member, 31.
Baker, William Albert. Elccted mem

ber, 31.
Ball, Charles James Prior. Electcd 

member, 425.
Ballard, W. E. Discussion on “  Metal 

Spraying: Processes and Some
Characteristics of tho Deposit,”  57, ¡58.

Barclay, W. R. Elected President, 30; 
announces appeal for Endowment 
Fund, 28 ; announces invitation from 
U.S.A. for Autumn Meeting, 1938,
13; announces scheme of co-opera- 
tion with Iron & Steel Institute & 
American Institute of Mining & 
Metallurgical Engineers, 14; dis
cussion on “  Directional Properties in 
Rolled Brass Strip,”  174.

Barker, Stuart Netherwood. Elected 
member, 30.

Barnes, R. J. See Stephen, R. A.
Bauld, Robert Holmes. Elected member,

425.
Bearcroft, Robert Owen. Elected 

member, 31.
Berger-Hainaut, Maurice Camille Ghir- 

lain Avelin. Electcd member, 31.

INDEX.
Bernhoeft, Charles Paul. Elected 

member, 425.
Betteridge, W. Correspondence on 

“  The Estimation of Grain-Size in 
the Region above 10'3 cm.,”  298.

Betty, B. B. See Moore, II. E.
Billinghurst, Philip Edward. Electcd 

member, 30.
Bissell, Henry. Elected member, 425.
Black, Arthur. Elected member, 30.
Blackwell, Harold Alexandre. Elccted 

member, 31.
Bolton, Thomas. Obituary notice, 447.
Bose, B. K. Paper : “  The Effect of 

Manganese on the ‘ Annealing Brittle
ness ’ of Cupro-Nickel,”  133.

Bowen, J. C. Correspondence on 
“  Metnl Spraying : Processes and
Some Characteristics of the Deposits,”
59.

Boyle, Leonard. Elected student mem
ber, 31.

Bradley, A. J., and S. S. Lu. Paper : 
“  An X-Ray Study of the Chromium- 
Aluminium Equilibrium Diagram,”
319.

Braithwaite, C. See Sidery, A. .1.
Brazener, W. F. Discussion on “  Di

rectional Properties in Rolled Brass 
Strip,”  178.

Broadfoot, Eric Henry. Elected 
member, 31.

Brook, G. B. Correspondence on “  An 
Aluminium Statue of 1893 : Gilbert’s 
‘ Eros,’ ”  73.

Brooks, Carson L. Elected associate 
member, 426.

Brownsdon, H. W. Discussion on 
“  Directional Properties in Rolled 
Brass Strip,”  178.

Buckle, Horace Leopold. Elccted 
member, 32.

Bucknall, E. H. Correspondence on 
“  Dental Amalgams,”  419; cor
respondence on “  The Constitution 
of the Alloys of Silver, Tin, and 
Mercury,”  400; correspondence on 
“  The Theory of Age-Hardening,”  
270; discussion on “  The Control 
of Composition in the Application of



452 Names Index
the Debye-Scherrer Method of X-Ray 
Crystal Analysis to the Study of 
Alloys,”  315.

Buess, Georges Emil. Obituary notice, 
448.

Burns, William Lindsay. Elcctcd mem
ber, 31.

Busch, Henri. Elected member, 426.
Butchers, Ewart. See Hume-Rothery, 

William.

Callendar, L. H. Discussion on “  The 
Theory of Age-Hardening,”  268.

Campbell, William. Obituary notice, 
448.

Cankrien, B. E. Elected member, 426.
Cartland, John. Remarks by, 24.
Chace, Thomas B. Elected member, 31.
Chadwick, R. Discussion on “  The 

Effect of Cast Structure on the 
Rolling Properties of Zinc,”  245.

Chapman, Francis Herbert. Elected 
member, 426.

Chaston, J. C. Correspondence on 
“  A Study in the Metallography and 
Mechanical Properties of Lead,”  
198; correspondence on “  Tho Re
sistance of Some Special Bronzes to 
Fatigue and Corrosion-Fatigue,”  157 ; 
discussion on : “  Creep of Lead and 
Lead Alloys. Part I.— Creep of 
Virgin Lead,”  223; discussion on 
“  Strcss-Strain Characteristics of 
Copper, Silver, and Gold,”  130.

Churchill, Harry De Ward. Elected 
member, 426.

Clark, William. Obituary notice, 448.
Clarke, D. H. H. Elcctcd student 

member, 425.
Clarke, Kenneth William. Elected 

member, 425.
Clayton, William. Elcctcd member, 

426.
Cohen, Morris. Elected associate mem

ber, 31 ; correspondence on “  Tho 
Theory of Age-Hardening,”  271.

Comstock, G. F. Correspondence on 
“  Noto on the Influence of Small 
Amounts' of Titanium on the 
Mechanical Properties of Some 
Aluminium Casting Alloys,”  105; 
correspondence on “  The Effect of 
.Manganese on the ‘ Annealing Brittle
ness ’ of Cupro-Nickel,”  141.

Cook, Maurice. Paper: “  Directional 
Properties in Rolled Brass Strip,”  
159.

Cosgrave, W. J. G. Elected member, 
426.

Craggs, Harold Brabant. Elected 
member, 31.

Crowe, Thomas Arkle. Elected mem
ber, 426.

Das, Guru Prasad. Elected member, 
426.

Davies, Dai Ashton. Electcd student 
member, 31.

Day, William Arthur Jeffries. Elected 
member, 30.

Desch, C. H. Discussion on “  Tho 
Control of Composition in tho A p
plication of the Debye-Scherrer 
Method of X -Ray Crystal Analysis 
to the Study of Alloys,”  313.

de Strycker. See Strycker.
Dighe, Sunderrao Ganpatrao. Elected 

member, 426.
Dike, Paul Harrison. Elected member,

426.
Dixon," (Sir) Robert. Elected Vice- 

President, 30 ; moves adoption of 
report of Hon. Treasurer, 28.

Dobson, Reginald. Elected member, 
425.

Dollins, C. W . See Moore, H. F.

Edens, Leonard. Elected member, 30.
Erdmann, Konrad. Electcd member, 

425.
Esarey, Bernard John. Elected as

sociate member, 31.
Evans, David Owen. Electcd member, 

425.
Evans, Frank C. Elected member,

425.
Evans, U. R. Correspondence on 

“  Metal Spraying : Processes and
Some Characteristics of the Deposits,”
60.

Farmer, John Hall. Electcd member, 
32.

Farr, Harry. Elected member, 30.
Fell, E. W. Correspondence on “  Stress- 

Strain Characteristics of Copper, 
Silver, and Gold,”  131.

Fetz, Erich Karl Hermann. Elected 
member, 425.

Fink, W. L., and D. W. Smith. Cor
respondence on “  Tho Theory of 
Age-Hardening,”  273.

Forrest, George. Elected member, 31.
Fry, John. Report as Hon. Treasurer, 

24.

Gandolfo, José S. Elected member, 31.
Garner, Raymond Hubert. Elcctcd 

member, 425.
Gayler, Marie L. V. Discussion on 

“  The Constitution of Silver-Rich 
Antimony-Silver Alloys,”  375 ; dis-



Nantes Index 453
mission on “  Tho Control of Com
position in tho Application of the 
Debye-Scherrer Method of X-Ray 
Crystal Analysis to the Study of 
Alloys,”  31G ; paper : “  Dental
Amalgams,”  407 ; paper : “  The
Constitution ol tho Alloys ol Silver, 
Tin, and Mercury,”  379; paper: 
“  The Effect oE the Addition oi Small 
Percentages ol Iron and Silicon to a 
High-Purity 4 Per Cent. Copper- 
Aluminium Alloy,” 75 ; paper : “  The 
Theory of Age-Hardening,”  249.

Giulini, Edgar. Elected member, 31.
Gmohling, Wilhelm. Elected member, 

32.
Gough, H. J„ and D. G. Sopwith. 

Paper : “  The Resistance of Some
Special Bronzes to Fatigue and 
Corrosion-Fatigue,”  143.

Graham, Walter Allen. Elected as
sociate member, 32.

Gray, Arthur W. Correspondence on 
“  The Constitution of the Alloys- 
of Silver, Tin, and .Mercury,”  401.

Griffiths, W. T. Elected Member of 
Council, 30.

Grisenthwaite, Arthur Turner. Elected 
member, 32.

Groom, Edward James. Elected 
member, 425.

Hainaut, M. C. G. A. Berger-. See
Berger-Hainau t.

Haker, John. Elected member, 426.
Hall, Edward Patterson. Elected mem

ber, 31.
Hall, Harold E. Elected member, 426.
Hansen, M. Discussion on “  Alloys of 

Magnesium. Part IV.—The Con
stitution of the Magnesium-Rich 
Alloys of Magnesium and Silver,”
358 ; discussion on “  The Solubility 
of Silver and Gold in Solid Mag
nesium,”  358.

Hardy, Charles. Elected member, 31.
Hargreaves, Roger, Elected student 

member, 426.
Harlow, Edwin Charles George. Elccted 

member, 426.
Harper, Richard George. Elected 

student member, 32,
Harrington, R. H. Correspondence on 

“  The Theory of Age-Hardening,”  
273.

Haughton, J. L. See Payne, R. J. M.
------  and T. H. Schofield. Paper:

“  Alloys of Magnesium. Part V.— 
The Constitution of the Magnesium- 
Rich Alloys of Magnesium and 
Cerium,”  339.

Hayes, H. Discussion on “  Directional 
Properties in Rolled Brass Strip," 
183.

Hentschel, Robert. Elccted associate 
member, 31.

Heyer, Gustav. Elected member, 425.
Hollings, Arthur Sidney. Elected 

member, 30.
Horley, Robert Eustace. Elected mem

ber, 30.
Horn, W. Freeman. Discussion on 

“  An Aluminium Statue of 1893 : 
Gilbert’s ‘ Eros,’ ”  72.

Horrocks, Herbert. Elected member,
426.

Hudson, J. C. Correspondence on 
“  Metal Spraying: Processes and
Some Characteristics of the De
posits,”  61.

Hudson, O. F. See McKeown, J.
Hull, Charles. Elected student mem

ber, 31.
Hume-Rothery, William. See Reynolds, 

P. W.
------  and Ewart Butchers. Paper :

“  The Solubility of Silver and Gold 
in Solid Magnesium,”  345.

------  and Peter William Reynolds.
Paper: “  The Control of Composition 
in the Application of the Debye- 
Scherrer Method of X-Ray Crystal 
Analysis to the Study of Alloys,”  303.

Hutton, R. S., and Richard Seligman. 
Paper: “  An Aluminium Statue ol 
1893 : Gilbert’s * Eros,’ ”  67.

Izod, Edwin Gilbert. Elected member
31.

Jenkins, C. H. M. Correspondence on 
“  The Theory of Age-Hardening,”  
275.

Jevons, J. D. Discussion on “  Di
rectional Properties in Rolled Brass 
Strip,”  174.

Johnston, R. G. Discussion on “  Di
rectional Properties in Rolled Brass 
Strip,”  179.

Jones, Brinley. Paper: “  A Study in 
the Metallography and Mechanical 
Properties of Lead,”  187.

Jones, George Lawrence. Elcctcd mem
ber, 425.

Kempf, Louis Walter. Elected mem
ber, 30.

King, George Roland. Elcctcd student 
member, 31.

Kinnell, David Russell. Elected mem
ber, 32.
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Klippert, Donald S. Elected associate 

member, 32.
Kobayashi, Torao. Elected member, 

.12.
Konobeevskii, Sergius F. Elected 

member, 426.
Knznezow, V. 6 . See Agecw, X .

Lancaster, H. C. Discussion on “  Creep 
of Dead and Lead Alloys : Part I.—  
Creep of Virgin Lead,”  233.

Langenberc, Frederick C. Obituary 
notice, 449.

Laves, Fritz. Elected member, 30.
Lean, Rodney James. Elected mem

ber, 32.
Ledingham, Glen Wallace. Elected 

associate member, 426.
Liddiard, E. A. G. Discussion on 

“  Directional Properties on Boiled 
Brass Strip,”  173.

Linnard, James Charles. Elected 
member, 426.

Lorentz, Marjorie Geraldine. Elected 
member, 30.

Lowe, William Lawson. Elected 
student member. 32,

Lu, S. £. See Bradley, A . J.
Lumh, R. F. Correspondence on 

“  Metal Spraying; Processes and 
Some Characteristics of the De
posits,”  62.

MacDonald. James. Elected member,
30.

MeKeown, J. Discussion on “  A Study 
in the Metallography and Mechanical 
Properties of Leaa,”  19G; jiaper: 
“  Creep of Lead and Lead All O.VK- 
Pari L— Creep of Virgin Lead.”  301.

------  and 0 . F. Hndson. Paper:
“  Stress-Strain Characteristics of Cop
per, Silver, and Gold,”  109.

Mann. George. Elected member, 423.
Martin, F. A. Disccsrion on “  A  

Study in t i e  Metallography and 
Mechanical Properties of Lead,”  J97.

Mathias, Anthony Eobert. Elected 
member, 32.

Messner, Martin C- Elected member, 30.
Miller, Mike Anthony. Elected mem

ber, 31,
Miramotu Pierre, Elected member, 3 !.
Moore, K. F - B. B, Betty, ar.d C. W. 

Hollins. Correspondence on Creep 
of Lead aod Lead Alloys. Part L —  
Creep of Virgin Lead,”  225.

Mott, JT. F. Diacusi k>n on “  The 
Theory o f Age-Hardening,”  267.

Murphy, A. J. DiscaaEkej on “  Alloy* 
of Magnesium. Part V.— The Con

stitution of the Magnesium-Rich 
Alloys of Magnesium and Cerium,”  
344; discussion on “  The Resistance 
of Some Special Bronzes to Fatigue 
and Corrosion -Fatigne,”  154.

Xaidn, D. R. J. Elected member, 426.
Neave, D. P. C, Seconds adoption of 

report of Hon. Treasurer, 2S.
Iforlhcott, L. Paper: “  The Effect

of Cast Structure on the Rollins 
Properties of Zinc,”  229.

Van Note, William G. E lect«! associate 
member, 32.

On, Charles William- Elected student 
member, 426.

Page, Basil Lloyd. Elected member, 
32.

Palmer, Earl W. Elected associate 
member, 32,

Parker, Henry George. Elected mem
ber, 31.

Parker, Rowland. Elected student 
member, 31.

Parker, Russell Johnston. Elected 
member, 426.

Partes. R. A. Correspondence on 
”  Meta! Spraying: Processes and
Some Characteristics of the De
posits,”  62.

ParlazLti, Conrad A. Elected member, 
31-

Payne, R- J. S .. and J. L. Haughton. 
Paper: “  Alloys of Magnesium.
Part IV.— The Constitution of the 
Magnesism-Rich Alloys of Mag
nesium and Silver,”  351.

Pearson, William Kenneth Jamieson. 
Elected student member, 32.

Phillips, C. E. Set Schofield, T . H.
Phillips, H. W. L. Correspondence on 

“  The Effect o f the Addition of 
Small Percentages of Iron and 
SOwon to a High-Parity 4 Per 
Cent. Copper-Alnmimum Alloy,”  
99.

------ and P. C. Varley. Correspondence
on “  Tine Estimation of Grain .Size 
in the Region above l ( r 3 cm.,”  298;

Phil pot, Harold Percy. Elected mem
ber, 31.

Phipps, A. E. Dkcv--ion on “  Metal
Spraying: Processes and Some
Cbaraeteristi cs o i the Deposits,”
58.

Pinkerton, A. Discussion on “  Di- 
rtetional Properties in Rolled Brass 
Strip,”  182.
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Pirani, Marcello Stelano. Elected mem

ber, 426.
Plutte, Frederick, Jr. Elected member,

31.
Pope, Sidney Barton. Elected member,

32.
Preece, George. E lect«! member, 31. 
Preston, (The Hon.) R. M. Elected 

Vice-President, 30.
Prins, Jan Alingh. Elected member, 

32.
Pullen, Alfred Norman Douglas. Elected 

member, 30.
Rae, John, Jr. Elected student member,

32.
Rao, Emani Surya Prasada. Elected

member, 31.
Raynor, Geoffrey Vincent. Elected

student member, 31.
Reynolds, Oswald Garnet. Elected

member, 31,
Reynolds, Peter William. Elected

member, 32; discussion on “  Alloys 
of Magnesium. Part IV.-—-The Con
stitution of the Magnesium-Kich 
Alloys of Magnesium and Silver,”
359; nee also Hume-Rothery, 
William.

------  and William Hume-Rotbery.
Paper: “  The Constitution of Silver- 
Rich Antimony-Silver Alloys,”  365. 

Richards, Trevor Lloyd. Elected mem
ber, 425; discussion on “  Directional 
Properties in Rolled Brass Strip,”  
180.

Ridge, H. M. Discussion on “  The 
Effect of Cast Structure on tbe 
Rolling Properties of Zinc,”  245. 

Rigby, Richard.. Elected member, 31. 
Robson, Stanley. Elected member of 

Council, 30.
Rogez, Henri Eugene Francois. Elected 

member, 32.
T?.nfHr, Ernest Christie. Elected mem

ber 30
RoUasou, E. C. Paper: “  KtlsJ

Spraying ' Processes 2-ud Some 
Characteristics of the Deposits,”  35. 

Rosecrans, Crandall Zachariah.
Obituary notice, 449.

Rothea, A. J. Correspondence on 
“  Dental Amalgams,”  420.

Scnerzer, Karl Elected mem tier, 31. 
Scbeaer, Ernst. Elected member. 425. 
EchoSeld, T. K. Set Haughton, J. L.
------- and C. E. Phillips- Pa.per;

“  Sole on the Influence of Small 
AmoimtE oi Titanium on the 
Mechanical Properties o£ Some 
filTTmiTTTpm Casting Alloys,”  101-

Seligman, Richard. See. Hutton, R. S.
v. Selve, Gustav. Elected member, 31.
Shoemaker, John Earle. Elected as

sociate member, 31.
Sidery, A. J„ and C. Braithwaite. 

Correspondence on “  Metal Spraying : 
Processes and Some Characteristic* 
of the Deposits,”  63.

Singleton, W. Correspondence on “  A 
Study in the Metallography and 
Mechanical Properties of Lead,”  199 ; 
discussion on “  Creep of I>ead and 
I/ead Alloys. Part I.—Creep of 
Virgin Lead,”  224.

Skinner, E. W. Correspondem e on 
“  Dental Amalgams,”  421; cor. 
respondence on “  The Constitution 
of the Alloys of Silver, Tin, and 
Mercury,”  402.

Smith, Christopher. Elected member, 
425.

Smith, D. W. See Fink, W. L.
Smith, S. W. Discussion on “  Alloys 

of Magnesium. Part IV'.—The Con
stitution of the Magnesium-Rich 
Alloys of Magnesium and Silver,”  
357.

Smithells, C. J. Dist :ussion on “  Alloys 
of Magnesium. Part 1V.—Tbe Con
stitution of the Magnesium-Rich 
Alloys of Magnesium and Silver,”  
359; discussion on “  Directional 
Properties in Rolled Brass Strip," 
J72; diiscussion on “  The Estimation 
of Grain-Size in the Region above 
10"“ cm.,”  296; discussion on “  Tbe 
Solid Solubility of Silver and Gold 
in Solid Magnesium,”  359.

Smout, A. J. G. Elected Member of 
Council, SO.

Sopwith, D. G. See Gough, H. J,
Bonder, William. Correspondence on 

“  Dental Amalgams,”  422.
Steer, Albert Thomas. Elected mem

ber, 42«.
Stephen, R. A., and R. J. Barnes. 

Paper: “  The Estimation oi Grain- 
Size in the Region above 10~3 cm.,”  
285.

Stephens, Charles. Elected member,
31.

Steward, John Charles. Elected student 
member, 32.

Stockdale, D. Elected Member of 
Council, 30; correspondence on 
“  The Theory of Age-Hardening,” 
276; discussion on “  Alloys of 
Magnesium. Part J Vr.—The Con
stitution of the Magnesium-Rich 
Alloys o f  Magnesium and Silver,”  
358; discussion on “  The Coimtitu-
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tion of Silver-Rich Antimony-Silver 
Alloys,”  375 ; discussion on “  The 
Control of Composition in the 
Application of tho Debye-Scherrcr 
Method of X -Ray Crystal Analysis 
to the Study of Alloys,”  313.

de Strycker, Robert Emile. Elected 
associate member, 31.

Sutton, H-, and J. W. Willstrap. Cor
respondence on “  The Theory of 
Age-Hardening,”  277.

Swindells, Norman. Elected student 
member, 31.

Sykes, C. Discussion on “  The Control 
of Composition in the Application 
of the Debye-Scherrcr Method of 
X -Ray Crystal Analysis to the Study 
of Alloys,”  314.

Tattersall, Cecil Owen. Elected mem
ber, 30.

Thompson, John Fairfield. Elected 
member, 32.

Tindula, Eoy Walter. Elected associate 
member, 425.

Turner, T. Henry. Correspondence on 
“  Metal Spraying : Processes and
Some Characteristics of the De
posits,”  64; discussion on “  Di
rectional Properties in Rolled Brass 
Strip,”  173.

Tury, Paul. Elected member, 32.

Van Note. See Note.

Varley, P. C. See Phillips, H. W. L.
Vaughan, Noel Bodin. Elected mem

ber, 32.
Vines, Raymond Francis. Elected as

sociate member, 32.
Voce, E. Discussion on “  A Study in 

the Metallography and Mechanical 
Properties of Lead,”  197 ; discussion 
on “  The Estimation of Grain-Size 
in the Region above 10~3 cm.,”  297.

von Selve. Sec Solve.

Wainwright, C. Discussion on “  The 
Effect of Cast Structure on the 
Rolling Properties of Zinc,”  246.

Walker, E. V. Correspondence on 
“  A  Study in the Metallography 
and Mechanical Properties of Lead,”  
199.

Wallace, William Stewart. Elected 
member, 425.

Walton, Norman James. Elected mem
ber, 425.

Ward, Edward Denis. Elected mem
ber, 32.

Watanabe, Fukuo. Elected member, 
425.

White, Edwin Hillier Maurice. Elected 
member, 30.

Williams, William Henry. Elected 
member, 426.

Willstrop, J. W. See Sutton, H.

Yates, Donald. Elected member, 30.
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