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E X T R A C T S  F R O M  T H E  RU LES
(MEMORANDUM AND A RTICLES OP ASSOOIATION.)

M E M B ER S A N D  M E M B E R S H IP
HU10 5,—Mcmbera of tho  Ina titu to  shall be H onorary  M cmbcrs, Fellows, O rdinary M embers, ł 

or S tuden t Membcre.
Rule G.— Ordinary Members shall be of such age (n o t being less th a n  tw enty-one yeare) as  sball 

be determ ined from  tlm e to  tlm e by th e  Council an d /o r p ro rided  in th c  Bye-laws. T hey shall be 
e i th e r :

(а) persons engaged In th e  m anufacture, w orking, o r use of non-ferrous metale and  alloys; .
or .

(б) persons of scientific, technlcal, o r literary  a tta inm en ts, connected w ith  or interested in
the  m etal trades or w ith  the  application of non-ferrous m etals and  alloys, or engaged
in th e ir  scientific inyestigations.

Student Members shall be adm itted  and retained  as S tuden t M embers w ithin such llm its of age 
[17-23 years] as shall be determ ined from  tim e to  tim e by  th e  Council and /o r provided in th e  Bye-laws, 
and shall be e ither

(а) S tudenta of M cta llurgy; or
(б)  pupils or assistan ts of persons ąualified fo r ord inary  m em bership, w hether such persons 1

a re  ac tually  m em bers of th e  In s titu te  o r no t.
Student Members shall n o t be cligible fo r clection on th e  Council, no r shall they  be entitled  to  

vote a t  th e  m eetings of th e  In s titu te , o r to  nom inate candidatcs for ord inary  m em bership.
Rule 7.—Subjcct to  th e  foregoing tw o clauses, and  as hereinafter providcd, clection to  m em ber

sh ip  shall be by tho  Council, and  all applications fo r m em bership shall be in w riting in th e  form 
[orerleaf] m arked “  A ," or such o ther form  as m ay from  tim e to  tim e be authorized  by th e  Council, 
and  such application m ust bo signed by  th e  app lican t and  n o t less th a n  th ree  m em bers of the  
In s titu te .

M embership shall n o t begin un til tho  entrance fee and  first annual subscription h ave  been 
paid.

R ule 8.—Application fo r m em bership as O rdinary o r S tuden t M embers shall be subm itted  to  . 
th e  Council fo r approval. T he nam es of tho  approved applicants shall be placed on a  lis t which 
shall be csh ib ited  in the  lib rary  of th e  In s ti tu te  fo r a t  least ilftecn days im m ediately a f te r th o  Council 
M eeting a t  which such nam es werc approved. Copies of such lists  shall be supplied to  th e  Secretaries 
of Local Sections of the  In s titu te  for inspection by m em bers, and  in  any o ther m anner to  m em bers as 
m ay from  tim e to  tim e be prescribed by th e  Council.

Any objection to  any  cand idate  whose nam e is so  exhibited o r notifled to  m em bers shall be 
mado in w riting to  th e  Secretary w ithin tw enty-one days of th e  d a tc  when th e  lis t shall first be so 
exhibited.

A t a subseąuen t Council M eeting th e  applications for m em bership of persons whose nam es-shall 
have been so esh ib ited  shall be fu rth e r considered, and  th e  Council m ay, in  th e ir  absolute discretion, ‘ 
e lect o r reject such app lican ts, and  m ay  refuse any  application although previously approved w ithou t 
g m n g  any reason fo r such refusal. Non-election shall n o t necessarily prejudice th e  cand idate  for 
election concerned in any fu tu rę  application fo r clection.

S U B S C R IP T IO N S
llu le  9.—U nless and  un til o tberw lse determ ined by  th e  Councii an d /o r provided in th e  Bye-laws 

th e  subscription of each O rdinary M ember shall be £3 Zs. per annum , and of each S tu d en t M ember 
£1 1 s. per annum . O rdinary Members shall pay  an  E n trance Fee of £2 2s. each and  S tu d en t Members 
an  E n trance  Fee o f £1 1 s. each.

R ulcs an d /o r regulations m ay be m adc by  th e  Council from  tim e to  tim e fo r th e  transference of 
S tu d en t M embers from  th a t  s ta tua  to  th a t  of O rdinary M embers, including th e  fixing of an  en trance .
fee to  be payable on any  such tran sfer of such a  sum  as th e  Council m ay from  tim e to  tim e prescribe, j
a n d /o r th c  w aiver of any  such.

T he Council m ay, in  flxing such sum , ta k e  in to  consideration th e  prior paym ent of en trance fces i
by S tu d en t M embers. ?

S ubscriptions shall be payable on election and  subseąuently  in  ad ran cc  on Ju ly  l s t  in each y ca r, t
o r otherwise as  shall be determ ined from  tim e to  tim e by  th e  Council an d /o r provided in th e  Bye- 
laws.

D U T IE S  A N D  O B L IG A T IO N S  OE M E M B ER S
R ule 12.—E very  m em ber shall be  b o u n d :

(а) T o  fu r th e r  to  th e  best of his ab ility  and judgm ent the  objects, purposes, in terests , and
influence of th e  In s titu te .

(б) T o  observe th e  provisions of th e  M emorandum of Association of th e  In s titu te , th e  Articles,
and  th e  Bye-laws.

(c) T o  pay a t  all tim es, and  in th e  m anner prescribed, such entrance fees on election, such
fees on transference from  one class of m em bership to  ano ther, and  such annual sub- ,
scriptions as  shall fo r th e  tim e being be prescribed. i

(d) To pay and m ake good to  th e  In s titu te  any loss or dam age to  th e  property  of th e  In s titu te
caused by his w ilful a c t or default.

R u le 13.—Every m em ber, in all his professional relations, shall be guided by the h ighest principles 
of honour, and  uphold th e  d ign ity  of his profession and  th e  repu ta tion  of th e  In s titu te .
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THE INSTITUTE OF METALS
M INUTES OF PROCEED IN G S.

AKNTJAL G E N E R A L  M E E T IN G .

T h e  T w e n t y - S i k i t e  A n n u a l  G e n e r a ł  M e e t i n g  of the Institute was held 
in tho Houso of fclie Institution of Meełianioal Engineers, Storey’s Gate, 
Westminster, London, S.W .l, on Wedncsday and Thursday, March 7 and 8, 
1934, Sir Henry Fowler, K .B.E., LL.D., D.Sc., Presidcnt, occupying the chair 
a t tho opening of the meoting.

Wednesday, March 7.
The Minutes of the Annual Autumn Meeting held in Birmingham from 

September 18 to 21, 1933, were taken as read.

R E P O R T  O F CO U N C IL 

for the Ym r ended December 31, 1933.

T h e  Council has pleasure in submitting its roport upon the aetivities of the 
Institute during the past year, a period that was specially notable both for 
the celebration of the twenty-fifth anniversary of tho Instituto’s formation 
and the sotting up of improved methods of publication.

Tho Institute ended another yoar of tho long-continued industrial depres- 
sion with a slight reduction in its membership and financial rosouroes. In 
spite of the difficulties eneountered, it is felt that the usefulness of the Institute 
to its membors has not only been fully maintained, but even increased. This 
has beon made possible by the encouraging and continued support given by 
members—finaneially, in committee, and in other ways—and by the un- 
wearying efforts of the staff of tho Institute.

B o ł l  o f  t h e  I n s t i t u t e .

Tho number of members on the roli of the Institute, for tho second year in 
succession, shows a fali on December 31, when the totals for the various classes 
of membership were as indicated in the following table, which gives the 
membership during tho past five years :—

Dec. 31, 
1029.

Dec. 31, 
1930.

Dec. 31, 
1931.

Dec. 31, 
1932.

Dec. 31, 
1933.

Honorary Members 5 G 5 5 5
Fellows 9 7 7 8 8
Ordinary Members 2035 2083 2146 2073 2038
Student Members . 73 05 74 79 80

2122 21G0 2232 21G5 2131



14 Annual General Meeting
On Decemher 31, 1933, tlio names of 122 Original Mombors woro included 

in tho total of 2038 Ordinary Members. On December 31, 1908—the 
end of tho Instituto’s first year—tho Original Members numbered 355. 133
membera and studonts wore electod during tho ycar, a figurę that compares 
with 120 in 1932 and 205 in 1931.

Ob it u a r y .

Many losses by death ocourred during the ycar. Among the Original 
Members who died wero P. T. Caird and W. Cleland. In  addition to the above 
tho deaths of the following were notified to the Secretary : Dr. N. Fukushima; 
E. A. Hadley; Dr. K. Hallmann; D. F. John; Colonel A. F. Masury; W. D. 
Pomeroy; J .  Rolland; J. K ent Smith; Professor H. Specketer; Sir Gilbert 
Vyle; and C. E. Whiteley.

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

At the Annual General Meeting, which took place in London on March 8 
and 9, thirteen papera were presented, the meeting being followed by a Dinner 
and Dance a t the Trocadero Restaurant. In  the afternoon of March 9 members 
wero privilcged to pay a visit to the headąuartcrs of the British Non-Ferrous 
Metals Research Aesociation.

The Annual May Lecture—the second generał meeting of the year—was 
deliyered by a distinguished French member, Professor Albert Portevin, whose 
subject was “ Quenching and Tempering Phenomena in Alloys.”

The twcnty-fifth Annual Autumn Meeting was appropriately held in 
Birmingham, in which city tho first Autumn Meeting was held in 1908. The 
“ Silver Jubilee ” meeting was well attended; fourteen papera were pre
sented. The Autumn Lecture was given by Mr. W. R. Barclay, on “ Twenty- 
Five Yeara’ Progress in Metallurgical P lant.” Following tho reading and 
diseussion of the papers, members visited works and other places of interest in 
Birmingham and neighbourhood.

The proposal to hołd the 1934 Autumn Meeting on board ship was investi- 
gated by a Committee of the Council. As a  result of a referendum of all 
members, showing that fewer than 100 porsons were prepared to take part 
in the proposed meeting, the Council decided to abandon tho scheme.

By kind invitation of tho Organizers of the Shipping, Engineering, and 
Machinery Exhibition a t Olympia, members were enabled to visit the 
exhibition on Sept. 15 and were entertained to tea.

A joint meeting with the Manchester Metallurgical Society was held on 
October 25, when two papers that had been read a t the Birmingham meeting 
were re-presented and discussed.

Sil y e r  J u b il e e  F u n d .
To commemorate the 25th  anniversary of tho lnstitu te’s foundation, tho 

Original Members eontributed the sum of £525 to a “ Fund in conneetion with 
the Silver Jubilee.’ ’ Subsequently additional eontributions, totalling £144 2s., 
were received from other members who desired to be associated with the Fund. 
As the Fund was established sinee the end of the last llnancial year, i t  is not 
referred to in the aceounts which follow the Treasurer’s Report. The Fund 
is still open.

PuBLICATIONS.
The past year saw considerable actiyity in conneetion with the Institute’s 

publications. In  responso to suggestions madę by members, the Council 
arranged for adyance eopies of papers to be printed in the Monthly Journal, 
I t  is hoped tha t the new method of publication will bo generally appreciated
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by tho members, and will result in better disoussions, sińce in many cases 
members will receive papers some montlis earlier than would hayo been 
possiblo under the old system.

Members are reminded tha t tho papers now being published 111 the Monlhly 
Journal will not bo issued again excopt when they appear in the half-yearly 
bound voIumes of the Journal.

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

The work of the Local Sections of the Institute was successfully continued. 
Before each of the six sections papers were read during tho winter months. A 
list of these papers appears in an appendix to this Report. In  tho Monlhly 
Journal a short account was given, in advance of each meeting, of tho papers 
to be read in tho month following its appoarance.

I n s t i t u t e  o r  M e t a l s  L e c t u h e s .

Five Institute of Metals Lectures *1 were delivered between January and 
March, 1933. No lectures wero arranged for the session 1933-1934, but as 
several applications wero received for further lectures, it is possible that 
similar lectures will be arranged for the session 1934-1935. Hitherto the 
lectures_ havo been _ delivered by members before metallurgical societies of 
Universities and University Colleges, and i t  is possiblo th a t the schemo may be 
extended to inolude Technical Colleges and Polytechnic Institutes.

B e i l b y  M e m o r ia ł  A w a r d .
The Council aro glad to report th a t a member—Mrs. G. H. Tipper (Con- 

stanee F. Elam, D.Sc., M.A.)—received a Beilby award of ono hundred 
guineas.

G lE T  B Y  TH E  T r E A SU B E B .

The Honorary Treasurer, Mr. John Fry, presented to tho Institute a Yic- 
toria Cross, as representing the highest uso to which a piece of bronzo could 
oe put. The Cross lias been suitably mounted in a caso eontaining the 
nistory of the award and can be inspected by members.

LlBRAllY.
During the past year nearly 3000 books and periodicals were loaned to 

members. Eighty-fiye new text-books were acąuired. The number of 
members visitmg the library inereased considerably. Many of these callers 
as well as correspondents havo also applied for information which it has, 
in the mam, been possible to furnish.
. Members have been partieularly interested in the new arrangement, 
maugurated this year, whereby manuscript copies of Local Section papers are 
nleu, and are thus made available for loan in tho ordinary v. ay. These papers 
navo been mueh in request.

I t  is desirable to emphasize once again the eonnection between the 
abstraeting service and the library. Many members make a praetiee of 
studymg the abstracts which they reeeive monthly and then apply to the 
library for the loan of tho articles or books which appear to be of interest to 
tu cm, but, moro could undoubtedly obtain mueh benefit from this serrice, 
and it  is surprismg to find it is not better known. Those who visit the 
library oiten say tha t they are unaware of this valuable privilege of 
membership. Members who have not access to a good works’ library have

nn. ln8tltute s library  anc  ̂ abstraeting service partieularly useful.
in o  resources of the Science Library have again been largely drawn upon, 

and members are reminded th a t books and periodicals available in this lingo 
library may be obtained on loan (by post) on application to the Librarian of
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the Institute. Books and poriodicals outside the Institutc’s field of work are 
thus obtainable through this channel. The assistanee that the Science Library 
is rendering to research by the facilities for loan wliich are offered cannot be 
over-estimated, and the Council desires to thank the Director, Brigadier
E. E. B. Maekintosh, D.S.O., R .E., and his Staff for their assistanee.

Members, particularly those overseas, aro reminded of the photostat 
serrice, by which they may obtain eopies of papers not otherwise easily 
obtained a t a moderate cost. Conditions on wliich these can bo supplied are 
set out on p. 387, Volumo X LII of the Journal.

CO M M ITTEES.

The following Committees of the Council havo held freąucnt meetings 
during the past year :—

Autumn Meetings.
C o u n c i l  N o m e n a t k c t .
Ddw er .
F e t a n c e  a n d  G e n e r a l  P u r p o s e s .
J o u r n a l  P r i n t in g  C o s t s .
L i b r a r y .
L o c a l  S e c t i o n s .
M k m b e r s i i i p .
M e e t i n g  a n d  P a p e r s .
P u b l ic a t io n .

R e p r e s e n t a t t v e s .

The following representatiyes of the Institute were appointed by the 
Council:

Sir Charles Parsons Memoriał Committee : Sir Henry Fowler (President).
British Standards Institution (Committee on Lead Alloys for Cable 

Sheathing): H. C. Lancaster.
Chemical Engineering Conference, 1935 : Dr. Richard Seligman.
British Science Guild Parliamentary Committee: Sir Henry Fowler

(President) and Mr. G. Shaw Scott (Secretary).
Advisory Committee on Metallurgy, City & Guilds of London Institute : 

Professor T. Turner.
Professional Classes Aid Council: Mr. H. B. Weekś.

C O RRESPO N D IN G  M E M B E R S  TO TH E  CO U N CIL.

The Council would again extend its thanks to the following members who 
have acted as Corresponding Members during the past year : Sir, H. Norman 
Bassett (Egypt); Professor C. A. F. Benedicks, Ph.D. (Sweden); M. L. 
Boseheron, O.B.E. (Belgium); Professor P. A, J . Chevenard (France); Mr. 
W. M. Corse, S.B. (United States of America); Professor J . jSTeill Greenwood, 
D.Se. (Australia)-, Dr.-Ing. Max Haas, Dipl.Ing. (Germany)-, Mr. J . Ham
burger, Jazn. (Holland); Dr.-Ing. E. Honegger (Swilzerland); Mr. R. Mather,
B.Met. (India); Dott. C. Sonnino (Italy); Professor G. H. Stanley, D.Sc.,
A.R.S.M. (South Africa); Professor A. Stansfield, D.Sc., A.R.S.M., F.R.S.C., 
(Canada); and Professor K. Ta wara, D.Eng. (Japan).

Signed on behalf of the Council,
H e n r y  F o w l e r ,  President. 
H .  M o o r e ,  Vice-President.

G. Shaw S co tt, Secretary and Editor.
January 4, 1934.
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APPENDIX.

LOCAL SEGTIONS’ PROGRAMMES, 1933-1934. 

B IRM IN G H AM  LOCAL SECTION.

Chairman : W. E. B a l l a r r  Han. Secrelary: J .  W. J e n k i n ,  B .S c .,
Ph.D., Messra. Bromford Tubo Co., 
Ltd., Erdington, Birmingham.

P k OORAMME.

V. E. P u l t . i n ,  C.B.E., B.A., B.So. “ Tho X-Ray Analyais of Metals.” 
J. W. J o n e s ,  M.Sc. “ Interpretation of a Photomicrograph.”
G. L. B a iŁ e y ,  M.Sc. “ Deoxidizers and Fluxea.”
Symposium on Defects in Cold-Working. Arranged by A. L. Molineaus. 
Dinner and Dance (Midland Hotel).
D. W. A l d e i d o e .  “ The New Copper Refinery at Prcscot.”

W. R. B a r c l a y ,  O.B.E. “  Niokel a n d  Nickel Alloys.”
C. A . H a d l e y .  “ Electric Welding.”
Open Discussion on the Metallurgical Inspection of Engineering 

Materials.
M a u r i c e  C o o k , Ph.D., M.Sc. “ Age-Hardening Copper Ailoys.”
J. C. H u d s o n ,  D .S c . “ Field Teats on Corrosion.”
J. P a r k i n s o n .  “ Tho Manufacture of Hot-Rolled Seamlcss Steel 

Tubes.”

Ali meetings were held in The James Watt Memoriał Institute, Birmingham, at
7 r.M. They formed part of a joint programmo arranged by tho Midland Metal
lurgical Societies (consisting of the Birmingham Local Seetion of the Institute 
of Metals, the Birmingham Metaliurgical Society, and the Staffordshire Iron and 
Steel Institute).

1933.
Oct. fl.
Nov. 7.
Nov. 14.
Nov. 30.
Dec. 2.
Dec. 1.

1934.
Jan. 4.
Jan. 16.
Feb. 1.

Feb. 13.
Mar. 1.
3 far. 20.

LONDON LOCAL SECTION.

Chairman : S. L. Arciilutt. Ilon. Secrelary : J. M c N e i l ,  A.R.T.C.,
Messrs. The Mond Nickel Co., Ltd., 
Thames House, Millbank, S.W.l.

1933. P r o g r a m m e .

Oct. 5. S. L. A r c h b u t t .  Chairman’s Addresa.
N o t .  9. R. A n n a n .  “  G o ld—Its Sources and Produetion.” (Meeting at the 

Royal Sehool of Mines, South Kensington, S.W.7.)
Dec. 7. J. R. H a n d f o r t i i ,  M.Sc. “ A Metallurgisfa Outlook on Modem 

Foundry Productions.” (Joint Meeting with the Institute of British 
Foundrymen.)

1934.
Jan. 11. H..A. S l o m a n ,  M.A., B.Sc. “ Berylliurn and Its Alloys.”
Feb. 8. A. G. L o b l e y ,  M.Sc. “ Electric Annealing and Heat-Treatment 

Fumaces.”
Mar. 15. G. B a r r ,  B.A., D.Sc., and Miss H a d f i e l d ,  M.Sc. “ Spectroscopio and 

Microćhemical Analysis of Metals and Alloys.”
A p l. 12. A n n u a l  G e n e r a l  M e e t in g  a n d  o p e n  d iscu ss io n .

The Meetings were, escept the second, held in the Rooms of the Society of 
Motor Manufaeturers and Traders, Ltd., 83 Pall Mail, S.W.l, at 7.30 r.M.

V O L . LTV. U



N O RTH-EAST CO A S T  LOCAL SECTION.
Chairman : J. E. N e w s o n ,  M.Met, Hon. Sccrelary and Treasurer : C. li.

P e a r s o n ,  M.Met.j Armstrong College, 
łfewcastle-on-Tyne.

1033. P r o g r a m m e .
Oet. 10. Exhibition of Cinematograph Eilms.
Xov. 14. W. E. Ballaiid. “ Metal Spraying.” (Joint Meeting with the New-' 

castle Branch of the Society of Chemical Industry.)
Dec. 12. J. E. H u r st . “ Addition of Non-Ferrous Metals to Cast Iron.” (Joint 

 ̂ Meeting with the Institute of British Eoundrymen.)

Jan. 9. C. R. 1)k o lo n  and L. M i l l e r .  “ The Physical Propertics of Deposited
Weld Metal in the Arc-Welding and Atomie Hydrogen Proeesses.” 

Ecb. 13. J. 15. N e w s o n ,  M.Met. Chairman’s Address.
M ar. 13. C. E . P e a r s o n ,  M.Met. “ T h e  Flow of M eta ls  in  th e  E x t ru s io n  P ro c e s s .”

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

Tlie Meetings wereheld in the ElectricalEngineering Lecture Tlieatre, Armstrong 
College, Newcastle-on-Tyne, at 7.30 r.M.

SCO TTISII LOCAL SECTION.
Chairman : Professor R o b e r t  H a y ,  Ilon. Sccrelary: H a r o l d  B u l l ,  Messrs.

B.Sc., Ph.D. Bull’8 Metal and Melloid Co., Ltd.,
Yoker, Glasgow.

1933. P r o g r a m i e .
Oct. 0. Display and demonstration at the Royal Technical College, arranged

by Professor R o b e r t  H a y ,  B.Sc., Ph.D. (Chairman).
N o y . 13. Diseussion of three papers presented at the Autumn Meeting of the 

parent Institute.
Dec. 11. T . T y r i e .  “ The Use of FIuxes and Slags in Non-Ferrous Foundry 

Practiee.”
1934.

Jan. 15. S y d n e y  W. S m ith ,  C.B.E., D.Sc., A.R.S.M. “ Factors in the Solidi-
fication of Molten Metals.”

Feb. 12. J. A. C. EDjnSTON. “ Combustion Efficiency.”
Mar. 12. A n n u a l  G e n e r a l  M e e t in g .

J .  A r n o t t .  “ Sonie Foundry Experienees and Reeollections.”
The Meetings (except the first) were lield in the Rooms of tho Institution of 

Engineers and Shipbuildcrs in Scotland, 39 Elmbank Creacent, Glasgow, at 7 30 
P.M.

SH EFFIELD  LOCAL SECTION.
Chairman: Captain F. O rm e , M.Met. Ilon. Secrelary: H. P. G a d s b y ,

Assoc.Met., 193 Sandford Grove 
Road, Sheffield 7.

1933. P r o g r a jim e .

Oct. 13. F. W. R o w e ,  B.Sc. “ Centrifugal Casting of Non-Ferrous Alloys.” 
Nov. 10. W. E. B a l l a r d .  “ Metal Spraying.”
Dec. 8. J. C. H o w a r d ,  B.Met. “ Modern Application of Eieetric Heat.”

1934.
Jan. 12. N. D. P o l l e n .  “ Proteetion from Corrosion of Aluminium and Ita 

Alloys.”
Feb. 9. H. G . D a l e .  “ Recoyery and Refining of Preeioua Metals.”
Mar. 9. F r a n k  M a s o n .  “ ‘ Nickel-Clirome ’ Plating.”

The Meetings were held in tho Non-Ferrous Section of the Applied Science 
Department of the Uniyersity, St. George’s S<iuare, at 7.30 p.ir.
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SW A N SE A  LOCAL SECTION.

Ckairman : A, G . R a m s a y ,  B.Se., Ilon. Secretary : R o o s e y e l t  G r i f f i t h s ,
Ph.D. M.So., Metallurgical Department, Uni-

Y e rs i ty  College, Singleton Park, Swan- 
sea.

1933. P r o o r a m m e .

Oct. 10. A. G. R a m s a y ,  C.Sc., Ph.D. Cliairman’s Address.
Nov. 14. C e o i l  H. D e s c h ,  D.So., Ph.D., F.R.S. “ Ageing and Age-Hardening.” 
Dec. 12. Exhibition of Industrial Filins (at UnivTeraity College, Singleton Park).

Feb. 20. Professor F. B a c o n ,  M.A. “ Cracking and Fraeture of Metals, with 
Special Reference to Service Breakages.”

Mar. 13. Discussion on Rolling, opened by Professor L. Taverner, A.R.S.M.
The Meetings were held at tho Y.M.C.A. at 6.15 p .m . Tea, was served before 

the Meetings.

The P resident, in moving the adoption o£ the Report, drew attention 
to the slight decreaso in the membership, but announced th a t an improvement 
had taken place sinco the beginning of 1934.

Mr. J o h n  Ca r t l a n d , M.C., M.Sc. (Member), who seconded, eommented 
on the burden of work which fell on Members of Council, and stressed the yalue 
of what he termed the “ magniiicent abstracting and library scrvice.”

Dr. R i c h a r d  S e l i g m a n  (Past-President), direeted attention to the new 
experiment of publishing papers in the Monłhly Journal, and asked members 
to let the Council know whether the new arrangeraent Sppealed to them or not.

The resolution was caTried unanimously.

R E P O R T  OF T H E  HONOR A RY  T R E A SU R ER  
(Mr . JOHN FRY)

For the Financial Year ended June 30, 1933.

The period covered by this report was one of widespread depression in all 
directions, and though the non-ferrous industries were not so severely affected 
as many others, tho year was somewłiat disappointing from the point of view 
of the Institute’s linances. On the income side there was a decrease in annual 
subscriptions of £3S7 2s. 4<L, and £63 Gs. Sd. in interest on W ar Loan, although 
against the latter there was a non-recurrent receipt of £51 2s. 2d. on conversion. 
The total expenditure was £230 14.s. 4d. less than in tho previous year, as 
reductions were shown in salaries, Journal account, and expenses of meetings. 
Tho net resulfc was an excess of expcnditure over income of £401 19j. 6d. as 
against £226 4.?. 1 ld. in the previous year. In  addition, in the Balance Sheet 
£585 6,s. Id. is treated as a liability in respect of a half-jTearly volume of the 
Journal which was printed but not actually due to be dispatehed to members, 
and the corresponding cost of which, in previous years, had been ineluded in 
the accounts of the subsequent year. In  reference to the Journal Account 
(£1911 2s. 3d.), it should bo explained tha t this is tho net cost after allowing 
for receipts from sales and advertisements, and making no allowance for over- 
head expense8. I t  is not possible to give an actual figurę for the total cost of 
publication of the Journal, owing to the difficulty of correctly apportioning 
overhcad charges, but it is approximately three times the net cost, and thus is 
far the largest i tern in the expcnditure of the Institute. The financial position 
of the Institute is a cause of some ansiety to the Council and is receiving
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careful consideration. By tho publication of tho Monthly Journal, earlier 
printing of the papers and abstracts, and in other directions, members aro 
recemng considerably increased advantagcs, and these can only bo continued 
or estended if funds aro ayailablo. Members can help by encoura<ńng 
smtable persons to join the Institu te; by pureliasing its publieations "and 
by supporting the adyertisements in the Monthly Journal. I t  is hoped 
th a t brighter times ahead will lead to increased income, partieularly from 
countries in which tho Instituto has a eonsiderable membership, and which 
haye been suftering so seyerely from the world depression.

Professor T. T u r n e r ,  M.Sc., A.R.S.M., Chairman of the Finance and 
General i  urposes Committee, who moved tho adoption of the Report in the 
a bsence of tho Honorary Treasurer, pointed out th a t in spite of the reduction 
of working expenses they exceeded income pwing to a deereaso of subscriptions. 
Ho directed attention to the faet tha t the Journal accounted for the largest 
item in the Institu te’s espondituro. Members could help to re-establish the 
tnancea of the Institute by encouraging suitable persons to become members, 
by purchasmg the publieations, and by supporting thoso firms who, by adyertis- 
institute nml’ holPed to deereaso the net cost of the publieations of the

Mr. A. H .  M t o t d e y  (Jlember of Council), who seeonded, also dealt witli this 
subjeet, and stated th a t members should realize th a t the Instituto spends 
as mueh as it can afford, or a little morę, in their seryice. Members must 
support the escellent work of the Publication Committee.

The resolution was carried unanimously.

E l e c t io n  o f  O f f i c e r s  f o r  1 9 3 4 -1 9 3 5 .

The Seoeetary read the following list of oiBcers elected to fili the yacancies 
on the Council for the year 1934-1935.

Presiden t:
H a r o l d  M o o r e , C.B.E., D.Sc., Ph.D.

Vice-Presidents :
A. G. C. Gatoer, B.Sc., Ph.D.
Professor D. H anson, D.Sc.

H . C. L a n c a s t e r .
E. L. Morcom, M.A.
Honorary Treasurer :

J o h n  F r y .

Members o f Council:
Professor J .  H . A n d r e w ,  D.Sc.

Engineer Vico-Admiral H. A. B r o w n ,  C.B.
H. W. B r o w n s d o n , M .S c., Ph.D.

K e n n e t h  Gr a y .
H. H. A. G e e e r ,  J.P.
J .  L. H A tro irroN , D.Sc.

Professor R. S. H utton, D.Sc., M.A.

E l e c t io n  o f  M e m b e r s  a n d  S t u d e n t  M e m b e r s .

Tho S e c r e t a r y  announced th a t tho following members and student 
members had been elected on October 26 and December 14, 1933, and January 
18 and February 15, 1934. 3
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M e m b e r s  E l e c t e d  o h  O o t o b e r  26 , 1933.

A l l e n ,  Clement P au l.
B r a n d t ,  Alfred, B.Sc.
C h o l e w i ń s k i ,  Stanisław 
B l l i s ,  Philip Mereditk 
F o u l d ,  Maurice
Heuae s ,  Ernest Sydney, B.Sc., Ph.D.
H ilt, Eugeno Henry Hugh, Dipl.Ing.
H o a r ,  Thomas Perey, M.A., B.Se., Ph 
H u m p h r e y s ,  William Gerald 
K e r r ,  Robert, M.Sc., Ph.D.
L e w i s ,  Philip Stacey, B.Se., Ph.D.
L o u y o t ,  Robert
N e a v e ,  Digby Percy Cornwall, M.A.
R o u p p e  v a n  d e i ł  V o o r t ,  Paulus Nicolaas 

Franciscus Maria .
S c h i r n e r ,  K arl. .
S c h n e c k e n b u r o e r ,  Emil .
S u j d i e r h i l l ,  Gordon Charles 
T o l l i d a y ,  Joseph Ernest .
V o w l e s ,  Charles D. .
Z a c c o ,  Henrik Yngve

Bulawayo, South Afriea. 
London.
Warsa w, Poland. 
Birmingham.
Paris, France.
London.
London.
Cambridge.
Newcastle-upon-Tyne.
London.
Bristol.
Borne], France.
London.

’s Hertogenbośeli, Holland. 
Berlin, Germany. 
Sehaffhausen, Switzerland. 
Birmingham.
Sidoup.
Birmingham.
Finspong, Sweden.

S t u d e n t  M e m b e r s  E l e c t e d  o n  O c t o b e r  26 , 1933.

J a c q u e s ,  Arthur 
Orr, Hazlett Francis .
T h o m a s ,  Ronald Charles William 
W i l l i a m s ,  Noel lgnące Bond 
Y a r r o w ,  Colin Drakę.

Chorley, Wigan.
Sydney, N.S.W., Australia. 
Birmingham.
Birmingham.
Pinner.

M e m b e r s  E l e c t e d  o n  D e c e m b e r  14, 1933.

A y c k b o u r n ,  Philip John, B.Sc. . 
B a l l ,  Arthur Cyril 
E a t w e l l ,  Henry Thomas .
G r a n t ,  Ivan Stanley 
H a r t i g a n ,  Thomas Joseph . 
K a m i e ń s k i ,  Erwin, Dr.-phil.
Mełyin, Sir Martin J., Bart., J.P. 
N a g a o ,  Major Takeo .
N i c o s i a , B e n ia m in o  .
P r i e s t m a n ,  Robert Thomas 
R a o ,  Mannigay Umanath, M.Sc. . 
S im p s o n ,  Joseph Gordon 
W i l l i a m s ,  Leslie Ballesat, B.A., B.E.

New Plymouth, New Zealand. 
Nottingham.

. London.

. Port Talbot, South Wales.

. Sydney, N.S.W., Australia.

. Głowno k/Lowicza, Poland.
Olton.

. London.

. Milano, Italy.

. Birmingham.

. Jodhpur, India.

. London.

. Matlock.

S t u d e n t  M e m b e r s  E l f .c t e d  o n  D e c e m b e r  14, 1933.

B o o t h ,  Leonard Tranter 
C o lm a n ,  Geoffrey William . . ■
CowLEY, Charles Leonard Marshall, B.Sc. 
M a c e ,  Cyril William .
R o b i n s o n ,  John Herbert 
T h o m a s ,  Ivor Henry, B.Se.

Birmingham.
Birmingham.
Birmingham.
Napier, New Zealand. 
Sydney, N.S.W., Australia. 
Bankyfelin, Carmarthenshire.
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M e m b e r s  E l e c t e d  J a n u a r y  18, 1934.

B e d d o w s ,  John Derek, B .S c .  
B c t b k h a r d t ,  Arthur, Dr.-Ing. 
M a z z o l a ,  Mario 
Mo F a r t , a n d ,  Professor David 

M.S., Ph.D. .
M e t o ,  Robert Franklin, B.S., Ph 
M i t c h i n s o n ,  Robert . 
M c k u m o t o ,  Wasaburow, B.Sc. 
S i f f ,  Alfred, M.A., A.R.S.M. 
S l a t e r ,  Horaee 
S t o r k e ,  Arthur Ditchficld . 
W a r r i n g t o n ,  Harold George

'ord,

D.

A.M.,

Birmingham.
Frankfurt a. Main, Germany. 
Turin, Italy.

Pennsylvania, Pa., U.S.A. 
Pittsburgh, Pa., U.S.A. 
łfewcastle-upon-Tync.
Osaka, Japan.
Johanncsburg, South Africa. 
Sydney, N.S.W., Australia. 
London.
Slough.

S t u d e n t  M e m b e r s  E l e c t e d  J a n u a r y  18, 1934.

H om er , Charles Egbert, B.Sc., Ph.D. . . London.
J e n k in s , John Ephraim . . . .  Treharris.

M e m b e r s  E l e c t e d  F e b r u a r y  15, 1934.

. Bristol.

. Moscow, U.S.S.R.

. London.

. Paris, France.
London.

. Milano, Italy.

. Wuchang, China.
Birmingham.

. London.

S t u d e n t  M e m b e r s '  E l e c t e d  F e b r u a r y  15, 1934 .

A s h t o n ,  Arnold Broadbent, B.Sc. . . Oldham.
B r o w n ,  Bernard . . . . .  Leeds. 
G r e e n w o o d ,  Hubert, M.Sc. . . . Todmórden.
H a r r i s o n ,  Stanley Taylor, B.Sc. . . Manchester.
T m m s ,  W illiam, B.Sc. . . . .  Birmingham. 
W a d d e t g t o n ,  John, B.Sc. . . . , Clitheroe.

B a d o c k ,  Stanley Hugh, LL.D., J.P. 
B e r m a n n ,  Professor Samuel 
Burn, Robert Davidson, .M.Sc. . 
M a t i o n o n ,  Professor Camille, Dr.-es-Sci. 
M o r r i s ,  Roland William 
O h l a n d o ,  Salvatore, Cav. tjff. Dott. 
Siiao, Chia Chin, A.R.S.M. .
Strauss, Kossy, Dr.-Ing.
S t r i n g e r ,  Richard Alfred . . .

R e - E l e c t i o n  o f  A u d i t o m .

Dr. D. H .  I n g a l l  proposed, Mr. T .  H e n r y  T u r n e r ,  M.Sc., seconded, 
and lt  was unanimously agreed th a t the auditors, Messrs. Poppleton and 
Appleby, be re-elected.

I n d u c t i o n  o f  N e w  P r e s i d e n t .

The P r e s i d e n t  : I  havc been unfortunate in oecupying the chair during 
a time wlien the worki depression has ailected us; but times of trouble and 
difficulty always produce thoso who rise superior to thera, and I  feel tha t your 
Couneil has done so during the past two years. I t  has been a great delight 
to me to see the way in which the whole of the Couneil and tho officers, the 
Secretary, Assistant Seeretary, and staff, have whole-he&rteclly done everything 
th a t was in their power for the sueeess and futuro advantage of the Institute. 
The Institute and its publications hołd a very high place in the tcchnical 
w°rld, and one reason for tha t is tha t we have a very good Pubłication 
Committee, which has had a most excellent Chairman in the person of the
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gentleman wliom I  am going to ask to take this chair. The position which 
Dr. Moore occupies in tho scientific world, makcs it almost a yery pleasant 
duty to stop down and to ask him to tako the Presidential chair. No one has 
the welfare of tho Institute moro a t heart tlian Dr. Moore, and if in nothing 
else, I  feol tha t I  havo a t least bcon suecessful in th a t I  have porsuadod him to 
accept tho Presidonoy of tho Institute of Metals, which I  now ask him to bo 
good enough to do.

Sir Honry Fowler then yacated tho chair, which was taken, amid applause, 
by tho inooming President, Dr. Harold Moore, C.B.E.

The P r e s i d e n t  : I  thank you, Sir Henry, for tho extremely kind words 
you have spoken; I  only wish tha t I  deserved them.

V o t e  o t  T h a n k s  t o  t h e  R e t i r i n g  P r e s i d e n t .

Dr. C. H. D e s c h ,  F.R.S. (Vice-President) : I  now have the honour to 
propose tha t tho very best thanks of the Institute be given to Sir Henry 
Fowler for his conduct as President during the last two years. Sir Henry 
has had previous esperience as a President, and so he came to us with knowledge 
and experienoe in addition to tha t geniality and energy which we know havo 
always characterized ińm. Ho has taken a most actiyo part in  all the pro- 
ceedings of tho Institute, and has prosided most admirably oyer the deliberations 
of the Council; and in all tho changes it has been neeessary to make in the 
last two years his guidanco and advice liavo been invaluable. He has tlirough- 
out the period of the world depression retained a cheery optimism in regard 
to the progress and futurę of science and industry which I  am sure has been 
encouraging to everyone who has met him.

W ithout taking up any more of your time, I  will propose that the most 
hearty thanks of the Institute bo given to Sir Henry Fowler for his conduct 
as President.

Mr. H. C. L a n c a s t e r  (Vice-President) : Dr. Desch, with his thorough 
way of handling any subject, from a simple crystal to a human being, has 
giyen us a very eareful micro-study of our out-going President, and you haye 
all heard for yourselves th a t the specimen is a perfeot one ! I  am sure we are 
all in yery close agreement, but it makes it  a little difficult for me to follow 
Dr. Desch, becauso it is always difficult to add something to th a t which 
is already perfect. I  do not find any real diffieulty, howeyer, because good 
wine reąuires no bush. I  know th a t every member of the Council, and I  am 
sure I  can add the Secretary, would give their yery hearty approyal and 
support to the remarks madę by Dr. Desch.

Sir Henry Fowler must have a yery Iarge circlo of friends, and during his 
two years of office, has mado many moro. He has during two difficult years, 
difficult alike to industry and to socioties and institutes, endeared himself 
to us all by his outstanding patience and neyer-failing courtesy.

The P r e s i d e n t  : I  should like to emphasize eyerything th a t has been 
said by Dr. Desch and Mr. Lancaster, and to say how successful Sir Henry 
has been in filling tho office of President of this Institute. His friendliness and 
geniality are among his most outstanding oharacteristics, and have dono a 
great deal to  assist in tho smooth rurming of tho work of the Institute.

Tho vote of thanks was put to tho meeting and carried with aeelamation.

Sir H e n r y  F o w l e r  ; I  thank you yery much indeed. The period of my 
presidency has been a yery happy one for me, largely owing to the assistance
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and kindness I  liave receiyed not only from the Council and tho members, 
but also from the Secretary, the Assistant Secretary, and the wliolo of tho 
stali. I  haye had to concern myself with wliateyer diffieultics and ąuestions 
may liave arisen porhaps onco a week or once a fortnight, but the Secretary 
has been confronted |vith thom cvery day. W ith sueh deyoted assistanco, 
and having niade, as Mr. Lancaster kindly said, so many fresli friends, I  
shall look back with tho greatest pleasure to what will be one of the dearest 
and deepest memories of my lifo, tho two years during which I  haye been 
President of the Instituto of Metals. I  shall not forget the kindness I  have 
received and I  shall never eease to work for tho interests of the Institute.

M e s sa g e  fr o m  D e . R o s e n h a in .

Tho P r e s id e n t  : I  haye receiyed from Dr. Rosenhain tho following 
telegram “ Best wishes self and Institute.” As you all know, Dr. Rosenhain 
is provented from being with us to-day by serious illness. I t  is extraordinarily 
kind of him to think of us a t such a timo and to send this telegram of good 
wishes. He has so often held us spellbound in this room by his brillianco in 
discussion and his ecientific knowledge tha t we are bound to miss him very 
much indeed. I am suro it  will be the wish of tho meeting to send a telegram 
to Dr. Rosenhain in reply, expressing our appreciation of his message and our 
deop sympathy with him in his illness.

P k e s id e n t ia l  A d d r e s s .

D r . H a r o l d  M o o r e  t h e n  d e liv e re d  h is  A d d re ss  (see p p . 29-44).

Dr. H. W. B r o w n sd o n  (Member of Council), in moving a vote of thanks 
to tho President for his address, said tha t those of them who had had the 
priyilego of close personal eontaet with Dr. Moore had always recognized 
that his ability, his love of hard work, and his sincerity, coupled with a genial 
personality, niust sooner or later lead to tho highest honour which it was in 
their power to bestow. They greeted him as their President fully awaro that 
the destinies of the Institute wero perfectly safe in his hands, and a t tho samo 
time not forgetting tho yeoman servico which ho had already rendered to 
the Institute as Chairman of the Publication Committee, "a position of 
responsibility only second to tha t of President.

Tho address which he had given them, and which would be read with the 
greatest interest, was typical of his broadmindedness and of his progressiye 
ideals. If the members backed him up in the policy whioh he had outlined, 
ho (Dr. Brownsdon) was sure tha t metallurgical science and practico would 
in the futurę reflect a t least some of his ambitions. He was not quito suro 
what relationship Dr. Moore would haye them take up with regard to their 
ferrous friends. Whilst most of them had wandered into the field of non- 
ferrous metallurgy, he hoped tha t all appreciated tho adyantages to be obtained 
from closo contact with ferrous work.

Dr. J . L. H a u g h t o n  (Member of Council), in seconding, referred to  a n  
address which Dr. Moore deliyered to the British Non-Ferrous Metals Research 
Association on the writing of seientific papers and espressed the special 
pleasure with which he had listened to tho Presidenfs yaluable and illuminating 
address.

The resolution was put to tho meeting and carricd with acelamation.

The P r e s id e n t  : I  am greatly touehed by what Dr. Brownsdon and Dr. 
Haughton haye said. They are both old friends of minę for włiom I have the
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greatest regard. I  could not avoid fecling as thcy wero speaking th a t they 
really must be talking about somebody else. I  do not feel I  deserve all tha t 
haa been said, but I  thank all of you most sincerely for the way in which this 
motion haa been received.

COM M UNICATIONS.

Tho Communications of the following authors were presented and discussed :
G. A. Hankins and C. W. Aldous; I. G. Slater; H. J . Gough, H. L. Cox and
D. G. Sopwith; C. E. Pearson; E. W. Feli; Professor A. Porteyin and P. 
Bastien. A paper by G. Rigg was presented in tho absence of the author, 
but was not discussed. In  each case a hearty yote of thanks to the authors 
was proposed by the President and carried with acclamation.

A n n u a l  D i n n e r  a n d  D a n c e .

Tho Annual Dinner and Dance was lield a t the Troeadero Restaurant, 
Piceadilly Circus, London, W .l, and was presided over by the President.

Tliursday, March 8, 193-1.
On the resumption of tho meeting, eommunications by the following 

authors were presented and discussed: H. A. Sloman; C. E. Phillips and 
J. D. Grogan; Professor D. Hanson and E. G. West, and R. Taylor. Papers 
by O. W. Ellis; and J . L. Haughton and R. J .  M. Payne wero presented 
but not discussed. In  each ease a  hearty vote of thanks to the authors was 
proposed by the President and carried with acclamation.

C o n c l u d i n g  B u s i n e s s .

The P r e s i d e n t  : This is the first meeting which has been affected by the 
alteration in the method of publication of tho papers. Members bave had the 
papers for a much longer time than usual, and I  think the opportunity thus 
giyen for more careful consideration of the papers has been reflected in the 
discussions which have taken place. We have also inade somo changes which 
you may haye noticed in the prooedure of conducting tho discussions. Those 
changes are related to the new method of publication; we haye adopted the 
plan of not taking so many papers as usual but devoting more time to  each. 
For example, nearly the whole of yesterday afternoon was deyoted to the 
discussion of two papers, and in each case we had what appeared to me to be 
a most exeellont discussion. I t  may haye been apparent that tha t discussion 
was not entirely spontaneous, and tha t thero had been a certain amount 
of organization"behind it, but I  hope tha t nobody felt tha t there was any 
suppression of freo discussion. The prooedure of inviting speakera in advance 
is not meant in tho slightest degree to prevent anyono who wishes to do so 
from taking part in the discussion.

The Publication Committeo and the Council generally would much like 
to know the opinion of members on theae changea which havo been introdueed 
—the new method of publication of papers and the related differences in the 
methods of discussion—and we should be very glad to receiye any comments 
which members may care to send us, favourable or otherwise. These changes 
are experimental, and we may return to the old methods. I  do not think tha t 
we shall, but i t  would help us when we consider the ąuestion if members 
who are not in direct toueh with the Council would let us know their opinion. 
We are endeavouring to be as demoeratie an Institute aa posaible and we want 
to follow the wishes of the generał body of members as closely as we ean.
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Y o t e s  o f  T jia n k s .

The P r e s id e n t  p ro p o se d  a n d  th e ro  w ere  c a r r ic d  w ith  a c c la m a tio n  th e  
fo llow ing  r e s o lu t io n s :

“ T hat tho bost thanks of the Institute be and are hcreby tendered 
to the Council of the Institution of Meclianical Engineers for their courtesy 
in permitting the use of their rooms on the oeeasion of this meeting."

“ That the best thanks of the Institute be and aro hereby tendered 
to Captain B. S. Cohen for permitting the members to visit tho Post 
Office Engineering Research Station, Dollis Hill.”

V is it  to  P o st  Of f ic e  E n g in e e r in g  R eseajrch  S t a t io n .

Members and their ladies, in the afternoon, yisited, by inyitation, the 
Post Office Engineering Research Station a t Dollis Hill. A brief description 
of this Station was published on pp. 68-70 of the February, 1934, issue of the 
Monthly Journal.

The meeting then terminated.
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PR E SID E N T IA L  ADDRESS

D e l i v e h e d  b y  H .  MOORE, C.B.E., D.So., Pn.D.

M arch 7, 1934.

P o l l o w in g  tlio exam ple set in previous P residential Addresses, I  sliall 
begin witli some obseivations on cu rren t policy and tlie presen t position 
of the In stitu te , taking, I  hope, a  n o t undue advantage of the  p rm lege  
of being able to  express m y views on th is  occasion when they  will n o t 
be exposed to  open discussion.

P o r three years in  succession our expenditure has exceeded our 
income, although a considerable p a r t  of th e  apparen t excess has been 
due m erely to  more s tr ic t accounting, and paying our bills earlier. Our 
curve of m em bership for th e  last five years shows a type of sym m etry 
which we hope, and believe, will n o t continue. These are the inevitable 
eflects of the industria l depression from  th e  trough of which we are now 
rising. There will be, no doubt, a certain  lag beforew e begin to  benefit 
substantially , in  our m em bership an d  income, from  th e  industrial 
recovery, ju s t as the re  was a lag in  the efiects of the slum p. I  am  
confident, however, th a t  our position is hea lthy  and  th a t  we need n o t 
be disc[uieted abou t the  fu turę , although the In s titu te  s finances m ust 
dem and th e  CounciPs constan t though t and  carc for th e  tim e being. On 
the  question of m em bership I  will only say th a t  there are still laT ge 
num bers outside our ranks, fully qualified for m em bership and  engaged 
in  industries which greatly  benefit from  our work.

N o t being an original m em ber myself, I  can speak more freely th an  
some others of th e  rem arkable response of the  Original M embers to  the 
suggestion which arose am ong them  of a special fund to  com m em orate 
our tw enty-fiith  anniversary. The In s titu te  already  owed m uch to  
these members, for the ir unfailing support and in  m any cases for m uch 
vo lun tary  and often unrecognized work. I  feel th a t  we are now still 
m ore indebted to  them , and th a t  our best w ay to  requito them  is to  
make the  sum  raised a sta rting  p o in t for som ething still more substan tia l. 
As our H onorary  Treasurer has so often po inted  out, th e  In s titu te  has
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always liad to  work on too narrow  a financial margin. The Council is 
considering th e  best way of cm ploying th e  F und  for the perm anent 
benelit of the  In stitu te , and  I  cannot, of course, an ticipate  the decision. 
Speaking only for myself, I  should like to  sec i t  become a  nucleus for a 
F oundation  F und  which would add substan tia lly  to  our reserves, and to 
seo the in te rest augm enting th a t  p a r t  of our income used for publication.

I h e  m ention of publication leads mc to  refer to  th e  Council’s 
em phatic view th a t  our first du ty , in lean yeaTS as  well as in  fat, is 
to  m ainta in  the high levcl of our Journal. In  some quarters we aro 
accuscd of giving our m em bers more th a n  th e ir  subscriptions w arrant. 
If th is is so, I  hopc th a t  members will do all they  can to  enable us to  
m ain ta in  th is generous policy. The m ost notable change introduced 
last year was the  sta rting  of the  scheme for the advance publication of 
all our papers in  the M onlhly Journal. This step was decided upon only 
after the fullest discussion, and  m ust still be regarded as experim ental. 
Those who sec objections to  i t  m ay be assured th a t  all possible difficultics 
were fully considered by the  Council and were held to  bo outweighed by 
the advantages which havc been set o u t elsewhere. Those which m ost 
appeal to  me are earlier publication of papers, the ir receipt by  members 
continuously th roughout the  year instead of in  tw o large batches, and 
th e  convenience of bcing able to  consult all papers in  th e  M onthly  
Journal un til such tim e as they  appear in  the  half-yearly volume. I t  
should be m entioned th a t  th e  Secretary and staff were th e  first to 
advocate th is advance in  our m ethods of publication.

We hear criticism from  tim e to  tim e of the type of papers we publish. 
Ih is  is a healthy  sign, and indicates a  real in terest in  th e  m a tte r on the 
p a r t of our members. As the  criticisms we receive from  difierent 
quarters cancel each other ou t fairly  com pletely, I  th ink  th a t  there is 
nothing seriously a t  fault. There are, however, several considerations 
w hich critics should bear in  mind. In  the publication of original papers 
th e  proceduro of the In s titu te  is one of selection, together w ith  some 
editing and possibly reyision. I t  is rarely  th a t  the In s titu te  asks for, 
or directly inspires, papers on a particu lar sub ject or of a  particu lar type. 
The Publication  Com m ittee considers im partially  all papers, w ithin our 
field, offered from  any q u a r te r ; th u s the papers we publish are a refłec- 
tio n  of the  o u tp u t of original work carried o u t by  those who consider 
our Journal an appropriate m edium  for publication. The quality  of 
th e  papers is necessarily dependent on the  quality  of m etallurgical 
research undertaken  by  the Universities, G overnm ent establishm ents, 
industria l laboratories, and Research Associations.

There is one fam iliar com plaint on which I  m ight m ake a  suggestion, 
m ore serious th a n  m ay a t  first appear. The com plaint is th a t  the
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In stitu te  does nofc provide a sufflcient proportion  of “ p ractical ” papers. 
If tlie p ractical m an who w ants more practical papers will tu rn  to  and 
write one— or, still be tter, several— on th e  subject abou t which he 
probably knows more th a n  anybody else, he will receive nothing b u t 
encouragem ent from  the Publication  Com mittee. A cursory esam ina- 
tion of our lis t of members will show th a t  th is simple scheme would 
provide an  am ple flow of practical papers. The difiiculty is really th is  : 
The m etallurgist who carries ou t a piece of research always w rites a 
report or paper abou t it— otherwise his w ork is alm ost certainly wasted 
—and does his best to  have i t  publishcd unless there is some good 
reason why he should not. The practical m an who has im proved his 
particular line of m anufacture beyond the  average level is often satisfied 
w ith the  other well-deserved rew ards of his ab ility  and  work, and has a 
na tu ra l re lu c tan ce  to  te ll us all ab o u t it. Q uite  ap a rt from  any desire 
for secrecy, he is often m uch too busy to  w rite papers, he has no t 
been accustomed to  do so, and sees no special reason why he should. I  
cannot help  tliinldng, how ever, th a t  some sister In stitu tes  are more 
fortunate in  th is resp ec t th a n  we are, and th a t  the leaders in  the  technical 
m anagem ent of the ir industries recognize some responsibility for describ- 
ing, in papers to  the ir In stitu te , th e  technical developm ents they  have 
directed. I t  is also m y expeTience th a t  the  first-rate practical m an 
often writes an  extraordinarily  good paper, n o t infrecpiently a  model 
in  terse and d irect expression which m etallurgists m ight study.

The writing of scientific papers m ight well form  the  m ain sub ject of 
a  Presidential Address in  more com petent hands th a n  mine. There are 
excellent books on the subject, too  little  known and studied,* and  the 
booklets issued by  other In s titu tio n s ,f  as well as our own “  N otes to  
A uthors,” provide valuable guidance on m any poin ts of detail. These 
publieations natu ra lly  deal chiefly and a t  some length w ith  the technicjue 
of scientific w riting, and in  reading them  i t  m ay be a little  difScult to  
see the  wood for th e  trees. I  should like to  suggest one w ay in  which 
an  au thor m ight consider his paper before, during, and afte r w riting it, 
and  two or three definite rules which are th u s brought into prom inence. 
The suggestion is the simple one of regarding the  paper from  the  po in t 
of view of th e  probable readers and the ir needs. These readers m ay be 
of several types, b u t in  generał they  are busy, hard-working people who 
w ant to  enlarge the ir knowledge and to  be helped in  the ir own woTk.

* The following are in the library of tho Instituto of Metals : Clifford Allbutt, 
“ Notes on the Composition of Scientific Papers ” ; H. A. Watt, “ The Composition 
of Technical Papers ” ; Trelease and Yule, “ Preparation of Scientific and Technical 
Papers ” ; T. A. Rickard, “ Technical Writing.”

t  ■£•£?■ “ Information Conceming tho Preparation of Papers.” Institution of 
Mechanical Engineers, 1933.
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Thcy arc n o t particu larly  in terested  in  liow m uch labour w ent to  the 
m aking of the papcr. Somctimes thcy  are cven bored by  the  au th o r’s 
speculations, and  they are n o t examining him  as a candidate for a higher 
degree. The first requirem ent which is em phasized by  th is w ay of 
looking a t  a paper is th a t  i t  should constitute a  real addition  to  know- 
ledge. The experim ental work m ust n o t only have led to  trustw ortliy  
results, b u t m ust be sufliciently im portan t to  justify  perm anent record. 
I  śhould have regarded th is  as too obvious to  m ention were i t  n o t th a t  
we sometimes receivc papers which are rejected because th ey  do n o t 
pass th is test.

I  consider th e  m erit of conciseness to  be nex t in  im poitance to  
th e  reader. In  m y opinion, there are few papers which are n o t 
capable of some im provem ent in  th is respect. M any an  excellent 
paper m ight have been more excellent still if th e  w riter had  rigorously 
revised it, cu tting  ou t all superfłuous m atte r, and  expressing his m eaning 
in  the fewest words consistent w ith  cleamess. Some papers containing 
useful Inform ation w orthy of publication have to  be rejected because 
they  also include unnecessary m a tte r and  are far too wordy. There are 
m any ways in  which papers m ay become needlessly lengthy. A bortive 
experim ents m ay have cost the  w riter m any hours, b u t the briefest 
account is usually sufficient to  prevent o thers from  doing sim ilar unfruit- 
ful work. Experim ental evidence m ust be presented in sufficient detail 
to  support the conclusions reached, b u t can often be highly condensed 
w ith advantage. Polemics can be bad ly  overdone. One of the 
essential cjualities of th e  good research worker, a elear idea of w hat he 
is doing and why he is doing it, is equally im p o rtan t when he comes to  
w rite his paper, and will certainly help him  to  w ritc concisely. P erhaps 
the w orst fau lt of all, unfortunatc ly  n o t uncom mon, is th e  use in  a 
sentence of twice as m any words as are necessary to  express the m eaning 
intended. A com m and of terse, p regnan t English is a valuable posses- 
sion to  the w riter of a scientific paper, and  is w orth m uch trouble and 
labour in  its  cultivation. If  an  au thor sciutinizes one sentence after 
another, he will often be surprised to  find how m any  m ight be p u t in 
fewer and  shorter words, w ith no loss w hatever, and often with a  gain, 
in  force and clarity . B revity  in  papers is im portan t to  the In s titu te  in 
its  efiect on cost of publication. P rin ting  and publishing costs alone 
(which are b y  no ineans all the  expenditure involved) are of th e  order 
of 25s. per page of th e  Journal. W ith  a  given lim it of expenditure, an 
average reduction of length  of papers by  2 0  per cent. (not an  unreason- 
able estim ate of w hat m ight often be possible, w ith ou t any  in ju ry  to  the 
paper) would enable us to  publish abou t seven m ore papers every year. 
In  urging authors to  be as brief as possible, I  do n o t forget th a t  occasion-
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ally a papcr is w ritten describing sonie advance wliich is so outstanding 
as to  justify  g reat detail and  elaboration. Possibly some au thors 
are morę inclined to  p u t the ir own papers in  tłiis class th a n  are Pub- 
lication Committees. Such papers form  only a smali proportion 
of the useful research reports which will always constitu te the  bulk of 
scientific publieation.

In  connection w ith publieation costs, m em bers m ay n o t be aware 
th a t  the gross cost of our abstraets is n o t less th a n  £ 1  per m em ber per 
annum . I  do n o t th ink  our abstraets  are surpassed anyw here in  com- 
pleteness, p rom ptitude, and quality , b u t we are now considering w hether 
further im provem ent m ight no t be possible, perhaps in  the  d irection of 
excluding a certain  proportion of papers of relatively smali im portanee 
or leaving to  other abstracting  bodies some fields of work on the border 
line of our own. The space thus saved m ight be used for fuller abstraets 
of papers which are more im portan t to  us.

I  should like to  devote th e  rem ainder of m y tim e an d  space to  some 
broader consideration of the  field of work of the  In s titu te  and  the  related 
branches of industry  and  of science. In  particular, I  wish to  refer to  
certain  developm ents in  co-operation, ac tual or possible, w ithin and 
w ithout our special field, which are of m om ent to  us.

In  a recent book * T. A. E ickard  has expounded, w ith  a w ealth of 
historical fact, the  them e th a t  “ civilization was developed on a m etallic 
basis.” On th is question i t  is n o t easy to  distinguish between cause 
and effect. W hether m an’s early steps tow ards cm liza tio n  led to , or 
alternatively  were conditioned by, his gradually  inereasing use of 
m etals m ay be a m a tte r for argum ent. C ertain i t  is th a t  m etals are the  
chief m ateriał basis of our present industria l civilization. Some other 
m aterials s tand  higher th an  th e  m etals as prim ary necessaries, in  the 
ąuan tities used, or in  m oney value, b u t every kind of production, 
industry , transport, and com m unication is now dependent on m etallic 
tools, m achinery, and  other ecjuipment. The ex ten t to  which th is 
dependence has inereased in  our lifetim e is illustrated  by  R ickard  s 
sta tem ent th a t  during the  first twenty-five years of th e  present century  
the  world consumed a larger q u an tity  of the m etals th a n  in all preceding 
tim e. Figures given by Sir H arold  H artley , in  the 1933 Jam es F o rrest 
Lecture, for the  w o T ld ’s  p r o d u c t i o n  of t w e n t y - o n e  m etals in  1900 and  in 
1930 show th a t  production had  a t  least doubled for all th e  common 
m etals in these th ir ty  y eaT s, w hilst in  some cases th e  inerease was far 
g rea ter; for example ab out th irty -six  tim es as m uch alum inium  was 
produced in  1930 as in  1900. In  q u an tity  produced, iron exceeds all 
other m etals eombined. The world is equipped to -day to  produce n o t

* T. A. Rickard, “ Man and Metals.” New York and London : 1932.
VOL. LIV. C
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less tlian  130 million tons of steel per annum , as com pared w itk probably 
no t more th a n  8  m illion tons of o ther m etals in  all forms. In  varie ty  
and  value, however, tlie ratio  is very  different. F u rth c r, one of 
tlie maili m etallurgical trends of the  present tim e is tlie inereasing 
dependence of iron on non-ferrous metals, botli as alloying additions 
and as p ro tective coatings, for overcoming its  corrodibility and im prov- 
ing its  otlier properties.

An indication of tlie im portance of tlie non-ferrous m etals industries 
in  G reat B rita in  is given by  the  Census of P roduction  figures for 1930, 
which show th a t  the  value of non-ferrous m etals and  alloys, excluding 
the  precious m etals, produced as ingots, castings, plate, rod, tube, and 
sim ilar form s is n o t less th a n  £40,000,000 in  a norm al year, copper and 
eopper alloys accounting for abou t half tk is am ount.

These few figures are sufficient to  show th a t  the  field of tliis In s titu te  
in the  s tudy  of the  non-ferrous m etals and the ir u tiliza tion  is large, 
im portant, and inereasing. In  tk is  spkere tke  In s titu te  has played a 
g reat p a r t in tke encouragem ent of science. I t  exists “  to  prom ote tke  
science and practice of non-ferrous m etallurgy,” b u t as p ractice becomes 
m ore and  more dependent on science, I  do n o t tk ink  th a t  I  am  biassed 
in  suggesting th a t  we are, and m ust always be, prim arily  a scientific body. 
A lthougk some of our m ost aetive and kelpful members m odestly 
disclaim any considerable scientific knowledge, tk ey  often do them - 
selves injustice in tk is m atte r, and  I  tk ink  tk a t  tke ir m em bership 
is proof of tkeir in terest in  and support of science. I t  is an obvious tru tk  
th a t  the increasingly rap id  progress of science and  its  application to  
every side of life is one of the  ou tstanding characteristics of tk e  present 
day. Indeed, our progress in  tk is  direction kas been blam ed for tke  
unpleasant sym ptom s of industrial and economic dislocation whick 
continue to  skake our civilization. T k a t tk is  view is fundam entally  
erroneous kas been well skown very  recently  by  Mr. H . T. T izard.* 
O ther causes, immensely po ten t, am ply account for the  economic 
troubles of tke world, and I  find it  impossible to  believe tk a t  our diffi- 
culties of tke la st few years would in  any w ay kave been lessened if 
science and  its  application kad  halted  in  their progress. There is indeed 
m uch to  be said for the view tk a t  tke  effects of tk e  industrial depression 
have been m itigated in some directions b y  scientific progress, and 
certain ly  some of the  newer industries wliick kave arisen purely  as a 
resu lt of tke advance of science kave suffered far less th a n  tke  
p rim ary  producing industries and  tk e  long-establisked so-ealled basie 
industries.

* “ Science and the Industrial Depression.” Presidential Address to the Science 
Masters Association, January 1934.
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Tłie dangers of a civilization wliich rcsts so largely on a basis of 
applied science while a tru ły  scientific outlook is confined to  a  very  smali 
proportion of the  population  have often been pointed  out. I  hesita te  
to  say whether they  are any greater th a n  th e  dangers to  which all 
civilizations liave been exposed—dangers so abundan tly  illustrated  
th roughout history. They are, however, very  real, and I  th ink  th a t 
there can be little  doub t th a t th e  śtab ility  of our civilization would be 
steadily strengthened by  a grow th of the  scientific outlook throughout 
all sections of th e  population. This is prim arily  a m a tte r of education, 
b u t education is by no means confined to  scliools and universities, vastly  
im portan t though these agents are. I  suggest th a t  in  prom oting the  
spread of scientific ideas th roughout the m etallurgical and  other indus- 
tries we serve, we are doing far more th a n  merely m aking these industries 
more profitable to  those who are dependent on them  : we are encourag- 
ing forces m aking for śtab ility  and ordered progress in  civilized life.

I  have spoken of śtab ility  and  of civilization resting on applied 
science. These expressions m ay be misleading. W hatever m odern 
civilization m ay do, i t  cannot rest, nor can its  śtab ility  be of the sta tic  
kind we seek in  our structures. I t  can only be a balance, continually 
adjusted, of powerful forces and perpe tual m ovem ents. W e m ust 
abandon the ideas of perm anence, of keeping things as they  are, of a 
goal where we can rest when we have reached it. Continual change is 
our lot. Indeed, i t  has always been so, although to  us i t  m ay seem th a t  
the ra te  of change is faster th a n  ever before.

All th is m ay be though t to  be rem ote from  the  m atte rs which 
prim arily concern th is InstiU ite. W hat I  w an t to  suggest is th a t  in  the 
industries and institu tions in  which we are interested, we m ust accustom  
ourselves to  the idea of constan t change, of continual progress, of the 
rapid  absorption and  application of new  knowledge and  fresh ideas. 
The alternative is growing disharm ony in our technical and economic 
organization as we fail to  change in  a  changing world. In  industry  i t  is 
n o t merely a m a tte r of losing m arkets to  our com petito rs ; th is  is a 
sym ptom , though a distressing one, of a failure to  take our p a r t in  
the  m arch of progress. I t  m ust be adm itted  th a t  in  some sections of 
industry  there is still g reat inertia. Reluctance to  take p a r t in  th e  
search foT useful new knowledge, and even to  m ake use of knowledge 
which is freely ofTered, is still too prevalent.

Our In s titu te  provides one powerful co-operative agency for over- 
coming th is  inertia. B y aSording facilities for publication an d  the  
exchange of inform ation and opinion among its  m em bers an d  all who 
are in terested  th roughout the  world, i t  gives a g rea t im petus to  the  
application of science. I t  assists and  supplem ents the  w ork of the
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industrial research laboratories and Research Associations which are 
the m ain channels for the u tiliza tion  of science in  m anufacture.

Anyone considering the present position of science in  industry  m ust 
first be impressed by the e s te n t to  which the  industria l scientific 
organizations, and the use of really scientific m ethods in  m anufacture, 
are the  creation of the last tw enty  years. Some im portan t and  active 
research laboratories have been m aintained much longer th a n  th is by 
the dyestuffs and  other branches of chemical m anufacture, and b y  the 
electrical industry , b u t i t  is broadly tru e  th a t  the large industrial 
research laboratories of to -day  either did no t exist, or were merely a  
fraction of their present size, tw en ty  years ago. The stafi of the 
N ational Physical L aboratory, which has a large o u tp u t of industrial 
research as well as other work, was abou t 150 in  1913 and 590 in 1933.* 
A  B ulletin of the N ational Research Council (U.S.A.) issued in  1933 
gives particulars of 1575 industrial research laboratories in  the U.S.A., 
few of which were in  existence tw enty  years ago. I t  has been estim ated 
th a t  abou t £4,000,000 is spent annually  on m etallurgical research and 
developm ent in the U nited  S ta tes .f The Mellon In s titu te  of Industrial 
Research was founded in  1913, and the B atte lle Memoriał In s titu te  is 
more recent in  origin. These are two outstanding exanrples of m any 
large institu tions undertaking m etallurgical research for industrial 
purposes. None of th e  B ritish Research Associations is y e t tw en ty  
years old.

I t  is perhaps more interesting to  study, beyond the  mere grow th of 
industrial research, the ways in  which co-operation has fostered th is 
growth. Towards the end of the W ar the  G overnm ent began its g reat 
experim ent resulting in  the  establishm ent of more th a n  tw en ty  Research 
Associations, in  which different sections of an industry , and  m any 
different industrial concerns, co-operate am ong them selves and w ith 
the  D epartm en t of Scientific and  Industria l Research to  carry  ou t 
research and  developm ent for th e  benefit of the  industry . The lately 
issued A nnual R eport of the D epartm en t gives in  some s is teen  pages a 
broad review of the experim ent from  its  beginning, when “ the scheme 
yisualized th e  form ation of national research organizations to  stand 
behind and supply w ith  new ideas, new m ethods, new standards of 
quality , the  principal Industries of a nation  dependent for its  very 
existence on its  power to  feed itself by  m eans of the  sale of its  m anu- 
factured  articles.” N ot less th an  £3,000,000 has been applied by  the 
Associations in  research and related  actiyities w ithin fifteen years, b u t

* Sec the annual Re-ports of tho National Physical Laboratory.
t  C. E. MacQuigg, “ Research and Development in Metallurgy,” J. Franklin 

Insi., 1932, 213, 583-604.
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while recognizing tlic substan tia l success of tlie expcrim ent, tlie D ep a rt
m ent is em phatic in  its  view th a t  researcli assóciations are in  their 
infancy, and th a t  a substan tia l developm ent of the m ovem ent is needed.

In  our own industries there are th ree m ain groups, engaged respec- 
tively in  the m ining and  production of m etals, in  the m anufacture of 
semi-fmished products, and  in  the  production  of finished articles. Each 
group overlaps the o thers to  some ex ten t, b u t the  classification holds 
broadly. U ntil eom paratively recently  the  producers of the  raw  non- 
ferrous m etals rarely took m uch in terest in the ir p roducts afte r they  had 
sold them , and incidentally they  regarded thc  field of the In s titu te  of 
Metals as being outside the ir province. A profound change in  the ir 
a ttitude , gradual a t  first, is now proceeding rapidly. The niekel p ro
ducers have found it  w orth  while to  s tudy  in  g reat detail the  u ltim ate 
uses of niekel, and to  spend large sum s in  researeh and in the  develop- 
m ent work necessary to  secure th e  apphcation of th e  results of researeh. 
In  similar or other ways th e  producers of alum inium , copper, and  tin  
are following th e  same policy. I t  is especially interesting to  note th a t  
th is is leading to  eo-operation, n o t m erely between the  producers of a 
particu lar m etal—as, for example, in  the In terna tional T in Research & 
D evelopm ent Council—b u t between the  prim ary producer and the 
m anufacturer of semi-finished products, and, further, betw een th e  
groups in these two classes in several different m etals. T hus the  B ritish 
Non-Eerrous Metals Research Association includes in  its  m em bership 
producers of copper, alum inium , niekel, tin , zine, lead, an d  other 
m etals as well as the  manufactuTers of p la te , bar, tube, wire, &c., and 
m any classes of users. In  th is  way all these in terests jo in tly  suppo rt 
and control researeh for the non-ferrous m etals industries generally.

There is, however, one considerable section of industry  which as 
ye t is scarcely touched by  the  m ovem ent tow ards co-operation in the  
advancem ent and application of science. Sir F ran k  Sm ith, whose posi- 
tion  as Secretary of the  D epartm en t of Scientific and Industria l Research 
enables him  to  keep his finger on the  pulse of science in  industry  more 
eonstantly  th a n  probably  anyone else, has pointed  out, in  his 1932 
N orm an Lockyer Lecture, th a t  in  128,000 factories em ploying abou t 
5  million workers less th an  500 em ploy more th a n  1 0 0 0  workers each, 
and more than  1 0 0 , 0 0 0  factories employ fewrer th a n  1 0 0  workers each. 
These figures show th a t  the  g reat m ajo rity  of these 5 million w orkers are 
employed in  smali industrial units. In  the  industries using non-ferrous 
m etals there are thousands of concerns which, although as a  rule 
individually smali, in  the  aggregate constitu te  a m ost im p o rtan t section 
of m anufacturers, as m easured by the to ta l Capital used, the num ber of 
workpeople employed, and the  value of th e ir  to ta l production. They
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are engaged in tho m anufacture, from  the interm ediate products which 
they  buy, of finished articles of cnormous variety , by  processes of draw- 
ing, spinning, welding, brazing, solderiug, and so on. They apply 
surface fmishing processes such as polishing and electro-plating. By 
l°ng experience, tria l and error, and empirical skill often raised to g reat 
perfection, they  m ay be thoroughly expert in  the ir particu la r line of 
work, b u t i t  is rarely  th a t  they  regard them selves as in  need of any 
scientific knowledge. H erc is an  undeveloped field for the  extension of 
science in  industry , and there is no doub t th a t  these concerns m ight 
profit greatly  from  association w ith  technical organizations. More 
scientific trainm g and knowledge among the controlling personnel of 
these smali un its appear to  be needed if they  are to  tak e  advantage 
of w hat science can do for them . Tlius we are brought back to  the  
question of the scientific outlook.

I  should now like to  tu rn  from  the  definitely industria l aspect 
of our work to  the more purely  m etallurgical in  the  scientific sense, and 
to  suggest th a t  here again co-operation can be fu rther extended w ith 
advantage. W ith in  the  In s titu te  co-operation is fostered am ong those 
interested in each of the  m any sides of non-ferrous m etallurgy. Some of 
us have difficulty in  understanding others, and when, for example, our 
enunent corrosion experts are expounding the ir theories, the  X -ray  
worker is a p t to  ta lk  to  his friends in  the  entrance hall. In  spite of the 
wide differences in  outlook am ong our members, we ought, I  am  sure 
to  continue to  encourage the  corporate spirit, the exchange of experience 
and opiruon am ong those working in  different fields or on different 
economic levels, those whose in terests are m ainly industria l and those 
occupied more w ith the scientific side. I t  is often rem arked th a t  th is 
is an age of specialization. I  regard specialization in  any  one direction, 
so far as i t  results in  the  neglect of other aspects of science, or indeed 
other aspects of culture and  of life, as a  necessary evil. Necessary 
undoubtedly , smce we need increasingly the  m an wlio learns more and 
more abou t less and less, b u t also an evil, and m ost certainly an evil if 
begun too early in  life. I  do n o t know w hether the bad effects of a 
needlessly early  specialization are more in evidence in  m etallurgy and 
the  m etallurgical industries th a n  in  com parable circles, b u t they  cer- 
ta in ly  exist there. I  see no reason w hatever to  th ink  th a t  our scientific 
and  technical personnel of the fu tu rę will be any  the  worse in  the ir own 
special w ork if, while they  are still young enough, they  become 
acquainted  w ith other branches of science and develop a  real in te rest in 
wider fields of knowledge and activ ity . Econom ic developm ents and 
difnculties of the last few years surely m dicate one direction in  which 
the trem endously mcreased productiv ity  of industry  m ight be applied
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w ith g reat benefit, and th a t  is in  extendiug the  years of real education 
in which w ider in terests can  grow, and  in  postponing the cram ping 
specialization which cuts of£ so m any from  a fuller life. I  suggest th a t  
the developm ent, in  earlier years, of a wider scientific knowledge and  a 
wider common culture will m ake i t  easier for m em bers of an  In s titu te  
suck as th is to  understand  each other, and to  m eet on common ground 
wken, in  la ter years, they  have become concentrated  on diverse special 
interests. This m ust apply  m ainly to  coming generations, b u t possibly 
we can do som ething to  encourage progress in  th is  direction.

A suggestion bas been m adę th a t  the  In s titu te  m ight from  tim e to  
tim e organize discussions appealing to  selected groups of members. 
F or example, those in terested  in equilibrium  diagram s of alloy system s 
m ight have a  m eeting for the ir special benefit a t  wliicli several consti- 
tu tional papers would be presented and discussed. I  hope th a t  we shall 
follow up th is  suggestion. I  am  sure, however, th a t  such sectional 
meetings ougkt no t to  replace our generał meetings, a t  which members 
may learn a t  first liand som ething of the  original scientific and  technical 
work being done in  fields other th a n  those in  which th ey  are them selyes 
working. I t  is n o t uncom m on th a t  the results of research can be applied 
in  quite unexpected directions.

So far I  have had  in  m ind the  m any different sections of non-ferrous 
m etallurgy, b u t i t  m ay be profitable to  consider also the interdependence 
of ferrous and nón-ferrous m etallurgy. N o one will d ispute th a t  there is 
no sharp division between these two branches of our science, and n o t a 
fcw of those who have a tta in ed  distinction, including more th a n  one of 
m y predecessors in  th is  chair and several m em bers of our Council, h a \ e 
been equally em inent in  bo th  fields. Again, m any engineers and users 
of the  m etals are equally in terested  in  iron  and Steel and in  the  non- 
ferrous m aterials. Such research laboratories as the N ational Physical 
Laboratory, those of the  defence services, as a t  W oolwich and. a t 
Farnborough, and the  Research. D epartm ents of the  railways consider 
im partially  ferrous and  non-ferrous m aterials in  bo th  the  m etallurgical 
and engineering aspeets. The schools of m etallurgy a t  the  U niversities, 
of course, teach  and work on bo th  sides, although perhaps a t  Sheffield 
steel has had  th e  preference, and  th e  non-ferrous m aterials a t  B irm ing
ham. Thus the re  is no lack of points of contact. Nevertheless, m any 
m etallurgists, na tu ra lly  and properly, w ork entirely  in  th e  one field 
or in  the  other, and sometim es the ir concentration on the ir own field 
leads to  a certain  neglect of progress in  th e  other an d  of the  lessons 
which m ay be learned from  it. The separation is more definite on the 
m anufacturing side, and i t  is n o t uncom m on to  find those in  technical 
control in  steel works or in  non-ferrous m etal works ra the r conspicuousl\
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ignoran t of corresponding processcs in the  o ther fields, and perhaps a 
little  scornful of them .

The two In stitu tes  which have these two fields for the ir respectiye 
provinces have always been on th e  m ost friendly tcrm s. I t  is n o t 
long sińce they held a m ost successful jo in t A utum n Meeting. They 
have m any m em bers in  common, and even some Members of Council. 
They are alike in constitution, and generally in  the ir m ethods of 
working, although some differences in details of operation—for 
example, in  publication—have developed. The scientific and  technical 
sections of the ir respective subjects are very  similar, w ith one 
im portan t exception. The Iro n  and  Steel In s titu te  includes in  its 
field process m etallurgy (the extraction  of the m etal from its ores) and 
to  some ex ten t mining, which we do not, m ainly because these subjects, 
for non-ferrous m etals, are the province of another active In stitu te . 
This inclusion of process m etallurgy by  the  Iro n  and  Steel In s titu te  
corresponds w ith the  m uchcloser associationof theprim ary , interm ediate, 
and finishing processes of m anufacture, th e  operations of mining, smelt- 
ing, conversion in to  steel, and  rolling in to  the  finished product no t 
in freąuently  being carried ou t by  the  same com pany as a co-ordinated 
sequence, and sometimes w ithin the same ring fence. W e have seen a 
certain  tendency tow ards a closer association of the suceessive stages 
in  the  non-ferrous industries, actually  very  advanced in  the alum inium  
and nickel industries, b u t in  o thers m ainly evidenced by  a greater 
in terest on the  p a r t of the  producers as to  w hat becomes of—perhaps I  
should say w hat can be done w ith— the raw  m etal they  endeavour to  sell.

The division of the  field of m etallurgy in to  halves by  th e  two 
In stitu tes  has all the advantages of specialization, and  certainly the field 
is sufficiently v a s t thoroughly to  justify  th is division, b u t perhaps i t  
accentuates w hat is after all a som ewkat a rb itra ry  separation. Occasion- 
ally our own Publication  Com m ittee has to  consider w hether a paper 
subm itted  to  i t  is genuinely non-ferrous— a t any ra te  to  the ex ten t of 
50 per cent.— and no doub t our neighbours are now and th en  faced w ith  
a  sim ilar question. Then there is th e  puzzling case of the paper which, 
qu itc  properly, and indeed w ith g rea t gain to  the trea tm en t of the 
subject, deals w ith closely sim ilar phenom ena bo th  in  steel and in  non- 
ferrous alloys.

I t  will a t  once be adm itted  th a t  on the  purely scientific side the 
distinction between ferrous and  non-ferrous m etallurgy is wholly arti- 
ficial. The problem s of crystallization from  the liquid state , effects of 
hot- and cold-working, constitu tion  of alloys, and control of structu re  
and properties by  h ea t-trea tm en t are essentially sim ilar; so also are 
the yarious complex phenom ena exhibited by m etals and alloys when
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subjected to  stress— elasticity, plaatic d istortion, creep, fatigue, and  so 
on. Several alloy system s show the ir own characteristic phenom ena 
no t found in o ther alloys; th is is tru e  of th e  iron-carbon  system  and the 
extraordinarily  complex and varied  series of alloys based on th a t  simple 
binary system . The progress now being m ade by D r. H um e-Eotliery, 
a t  Oxford, in  his search for wide gcneralizations, based on erystalline 
and atom ie structure , seems likely to  bring more order in to  the  appar- 
en tly  unrela ted  differences betw een differeńt alloy system s, and 
possibly in  tim e the peeuliarities of some alloys m ay appear to  be less 
peculiar from  the  scientific po in t of view.

E ven  on the practical side, where the distinction is a very  real 
one, there is m uch com mon ground in ferrous and  non-ferrous 
m etallurgy, and i t  m ay be w orth  while to  consider briefly some of the 
sections of m etallurgy in  which th e  common in terest of the ferrous and 
non-ferrous sides has some special features. The subject of corrosion 
will a t  once occur to  us all, because of its p ractical and economic im port- 
ance, together w ith the difficulty and scientific in te rest of the problem s 
i t  p u ts  to  us. If  th e  subject is held to  include corrosion-fatigue and 
oxidation a t  high tem peratures, th e  durab ility  of m etallic structures 
and com ponents depends alm ost solely on corrosion and abrasive wear. 
Research on corrosion is now probably  more activc th an  ever before. 
In  our own country  several large industrial laboratories are tak ing  a 
large share, perhaps m ainly on som ew hat em pirical lines, a good 
deal of a tten tio n  properly being paid to  m ethods of testing  corrosion- 
resistance which will give a tru stw orthy  guide to  behaviour in  service. 
The more fundainental work proceeding in  the  laboratories of D r. U. R . 
E vans a t  Cambridge and  of Dr. G. D. Bcngough a t  Teddington is well 
known to  all of us. This In s titu te  was responsible for m uch pioneer 
work in  its condenser tube corrosion research, transferred  a few years 
ago to  the  B ritish  N on-Ferrous Metals Research Association, and  still 
in  active and fru itfu l progress. In  its atm ospheric corrosion research,' 
extending over a num ber of years, th a t  Association did m uch to  establish 
and extend th e  explanation of corrosion-resistance by th e  form ation 
of osjgized protective films. The building up of these films, before or 
during exposure to  corrosive conditions, the ir continuity , adhesion, and 
im perm eability, the ir dam age by meclianical or other action, the ir 
efiective repair when dam aged, are now recognized as th e  essential 
features of corrosion-resistance in m etals and alloys when n o t protected 
by  coatings of other m aterials. I t  is obvious th a t  corrosion research 
cannot be sharply divided in to  ferrous and  non-ferrous, the  mechanism 
of oxidation, generał or loeal, and of film form ation or breakdown, being 
m uch th e  same in Steel as in m any non-ferrous alloys. The phenom ena
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of in tercrystalline a ttack  under corrosive conditions, exhibited in  so 
m arked a degree b y  tlie earlier austenitic chrom ium -nickel stccls of tho 
1 8 : 8  type after certain  kinds of hea t-trea tm en t, are found in  a num ber 
of non-ferrous alloys, and  th e  explanation found in  the one case m ay 
have application in  others, as m ay also the remedy.

Corrosion leads to  protection, and  the position here strikingly 
illustrates the non-ferrous invasion of ferrous m etallurgy. The stainless 
steels eontain  large percentages of non-ferrous m etals, b u t still more 
im portan t is the use of non-ferrous m etal coatings to  p ro tec t steel from  
corrosion. Tin, zinc, nickel, chromium, cadm ium , alum inium , applied 
by  hot-dipping, electrodeposition, or other m ethod appropriate  to  the  
m etal used for protection  are all effective for particu lar conditions of 
use. The suppression of porosity  in  t in  coatings, of cracking in  chrom 
ium  plating— to  m ention two directions in  which there is need fo r 
progress— would benefit a  num ber of industries. This is clearly a 
field in  which there is no rivalry  between ferrous and non-ferrous 
m etallurgy, b u t a cali for co-operation in  a common aim.

In  a  widely different section, the  casting of m etals and the production 
of ingots and castings free from  defects which reduce their serviceability, 
the  connection is less obvious. The m ethods of steel m elting and  the 
scalę on which i t  is com monly carried out, as well as the  special character- 
istics of liquid steel, m ight be tliought to  render th e  production  of 
sound steel ingots an  entirely individual problem . The five substan tia l 
reports of the H eterogeneity  of Steel Ingots Com m ittee of our sister 
In s titu te  m ake little  reference to  non-ferrous ingots. ITevertheless, 
these reports m ay profitably be considered together w ith  a  book ju st 
published on the  Casting of Brass Ingots.* The phenom ena of crystal- 
lization, shrinkage and piping, segregation, gas cavities, effects of 
turbulence of the  stream  of m etal in  the  m ould, and osida tion  of th e  
surface of the liquid m etal are common to  m ost alloys, including steel, 
although the ir relative im portance varies widely in  difierent m aterialś. 
The in tricate  problem s connected w ith gases in  m etals are particularly  
difficult to  a ttac k  in  the  case of steel, because of th e  high tem peratures 
concerned and the  com plexity of the  chemical and physical erjuilibria 
applying, of which so little  is known. I t  is n o t unlikely th a t  the some- 
w hat more am enable, although still difficult and im portan t problem s of 
gases in  eopper and  alum inium  and their alloys m ay yield m ore readily 
to  investigation. E xtensive researches on these m aterialś are in  fact 
leading to  generalizations which m ay have application to  m any other 
alloys, including steel.

* Gendors and Bailey, "The Casting of Brass Ingots.” British Non-Ferrous 
Metals Research Association. London: 1934.
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Engineering and chemical progress continue to  m ake more insistent 

dem ands for m aterials to  w ithstand  higli tem peratures. This has led to  
intensive investigation of the creep of m aterials under stress a t  high 
tem peratures. Much of th is  work is necessarily empirical, am ounting 
to  the  determ ination of the creep characteristics of steels of different 
types and the  study  of the effects of different alloy elements on creep. 
A tten tion  is being given, however, to  th e  fundam ental causes and 
mechanism of creep, which are probably  m uch the  same in  the  creep a t  
atm ospheric tem peratures of m etals and alloys of Iow m elting po in t as 
in  steels a t  high tem peratures. The effects of crystal size, recrystalliza- 
tion, &c., are more easily investigated a t  ordinary  tem peratures, and it 
seems probable th a t  the s tudy  of creep in alloys of lead, tin , and other 
m etals of Iow m elting point, a s tudy  practically  im p o rtan t in itself in 
other connections, m ay also tlirow  ligh t on the  m echanism  of high- 
tem perature creep in  alloys of high m elting point, including steels.

A fter th is  rapid  and estrem ely  incom plete referencc to  some close 
contacts of ferrous and non-ferrous m etallurgy, I  m ake no apology for 
returning to  the  subject of publication. Those who rem em ber the 
facilities for periodical m etallurgical publication in  English of tw enty  
years ago know how inadequate they  were. A p art from  the Journals 
of the Iro n  and Steel In s titu te  and  the  In s titu te  of Metals, publishing 
original papers in half-yearly batches, there were scarcely any English 
periodicals of standing devoted solely to  m etallurgy, and m etallurgical 
papers and articles were scattered  over a large num ber of periodicals 
dealing m ainly w ith  o ther subjeets. W e depended a good deal on the 
engineering press, which deservcs com m endation for the a tten tio n  
devoted by  i t  to  our subject. E ven  now the position is n o t wholly 
satisfactory. A list I  liave prepared shows sixteen English periodicals 
of standing publislied in London which freąuently  contain  original 
scientific papers in m etallurgy, a p a r t from  process m etallurgy. Only 
tkree or four of these periodicals are prim arily  concerned w ith  scientific 
m etallurgy, the  o thers being chiefly occupied w ith o ther subjeets or 
trade m atters.

I t  was a dream  of mine in  those earlier years th a t  if the Iron  and  Steel 
In s titu te  and the In s titu te  of M etals could have collaborated in  the  
publication of a m ońthly periodical, i t  m ight have been the  best m etal
lurgical journal issued in  the English language, and probably  in  the  
world. According to  m y vision i t  would have contained all the papers 
presented to  the  two In stitu tes, com pletc abstracts, ferrous and non- 
ferrous, au thorita tivc  reriew s of progress in  particu lar branches of our 
work, w ith other articles and m a tte r of perm anent yalue. The financial 
and other difficulties of such a scherne were g rea t even tw en ty  years
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ago, and  havc probably  increased considerably w ith  passage of time, 
b u t even now is i t  too lato to  consider co-operation in  some form  in  the 
publication of abstracts ? B oth In s titu tes  provide the ir m em bers w ith 
an adm irable ab s trac t service, although there are diflerences in  m ethod. 
The necessary in terest taken  by each in  sections of m etallurgy im portan t 
to  bo th  fields is instanced by  a considerable overlap in  abstracts, a 
num ber of papers being quite properly abstracted  in bo th  Journals. To 
the m etallurgist w ith  wide in terests th is division of m etallurgical 
abstracts into two series, w ith  an im portan t overlap, is no t an  unm ixed 
blessing. The far more difficult generał question of the great am ount 
of repetition  and overlapping which now occurs in  the  various escellent 
series of abstracts issued, in  English alone, in  different m etallurgical 
and chemical publieations, grows bigger and more serious every year. 
I t  is n o t uncom m on for independent, and usually good, abstracts  of an 
im portan t m etallurgical paper to  appear in  a t  least six widely used 
periodical publieations in  the English language. The burden  of cost, 
to  which I  have already referred, is by  no means the  only serious draw- 
back to  th is needless m ultiplication of effort. There is no ready solution, 
b u t m any of us th ink  the  problem  m ust be tackled  in  some way. I f  the 
lim ited co-operation which I  have suggested could be p a r t of some larger 
scheme co-ordinating the  publication of abstracts  in  m etallurgy, the  
gain all round would be greater still. The standard  which our own 
abstracts  have now reached m ust, however, m ake us consider w ith  the  
greatest care any proposal affecting the  value of th is essential service to  
our members.

In  th is address I  have touched upon a num ber of diverse topics, 
strung together on the th read , perhaps a slender one, of th e  benefit to  be 
gained in so m any directions by  co-operation and  a wider outlook. I  
think, indeed, th a t  i t  is more a  question of necessity th an  of benefit, and 
th a t  we m ay echo th e  well-known words of B enjam in F ranklin , spoken 
on a m om entous occasion, “ W e m ust all hang together, else we shall all 
hang separate ly .”

I  canno t conclude w ithout saying how deeply sensible I  am  of the 
great honour you have done mc in  electing me as your President. I  am  
only too  well aw are of m y own lim itations. To fili the high oflice of 
P resident of the  In s titu te  of M etals a t  the same tim e as th a t  of D irector 
of the  B ritish N on-Ferrous M etals Research Assoeiation is a heavy 
responsibility, which I  should n o t undertake were I  n o t assured of th e  
help and support of m y m any friends on the  Council and th roughout 
the  membership of the In stitu te .
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CASTABILITY OF TER N A R Y  ALLOYS.*
B y P ro fesso r  A. PORTEVIN,t M em b er , and P . BASTIEN ,}: Dr.-es-Sci.

Sy n o psis .

Tho ability of a molton metal or alloy to fili a mould completely is 
termed “ castability” ; it can bo determined by ascertaining the length 
of a spiral cast-iron mould fillcd by the metal under predetermined casting 
conditions. The castability of a pure metal is a linear funetion of the 
difterence betwecn the pouring temperaturo e  and tlie melting point F ; 
the slopes of the castability (0 — F) eurves vary with the viscosity of 
the metal. The castability of binary alloys varies with tho solidification 
rangę and with the mode of crystallization, being greater when polyhcdral 
crystals separato than when the primary crystals are dondritie. Maxi- 
mum castability occurs with tho eutectic composition and minimum at 
the limit of solid solubility. The castability of ternary alloys varies 
inversely with the primary solidification rangę, and, in cases where this 
is nil (i.e. along the binary eutectic lines in the ternary system), it varies 
with the secondary solidification rango reaching a minimum at com- 
positions corresponding with the transition from two-phaso to three- 
phase fields. These laws are illustrated with reference to soyeral binary 
antimony alloys and to ternary alloys of lead, tin, and bismuth, and of 
iron, carbon, and pliosphorus. Finally the value of this method of 
testing alloys for practical foundry work is diseussed, and it is shown to 
bo useful in determining tho composition of eutectics and of saturated 
solid solutions in metal systems.

I . — D e FINITION OF THE TERM  “  CASTABILITY”  AND THE TjAWS WHICH 
CONTROL THE CASTABILITY OF PU R E  METALS AND B lN A R Y  ALLOYS.

T h e u ltim ate aim  of every foundry operation is to  ob ta in  a com plete 
and perfect fUling of the mould w ith the liąuid m etal, so th a t,  afte r 
cooling, the  casting esac tly  resembles th e  p a tte rn  and is of the  reąuired  
dimensions w ithin th e  lim its of error imposed by th e  natu rę  of the  
m etal. The realization of such a resu lt implies th e  knowledge of 
th e  two fundam ental properties of m etal founding, caslabilily and 
slirinkage.

Castability has been defined by  one of us 1 as being the  ability  
of a m olten m etal to  fili a mould completely, and i t  can be determ ined 
by using a s tandard  test-m ould  of as sim ple a form  as possible.

D uring the  casting operation the mould itself is heated  as the  m etal 
cools and solidifies; th e  castability , which we shall designate by the

* Manuseript received Soptomber 27, 1933. Prcsented at the Annual General 
Meeting, London, March 7, 1934.

t  Professcur Suppleant a, l’Ecole Centrale des Arts et Manufaetures, Paris. 
t  Chef de travaux a 1’Ćcole Nationale Supćrieure del’Aóronautique; Repetiteur 

supplćant i  l’Ecole Centrale des Arts et Manufaetures, Paris.
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symbol A in w liat follows, depends, tlierefore, on all th e  factors which 
control fom idry practice. These can bc classified as follows :

(cr) F acto rs rela ting  to  the  m ould and  th e  con tact between the 
mould and the casting (e.g. n atu rę  of m ould dressing).

(b) F acto rs depending on the  casting (shape and dimensions).
(a) Factors defining the  casting conditions (casting tcm peratures 

and ra te  of pouring).
(id) F actors depending on the m etal.

Selected Ęxperimental Conditions.
To determ inc th e  castab ility  of m etals we have adopted a standard  

cast-iron mould 2 in the  shape of a piane liorizontal spiral fed by  a
vertical riser provided w ith a 
flap-valve3 for’ regulating the  
in itia l ra te  of feed. In  order to  
avoid deterioration  of the  mould 
and  to  m ain ta in  the iron  in  a 
co n stan t physical s ta te  we have 
eonfined our esperim ents to  the 
less easily oxidized m etals w ith 
a relatively Iow m elting po in t 
(F), nam ely antim ony, bism uth, 
tin , lead, zinc, cadm ium , and 
alum inium .

The casting tem perature (0 ) 
and th e  in itia l m ould tem pera- 

. tu re  (0), kep t constan t a t  18° C. 
th roughou t th e  experim ents, 

Fig. 1.—Castability of Puro Metals. were m easured by m eans of
therm ocouples.

F or all the  m etals, except antim ony and  alum inium , th e  castability  
was determ ined for values of 0  — F  =  100°, 200°, and 300° C .; for 
antim ony and  alum inium , th e  m elting points of which are relatively 
high, th e  castability  was m easured for values of 0  — F  =  100°, 150°, 
and  200° C.

Results Obtained fo r  the Castability o j Pure Metals.

The experim ental re su lts 4 are sum m arized in  Fig. 1 an d  show 
th a t for a sufficient degree of overheating th e  castability  is praetically  
a  linear function of 0  — F  and  th a t  th e  slope and  ordinate a t  the 
origin of these lines vary  frorn one m etal to  another.

The probable shape of the  curves A =  / ( 0 )  can be deduced from
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the following argum ent. The length A of the casting in  the  spiral 
obviously varies inverscly w ith  F  — 0; the  castability  increases when 
the tem peraturę of th e  mould rises and th e  yalue of F  — 9 dim inishes, 
and becomes infinite when th e  tem peraturę of the m ould is equal to  
th a t  of tlie m etal, i.e. for 8 =  F.

The m ean tem perature of the  mould increases w ith  0  — F, and 
tlien  th e  m ore rapidly  the  higher are the  specific h ea t (c) and  the 
density  (d) of th e  m e ta l; i t  also increases, independently  of 0  — F , 
w ith the la ten t hea t of solidification (L ) of th e  m etal. Hence the 
sim plest expression for the castability  m ay be w ritten  as :—

A m athem atical study  of the problem  5 leads to  the  more complex 
relation :—

, c . d T 0  — 8 L  .d  
A =  ^ - i r - - L °g  -w ~-~b + B -k °  F  — 8 k(F  — 0)’

w here k  is tho h ea t conductiv ity  of the  mould.
This expression, as regards th e  practically  linear portion  of the 

curve A =  / ( 0 ) ,  reduces to

a .p i ^ 4 « kA. n,)
F  — 8 ^ P ' F — 8 '  ’ ’ ' (0>

which is of the same form  as (a). The factors a and  jł depend on the 
natu rę  and dimensions of th e  m ould, on th e  casting conditions (height 
of pour and m ethod of feeding), and also (bu t to  an  ex ten t difficult to 
determ ine owing to  th e  lack of precise num erical data) on th e  viscosity 
(73) of the  m etal.

I f  in  expression (b) a  and  [3 are considered, as a  first approxim ation, 
to  be constants, i t  will be seen t h a t :

(1) The curves of A = f ( 8 )  are equilateral hyperbolffi.
(2) The curves of A = / ( 0 ) are s tra ig h t lines th e  slopes of which 

are a function of th e  specific h ea t of the  liquid m etal and the  ordinates 
of which a t  the origin should depend on the  la te n t h ea t of solidification.

I f  now we com pare th e  curves of A =  / ( 0 ) obtained experim entally  
witli the  lines given by the  expression (a) for the  different m etals which 
have been studied  we see t h a t :

(1) The classification of the  ordinates a t  th e  origin agree in  both 
cases showing th a t  th e  factor (3 varies little  from  one m etal to  the 
o ther, and  th a t  the  viscosity does n o t appear to  haye any  effect.

(2) On the  o ther hand, th e  slopes of the  lines obtained experim ent- 
ally canno t be arranged in the  same order as th a t  of the  products



... c —  • th is  indicatcs th a t  th o  factor p varies from  m etal to m etal and
11 — 8
is a function of tlie viscosity.

Castability o f B inary Alloys.
Among tlie factors which can  influence th e  castab ility  of alloys 

two are of particu lar im portance, nam ely :—
(1 ) The process of solidification (solidification rangę).
(2) The crystallization (faces and  speed of crystallization).
As we have already said, the  m etal crystallizes during its  travel 

along tlie spiral m ould, and  we can therefore forecast th a t  the  solidifica
tion  rangę will have an effect on th e  castab ility ; fu rther, we can dis- 
tinguish tliree stages in  th is  rangę from  the po in t of view of th e  con- 
tin u ity  or the  dispersion of the  phases , 6 n a m e ly :—

(1) The crystals of the solid phase are n o t y e t sufficiently developed 
to  m ake con tac t w ith  one another and, therefore, swim in the liquid; 
th e  liquid phase is continuous and  the  solid phase discontinuous, 
hence the  two phases are susceptible to  d isplaeem ent;

(2) The crystals of th e  solid phase are sufficiently developed to 
m ake con tac t w ith  one another, and  are thus im m obilized to  a felted 
m ass th rough which th e  liquid can circulate; bo th  liquid and  solid 
phases are continuous, b u t only tlie form er is susceptible to  relative 
displaeem ent;

(3) The developm ent of the crystals of the  solid phase is such th a t  
they  form  partitions immobilizing the liąu id ; the  solid phase is con
tinuous and the  liquid phase discontinuous, hence 110 relative dis- 
placem ent and  no im portan t segregation are possible.

The relative im portance of these th ree stages depends n o t only on 
the solidification diagram  and the com position of the  alloy, b u t also 
on the ra te  of crystallization and  on the  crysta l form . Thus i t  is 
obvious th a t  the  mode of crystallization will have an  effect on the  
castability , and  th a t  alloys in  the  neighbourliood of th e  euteetic will 
show a characteristic behaviour, sińce, in  the ir case, the first stage is 
relatively m uch th e  m ost im portan t.

F rom  the  results of tests  we have m adę on b inary  alloys of anti- 
m ony w ith  lead, cadm ium , and  tin  we have deduced the  following 
la w s :—

W ith a constan t degree of overheating, 0  — F,
(a) The castability  yaries inversely w ith  the  solidification rangę, 

reaching a  relative m axim um  when the  m elting is eongruent (pure 
m etals, eutectics, and alloys of a com position corresponding w ith a  
m axim um  on the  liquidus line) and  a m inim um  for sa tu ra ted  solid
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solutions. Tlie castab ility  of an tim ony-lead  alloys (Fig. 2), which 
form a simple eutcctiferous system  w ith a lim itcd solid solubility a t

0 10 20 30 40 50 60 70
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Pio. 2.—Castability of Antimony-Lead Alloys.

CAOM/UM. WEIGHT PER CENT
Fia. 3.—Castability of Antimony-Cadmium Alloys.

both ends, shows clearly the  varia tion  of A inverscly w ith the solidifica- 
tio n  rangę.
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(p) The castability  depends on the  shape of tlie crystals formed 
and  is relatively m uch greater when the prim ary  crystals have convex 
faces (deiinite compounds) th a n  when th ey  separate in  dendrites (solid 
solutions in  the  neighbourhood of pure m etals). Thus th e  extrem ely 
sharp m axim um  of A for the  definite com pound SbCd (Fig. 3) shows 
the couibined effect of the  two factors m entioned a b o v e : solidifica- 
tion  rangę and mode of crystallization.

I t  should be noted th a t  the  effect of the crysta l shape is connected 
w ith th a t  of th e  solidification stages m entioned ab o v e; thus, a convex 
shape prolongs th e  first stage, and, for alloys near th e  eutectic com- 
position, the  pro-eutectic crystals are less num erous and  do n o t form  
partitions which immobilize the  liquid. The la tte r  fac t explains the 
sharp  inerease in  castability  a t  the eutectic composition.

Application o f iliese llules to Cast Iron.

W e have found a  rem arkable and  very  interesting application of 
the  laws of castability  in  th e  results recently  published by Berger 7 on 
a  study  of th e  castab ility  of ca st iron carried o u t a t  Liege U niversity  
under the direction of Professors Thyssen and  P erin . From  casting 
experim ents on iron-carbon alloys w ith 2-4-5 per cent. of carbon a t  
tem peratures from  50° to  300° C. above the m elting p o in t Berger has 
arrived a t  the following conclusions ;—

(1) F or a constan t casting tem perature the  castab ility  rises w ith 
the  carbon con ten t up  to  the  eutectic po in t (4-3 per cent. carbon) then  
commences to  decrease.

(2) In  hypoeutectic alloys there is a sharp  inerease in  castability  
a t  4 per cent. carbon.

(3) W ith  decreasing casting tem perature th e  characteristic shape of 
the curves rem ains unchanged, b u t the  castab ility  decreases in  all 
cases.

(4) The m axim um  in the  castab ility  curve a t  the  eutectic compo- 
sition is the  m ore pronounced the  higher is the casting tem perature.

These conclusions provide a  strik ing  exam ple and a com plete eon- 
firm ation of the rules and laws which we have enunciated above, so 
m uch so th a t  thcy  could have been predicted in  advance from  the 
application of these rules. H ere the effect of solidification rangę, of 
overheating, and of eutectic composition is clearly v isib le; as regards 
th e  rapid  inerease of the  castability  above 4 per cent. carbon, th is is 
due to  the  transition  to  alloys in  which the  pro-eutectic period of 
solidification is entirely  in  th e  first stage, i.e. th e  prim ary  crystals are 
n o t contiguous, and  i t  is quite unnecessary to  esp lain  th is  fact on the 
basis of the in tervention  of viscosity as Berger does.
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I I .— Ca s t a b il it y  o f  T e r n a r y  A l l o y s .

The interesting resułts obtained w ith  b inary  alloys have incited 
us to  s tudy  the  variation  of tho castab ility  of te rn a ry  alloys, and 
especially to  determ inc the effect of successive crystallization intervals 
and the ir relative im portanee.

F or these te sts  we liave again m ade use of the  cast-iron mould 
w ith a horizontal piane spiral w hich we used in  th e  study  of the  cast
ability  of pure m etals and b inary  alloys.

As a simple te rn a ry  system  composed of m etals w ith a Iow m elting 
p o in t and  w ith  little  tendency to  oxidize, we liave taken  the  le ad -tin -  
bism uth system , th e  crystalliza
tion surfaces of which have been 
studied by  C k a rp y 8 and  by 
S hepherd0; th ey  consist of three 
liąuidus surfaces falling from 
the pure m etals to  th e  eutectic 
point a t  32 per cent. lead, 15-5 
per cent. tin , and  52-5 per cent. 
bism uth and  96° C. (Fig. 4 ).
F u rth er, in  th e  neighbourhood 
of the  pure m etals there are 
regions of te rn a ry  solid solutions 
the ex ten t of which are still 
poorly defined.

All th e  experim ents were

Pio. 4.—Eąuilibrium Diagram of tlie 
Tin-Lead-Bismuth System.

made, as in  th e  case of th e  b inary  system s previously studied, w ith 
constant overheating of th e  m etal, 0  — F  =  100° C.

Binary Systems o f T in -B ism ulh , B ism uth -lead , and L ead-T in .
These b inary  system s consist of solid solutions of the  m etals taken  

in pairs and  of m ixtures of these; experim ents on these alloys have 
shown th a t  th e ir  castability  follows th e  laws which we have previously 
defined, nam ely the  castability  is a t  a  m inim um  for th e  sa tu ra ted  solid 
solutions and  a t  a m axim um  for the  alloy w hich m elts congruently 
(i.e. th e  eutectic).

Ternary System  Tinr-Lead-Bismutli.

^  e have explored th e  triangu lar region representing the composi- 
tion  of the tin -lead -b ism u th  alloys w ith  the  aid of sections norm al to  
the piane of concentration  of th e  following th ree types :—

(1) A transverse rectilinear section, such as I i \ E '2 passing through 
the  tw o b inary  eutectics E x and E 2 (see Figs. 4  and  5).
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(2) A rectilinear section sucli as M 'N '  parallel to  the  vertical piane 
passing th rough the b inary  eutectics E 2 and E s.

(3) Tłiree curvilinear sections, E \E ',  E ’ZE ', an d  E '3E ', passing 
through the b inary  eutectic lines of the  system  (Figs. 4 and  6 ).

F rom  our experim ents we liave reached th e  following conclusions :—
(A) The castab ility  of the  te rn a ry  eutectic alloy is an absolute 

m axim um , and  is m uch g rea ter th a n  th a t  of any  of th e  b inary  eutectics

F ig . 5.—Castability of Alloys along F ig . 6.—Castability of Alloys Along 
the Section E2E1 of Fig. 4 (Similar tho Binary Eutectic Lino E2E.
Yariation along the Section MN).

in  the system . The values obtained for the four eutectics were as 
fo llow s:—

Asn-Bi =  36 c m . ; ABi_Pb =  30 c m . ; APb_sn =  26 c m . ; APt)_B1_Sn =  55 cm .
The influence of the crystallization stages already m entioned in  

connection w ith b inary  alloys is th u s  applicable to  explain th e  sharp 
peak  on the castab ility  surface corresponding w ith  the  te rn a ry  eutectic.

(B) The castab ility  of te rn a ry  alloys varies inversely w ith th e  
prim ary  solidification rangę, the  effect of which is of param ount im- 
portance ; the  secondary solidification rangę sim ply acts in  th e  n a tu rę  
of a corrective. F rom  th is i t  follows th a t  : ~

(1) The b inary  eutectic lines E J i ,  E 2E , E 3E , characterized by  the
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eąuilibrium  of two kinds of crystals in the  prescnce of liąuid (prim ary 
solidification rangę nil) correspond w itli th e  lines of th e  crests in  the 
castability  surface. The castability  along these crests varies inyerscly 
w ith the  secondary solidification rangę (Fig. 6 ). Especially noticeable 
is the minimum of castab ility  for the alloy situated  a t  th e  junction  of 
the two- and three-phase fields; th is  m inim um  corresponds well w ith 
a maxim um  in the secondary crystallization rangę.

(2) The lines bE, cE, hE, of intersection of the surfaces governed by 
the secondary crystallization correspond w ith the yalleys in  th e  te rn a ry  
castability  surface. This is easily explained if i t  is assum ed th a t  the

Fiu. 7.—Castability Surface of Alloys in tho Ternary System Tin-Load-Bismuth.

prim ary crystallization rangę is a m axim um  for alloys which separate 
along the lines b'E ', e'E ', h 'E ‘. The intersection of one of these valleys 
of the te rn a ry  castab ility  surface is shown clearly on the  section E { E ^  
(Fig. 5), where it  corresponds w ith  a m inim um  of A and  w ith  the  
m aximum of the  p rim ary  crystallization rangę shaded. The section 
M 'N ' gives a  sim ilar result.

(3) F inally, for equal solidification ranges alloys in  w hich the 
prim ary crystals are bism uth  w ith  polyliedral faces have a  greater 
castability  th a n  those in  which the  p rim ary  crysta ls are lead or tin  
dendrites. This fac t confirms absolutely the  efiect we have already 
noted in  the case of b inary  alloys of the  shape of the  prim ary  crystals.

'Ihe laws enunciated  above are in  perfeet harm ony w ith  those 
established for b inary  alloys; they  are sim ply com plicated by  the  
presence of two solidification ranges.
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Fig. 7 is a photograph of a w ax model reprcscnting th e  castab ility  
surface of tin -lead -b ism u th  alloys showing the  results described above, 
partieu larly  th e  sharp  peak corresponding w ith  th e  te rn a ry  eutectic 
and the  crests corresponding w ith  th e  b inary  eutectic curves.

An application of these casting laws is found in  the w ork of Berger 
on the  castab ility  of phosphoric cast iron, the  results of w hich have 
ju s t been com m unicated to  us by  Professor Thyssen. The au thor 
reaches th e  following conclusions :—

“ F o r a constan t casting tem peratu re and  constan t carbon conten t 
the  castab ility  increases w ith the  phospliorus con ten t up to  th e  eutectic 
com position based on the  carbon content. W ith a  fu rther increase 
in the phospliorus con ten t th e  castability  decreases rapidly a t  first and 
then  rem ains fairly constant. In  the  hypoeutectic region the  increase 
in castability  is the more m arked the  nearer the com position approaches 
th a t  of the eutectic .”

These conclusions are in  perfect agrccm ent w ith  the  laws we have 
enunciatcd. F u rth e r, on th e  curve of castability  of phosphoric cast 
iron there is a sim ilar m inim um  along th e  b inary  eutectic line, as we 
have indicated  above.

I I I .— T h e  C a s t a b il it y  M e t h o d  o f  S t o d y i n g  A l l o y s .

The castab ility  te s t can be applied in a  p ractical sense in the  study  
and contro l of foundry practice, as well as in  a theore tical sense in  the 
confirm ation of solidification diagram s.

I  — Practical Use in  the Siudy and Control o f Foundry Conditions.
W e sum m arize below the  value of th e  castab ility  te s t in  the  foundry, 

referring the  reader to  our previous publications 10 for fuller details.
(а) I t  provides a m ethod for choosing alloys w ith good casting 

properties and  w ith  a large m argin of safety  in  casting ; the  la tte r  is 
defined as th a t  tem perature rangę th e  lower lim it of which is controlled 
by  the  castab ility  and  th e  upper lim it of which depends on the 
m echanical properties of the  m etal, the  o ther plienom ena and  faults 
of founding (piping, shrinkage, cracking, &c.), th e  reactions of th e  
m olten m etal on th e  m ould, an d  the  chem ical changes in  the  m etal.

(б ) I t  provides a m ethod for controlling the casting tem perature 
for a  given casting , having th e  advantage of ad justing  the  tem perature 
by  the sam e p roperty  w hich comes into play in  founding, thus elim inat- 
ing the unknow n function  A = / ( 0 ) .

(c) I t  provides a m ethod for preventing im pairm ent of the  ąuality  
of the  m etal, especially in  the  case of ligh t and  u ltra-ligh t alloys . 11
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(d) I t  provides a m eans of ehoosing m ix tures for moulds and  a 
m ethod of selecting m ould tem peratures, especially for th e  s tudy  of 
th e  effect of factors which affect th e  cooling by  m odifying tbe  therm al 
properties (co n d u c tm ty , h ea t of vaporization or of decom position of 
substances incorporated  in  th e  moulds).

W e have already given exam ples of these in  th e  casting of mag-
nesium . 11

Speaking generally, i t  is thus possible by  th e  castab ih ty  m ethod 
to  study  and  control one factor in foundry practice while keeping the 
other factors constant.

I I .— Application o f Castability in  Determining Solidification 
Diagrams.

B y reference to th e  castab ility  diagram s given in  th is  paper i t  will 
be obvious th a t  th is m ethod provides a convenient w ay of determ ining 
th e  position of eutectics or of sa tu ra ted  solid solutions.

H ere is a strik ing  ex am p le : W hen we determ ined th e  castability  
of an tim ony-lead  alloys we used tho  equilibrium  diagram  of Dean, 
Iludson , and Fogler , 12 which sliows only a  lead-rich solid solution. 
The tes ts  having shown a sharp  fali in castab ility  a t  the  an tim ony end 
with alloys containing ab o u t 1 0  per cent. lead and a large change in  
the slope of the  castability  eurve sta rting  a t  th e  1 0  per cent. lead alloy, 
we concluded th a t  in  all p robability  there existed a  solid solution of 
lead in an tim ony containing a  m axim um  of ab o u t 1 0  per cent. lead. 
On looking tlirongh m ore recent w ork on the  equilibrium  diagram , we 
found th a t  Broniewski and S liw ow ski13 have shown th a t  the  le ad - 
an tim ony system  comprises two solid solutions and two m ixtures, the  
lim it of solid solubility of lead in  antim ony being 1 1  per cent. a t  the
eutectic tem perature.

F rom  th e  results of castab ility  tests  on the  te rn a ry  lead -tin -b ism u th  
system  we have been able to  m ake several corrections in  th e  solid 
solution ranges, th e  ex ten ts of w hich have so far been m dicated  only 
in outline . 9 Thus in  th e  curvilinear sections E \E ',  E \ E ' ,  E '3E ’ the 
transition  from  a tw o-phasc to  a three-phase field is m arked by  a 
well-defined m inim um  of castability . Similarly, in  th e  vertical sec
tions, such as E \ E ' 2 and M 'N ',  th e  points where these planes c u t the  
lines bE, eE, hE, of intersection of surfaces controlled by  the secondary 
crystallization correspond w ith m inim a in  the  castab ility  curve.

As a result of all our w ork on the  castab ility  of b inary  and  te rnary  
alloys, i t  seems to  us th a t  the  determ ination  of th is  com plex property  
provides a new m ethod of finding th e  eutectic com position in  an alloy 
system  and  of delim iting th e  solid solution ranges.
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D IS C U S S IO N .
P k o f e s s o r  Dr. A. v o n  Z e e r l e d e r  * (Mernber): This paper describcs a very 

interesting scientific application of Professor Portevin’s method of determining 
the castability and fluidity bf aluminium and its alloys based on more scientific 
inyestigations. The experiments show a very interesting parałlelism between 
the eąuilibrium diagram and the length of the cast spirals; the castability 
test also gives results of interest to the practical fotmdry man. Since the 
method was first published in 1931, the foundry laboratory of the Aluininium- 
Industrie A.-G. bas adopted it for studying the castability of aluminium alloys. 
When the test conditions are identieal, i.e. having exactly the same metal 
and mould temperatures, the results obtained with the same alloy differ only 
by 5-10 per cent. from each other, so th a t an average of three tests giyes very 
preeise results. Modification in carrying out the test showed th a t the in- 
structions must be followed exaetly as they are given in a paper by Andrć 
Courty .f

Figs. A (Platę I) and B show the different parts of the cast-iron mould to bo 
used. A  is the crucible, in which the metal is cast. As this erucible must bo 
kept filled up level with the top during the casting of the spiral, a certain amount 
of metal flows through the overflow pipę Z) in a second crucible E  or in an ingot 
mould. The bottom of the crucible A  is proyided with a smali iron pipę B  
of |  in. diameter, which is closed on both sides by a thin lead peg L. Before 
pouring the metal into the erucible A , the pipę B  is coycred by a smali graphite 
crucible H  which is turned upside down to protect the lead stopper against 
direct contact with the metal being poured into the crucible. As the crucible 
is filled with metal, the graphite fioats on the surface, the lead stopper melts 
and the metal runs into the mould G, first filling the big, central part J  of the 
mould and finally running into the spiral K. In  this way, all the lead is 
collectcd en the bottom of the central part J  and does not influence the spiral.

Fig. C (Platę II) shows the influence of different metals of different fluidity 
on the length of the spiral, 1 being pure aluminium, 2 Anticorodal with 2 
per cent. Silicon, 0-4 per cent. iron, 0'7 per cent. manganese, and 0'6 per cent. 
magnesium, 3 being the same alloy with 5 per cent. Silicon instead of 2 per cent-.,

* Chief Engineer, Alumiiuum-Industrie A.G., Neuhausen, Switzerland.
f “ Contribution ii PEtude de la Coulabilite” (Rev. MU., 1931, 28, 169-1S2, 

194-208).
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F ig . E .—Influence of the Metal and Mould Temperatures on Mechanical 
Properties and Yiscosity. (Antieorodal A.)
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and ■l  showing the woll-known Alpax with 13 per cent. Silicon. Tho lengths of 
tlie four spirals are 400, 310, 410, 730 mm. respectively. The metal tem
perature was 6S0° C. and the mould temperature 300° C.

Fig. D (Platę III) illustrates the influence of mould and metal temperatures 
on Anticorodal containing 5 per cent. Silicon with a metal temperaturo of 
700° and 750° C. and a moukl temperature of 20°, 250°, 350°, and 450° 0. 
The same figurę also shows the influence of the mould temperature on the grain- 
size of test-bars cast under the same conditions. I t  is a  well-known fact that 
higher mould temperatures inerease the grain-size and decrease the tensile 
strength of most aluminium alloys. This effect is illustrated by Fig. E, which 
shows th a t up to 300° C. the mould temperature does not reduce the 
tensile strength and elongation of Anticorodal, but the inerease of the mould 
temperature from 200° to 300° C. gives a very appreeiablc improvement of 
the castability, inereasing the length of spiral for Anticorodal with 
5 per cent. Silicon a t 700° C. metal temperature from 360 to 410 mm. and for 
a  casting temperature of 750° C. from 600 to 750 mm. At the same time, 
however, tho inerease of m etal temperaturo reduces the tensile strength by
2 kg. from 28 to 26. This investigation shows th a t the best casting con
ditions for Anticorodal are a t a mould temperature of 300° C. with a metal 
temperature between 700° and 750° C.

C O R R E S P O N D E N C E .

T h e  A utiioks  {in reply) : AVe thank Dr. von Zeerleder for his vcry inter- 
esting eontribution to the use of the castability test in tho fabrieation of 
aluminium and aluminium alloy eastings. The automatic valve represented 
by the smali inverted erueible appears to us to play a more important part 
than the lead pług in giving regular results, sińce in our experiments, although 
we started with a lead pług, we later abandoned its use. From tho results 
given in Fig. C the effect of the eutectic alloy can readily be seen, which 
confirms tho laws we have enunciated. The castability, as a fundamenta! 
property in the founding of metals, should always bo considered together 
with the other properties of importance in foundry work * in order to deduee 
the best thermal conditions (casting temperaturo and mould temperature); 
it is just as important to examino tho effect of these conditions on the 
mechanical properties, the structurc (grain-size), the ehemieal homogeneity 
(micro-segregation) and the soundness (miero-cavities and blowholes). Con- 
sideration of the castability alone leads to the raising of the casting tem
peraturo and tho mould temperature, but the other factors mentioned above 
militato against too high an inerease in either temperature. This is elearly 
shown by the example given by Dr. von Zeerleder which indicates th a t these 
temperatures are limited solely by tho mechanical properties.

* A. Portevin, “ Metallography and the Foundry,” Buli. Assoc. Tech. Fond., 
1932, 6, 19.
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MINIMUM DIM ENSIONS OF TEST-SAM PLES 
FO R  B R IN E L L  AND DIAMOND PYRA M ID 
H A RD N ESS TESTS.*

By G. A. HANKINS.t D.Sc.(Eng.), A.R.C.S., and C. W. ALDOUS.t 
B.Sc.(Eng.), A.C.G.I.

Synopsis.

Tho investigation was carried out to dotermino tho effect of varia- 
tious in tho dimcnsions of test samples on tho rosults of Brinell and dia- • 
mond pyramid hardness tests, and to onablo minimum dimensions of test 
samples to ho suggested. Tho work, which is of particuiar importanco 
in regard to Brinell tests on bars and thin plates, and in rogard to both 
Brinell and diamond pyramid hardness tests on metal sheet and strip 
materials, coraprises an oxperimental examination of (a) effect of width 
of spoeimen on Brinoll hardness test rosults; (6) effect of thicknoss of 
spccimon on Brinoll hardness test results; (c) effect of thickness of speei- 
men on diamond pyramid hardness test results. Tho metals invcstigatcd 
include copper, brass, aluminium, and steel.

It is concludcd that a width of tost-specimon of 4ł timos the diameter 
of tho impression is satisfactory for accurato Brinell tests on all tho 
materials examinod. In regard to tho thickness of samples for Brinell 
tests, the limiting value of tho ratio of thickness of test sample to depth 
of impression for accurato results appears to bo a characteristie of tho 
test materiał; a valuo of tho ratio of 6 is requircd for mild steel, about 
15 for coppcr, and moro than 20 for spring stool. In carrying out 
diamond pyramid hardness tests on thin samples, a limiting value of the 
ratio of tcst-sample thickness to impression diagonal of l i  gives results 
which aro practically independent of test-samplo thickness for the 
majority of sheet metals, with tho oxception of soft copper and soft 
brass.

I ntroduction .

B r i n e l l  and  diam ond pyram id hardness te s ts  are widely used in  the  
testing  and inspeetion of nearly  all ferrous and non-ferrous engineering 
m aterials, and these are now th e  s tandard  hardness tests  in  use in 
G reat B rita in . Their value is fully reeognized and need n o t be dis-
cussed here, b u t experience has shown th a t  th e  results obtained in
such tests m ay be dependent, in  lim iting cases, on the  sizes of the  te st 
impressions relative to  th e  dim ensions of the particu iar samples of 
m etal on which the  tests  are m ade. Tlius, if o rdinary  Brinell hardness

* Manuscript reccired Oetober 7, 1033. Presented at thc Annual General 
Meeting, London, March 7, 1934.

t  Senior Scientific Officer, Engineering Departmont, National Physical
Laboratory.

i  Junior Scientific Officer, Engineering Department, National Physical
Laboratory.



tests  be m ade on the  sidc of a m ild steel b a r of say § in. x  |  in. square 
section, using a  load of 3000 kg. and a 10-mm. diam eter bali, tbc 
impressions will be larger th a n  those obtained in  sim ilar tests on a 
b ar of th e  same m ateria ł of say 1 in. X 1 in . scpiare section; sim ilarly, 
if diam ond pyram id  hardness te s ts  w ith  a load of 30 kg. be m ade on 
a copper sheet 0 - 0 1  in. th ick , th e  impressions will n o t be the  sam e size 
as those obtained w ith  th e  sam e te s t on a sheet of sim ilar m ateria ł 0 - 2  in. 
thick. This behaviour is well known in nonnal testing  practice, and 
certain  m inim um  reąu irem ents for dim ensions of test-pieces are indicated  
in  the  B ritish  S tandard  Specifications for Brinell and diam ond pyram id 
hardness tests. These reąuirem ents, however, appear to  be based on 
very  lim ited te s t da ta , and esperience of hardness testing  a t  the 
N ational Physical L aborato ry  has shown th a t  th e  s tandard  reąuire
m ents, w hilst sa tisfactory  in  some cases, do n o t necessarily apply  to  
all cases. The present investigation has accordingly been carried out 
to  determ ine, for a  num ber of m aterials, the  efiect of varia tions of test- 
piece dimensions on th e  results of Brinell and  diam ond pyram id  hardness 
tests. The w ork has been carried ou t in  the  Engineering D epartm ent 
of th e  L aborato ry  as p a r t of the generał research program m e authorized 
by the  Exeeutive Com mittee.

The experim ental investigation comprises th ree  sections :
(1) Effect of w idth of specimen on Brinell hardness te s t re su lts ;
(2) Effect of thickness of specimen on Brinell hardness te s t

re su lts ;
(3) E ffect of thickness of specim en on diam ond pyram id h a rd 

ness te s t results.

The study  of these effects does no t, of course, cover th e  whole rangę 
of possible varia tions in  test-piece dim ensions, b u t these varia tions are 
the m ost im portan t which m ay arise in  norm al com mercial and laboratory  
te s t work.

I . — E f f e c t  o f  W i d t i i  o f  S p e c i m e n  o n  B r i n e l l  H a r d n e s s  T e s t

R e s u l t s .

In  order to  study  th e  effect of w idth of test-specim en on Brinell 
hardness te s t results, test-bars were prepared which were uniform  in 
thickness, b u t tapered  uniform ly in  w idth  along the length of the  bar. 
S tandard  Brinell hardness tes ts  were m ade along the  centre lines of the  
bars, th e  impressions being sufficiently far a p a rt n o t to  affect each other. 
In  th is w ay i t  was possible to  carry  o u t sim ilar tests  on a uniform  bar 
under conditions in  which the  w idth of th e  b ar was the  only variable. 
Tests of th is  type, carefully m ade in  accordance w ith  th e  recommenda- 
tions given in  B ritish  S tandard  Speeification No. 240, 1926, were

60 Hankins and Aldous : Dimensions of Test-Samples



carried o u t on Lars of soft copper, liard copper, m ild steel, and  spring 
steel. E ach  im pression was m easured in  two directions a t  rig lit angles 
(along and  across tlie lengtli of th e  bar), th e  readings being correct to  
abou t ±  0-001 m m . The 
results obtained on th e  e 
softest and hardest m a- ^  
terials aro shown in F ig. 1 , 
from  which i t  can be scen I  
th a t  the  apparen t Brinell g 
hardness num bers are in- g 
dependent of the  w idth of |  
th e  test-piece a t  the  higher § 
values of th e  w idth , b u t 
decrease rap id ly  w ith de- 
creasing w idth  a t  th e  lower 
w idth values. E ig h t series |  
of tests  sim ilar to  those <t 
recorded in  Fig. 1 were m 
carried out, b u t as the  5 
type  of resu lt obtained % 
was m ore or less th e  same 5  

in  all cases, detailed results §: 
are n o t g iv en ; th e  m aterials § 
investigated, however, are 
indicated in  Table I. I t  
should be noted th a t  a t  F ig . 1.—Minimum Dimensions of Brinell Test- 
least tw o test-bars were Piecea. Variation of Impression Diameter with 

. , r , Width of Test-Piece.
required for each series of
te sts  in  order to  ob ta in  a fa ir varia tion  in  width., and  th a t  all the 
test-bars were specially selected for the ir high degree of uniform ity.

for Brinell and Diamond Pyr amid Hardness Tests 61

T a b le  I .— Effect o f W idth o f Specimcn. Materials Invesligałed.

M ateriał.
Correct
Brinell

H ardness
N um bcr.

L oad Used 
in  T est 

Series, kg.

Bali 
D iam eter 

Used in  T est 
Series, mm.

Soft copper (commercially pure) 51 500 10
Rolled copper 95 500 10

95 125 5
Mild steel 110 3000 10
Silico manganese spring steel (as rolled) 275 3000 10
0*1 »» » oilico manganese spring stcel (hardened and

275 750 5

tempered) . 327 3000 10
” »» »» tr it 408 3000 10

-  4 1 5 -----------

L o

.

y f *  ! X

<5:

-H 3 6 3 -------
£

§

1 SI LI CO 'MANGANESE SPRING STEEL 
HARDENED 

— ■ 10 m m  BALL —  
o DIRECTI0N 0F ROLLING 
x  ACROSS DIRECTI0N 0FR0LLING

5  JCC j
5  /
<c /

0 0-3 0-6 0 9 12



Hankins and Aldoiis : Dimensions of Test-Samples

cc
L U

CL
CL
O
O
ł—Li_
O
CO
LLl
CC

CC
UJ
CL
CL
O
O
o
UJ

occ

O uo — r-
CN

: o j  
_j lu
UJ ł— 
U  ^  
H O
Q — 
_J CC 
— CL
S  00

h-
(NI
00

U J

UJ

co
o

cc
CL
CO

COO

UJ
LU
I-
10

O
z:
5
CL
CO

Q

--4 Co 
^  kj

( V  CC

-5 5

U313M VI a  A I0ISS3 U d W l 1 V W U 0 N  OJ. 
tJ 3 J .3 W V /a  N O /S S B U d lM !JO  O U W

R
A

T
I0

 
0F

 
TE

ST
 

W
ID

T
H

 
TO

 
N

O
R

M
A

L
 

IM
P

R
E

S
S

IO
N

 
D

IA
M

E
T

E
R

 

I-I
G.

 2
. 

M
ini

mu
m 

D
im

en
sio

ns
 

of 
Br

in
el

l 
Te

st-
Pi

eo
es

. 
Ya

ria
tio

n 
of 

Im
pr

os
sio

n 
D

ia
m

et
er

 
wi

th 
W

id
lli

 o
f 

Te
st

-P
ie

ce
.



for Brinell and Diamond Pyr amid Hardness Tests 63

In  order to  a fiord a  generał com parison of the  results, tlie m ean 
curves obtained in  diagram s sim ilar to  Fig. 1 can be p lo tted  on a non- 
dimensional basis as shown in Fig. 2, in  which “ ratio  of im pression 
diam eter to  norm al im pression diam eter ” is p lo tted  aga inst “ ratio  of 
test w idth to  norm al im pression d iam eter,” tb e  “ norm al impression 
d ia m e te r” in  these ratios being th e  diam eter of im pression eorre- 
sponding w ith  th e  fiat p a rts  of the  curves of the  detailed results. P lo tting  
the curves in  th is  w ay allows all the  te s t series to  be com pared 
on the  one d iagram ; i t  should be realized th a t  each curve of Fig. 2 
represents the  results obtained from  20 to  30 individual tests . The 
results of th e  tests on rolled copper and spring steel, using the  5-mm. 
diam eter bali, were praetically  coincident w ith  those using th e  1 0 -mm. 
diam eter bali and  are n o t shown separately. I t  can be seen from  Fig. 2 
th a t  the  form  and position of each curve are largely independent of the 
natu rę  of th e  actual m ateria ł; thus, if th e  te s t w idth is greater than  
abou t 4-£ tim es th e  d iam eter of th e  te s t im pression, the  resu lt obtained 
is n o t affected by the  w idth  of the  specim en; when, however, th e  te st 
w idth is ab o u t 2 £ tim es the  diam eter of th e  te s t im pression, the  diam eter 
obtained in  a te s t is of th e  order of 5 per cent. g rea ter th a n  th e  correct 
diam eter.

The relevant clause from  B ritish  S tandard  Specification No. 240, 
1926, dealing w ith  te s t w idth is as follows : “ The centre of the  im pres
sion shall be n o t less th a n  two an d  a half tim es the  diam eter of the  
impression from  any  edge of the te s t specim en.” The present tests  
show th a t  th is requirem ent is sa tisfactory  for all th e  m aterials 
investigated.

I I .— E f f e c t  o f  T h ickness o f  Specimen  on B r in e l l  H a rd n ess T e st
R esults.

In  order to  exam ine experim entally th e  effect of thickness of te s t 
specimen on Brinell hardness te s t results, test-bars were prepared 
which were uniform  in w idth, b u t tapered  uniform ly in  thiekness. 
S tandard  Brinell hardness tests were m ade along the  centre line of each 
bar, and  in  th is w ay i t  was possible to  carry  o u t sim ilar tests  on a 
uniform b ar under conditions in  which th e  thiekness of the  te st-b ar was 
the only variable involved. Series of tests  of th is natu rę  were carried 
o u t on each of the  m aterials listed in  Table I I .

Before discussing th e  results in  detail, i t  is useful to  consider the 
q uan tita tive  p a r t of the  relevant clause in  B ritish S tandards Specifica- 
tion No. 240, 1926, in  regard to  thiekness of test-specim en; i t  States 
t h a t : “  The thiekness of th e  te s t specimen shall be a t  least seven tim es
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T a b l e  I I . — EJfect o f Thichness (Brinell Tests). Materials Inve$tigated.

Materiał.
Brinell

Hardness
Number.

Load Used 
in Test 

Serios, kg.

Bali
Diameter 

Used in Test 
Series, mm.

Detailed 
Itesults 

SSiown in 
Fig. N o.:

Anncaled copper . 43 500 10 3
tt >» • * • 45 125 5 3

Soft coppor (comniorcially
pure) . . . . a b o u t 49 500 10 3

Rolled copper 95 500 10 4
Mild steel . . . . 116 3000 10 5
Silieo-manganese spring steel

(as rolled) 275 3000 10 5
łł ii it if 275 750 5 6

Silieo-manganeso spring steel
(hardened and tempered) . 327 750 5 6
)> » i* rt 411 750 5 G

SO FT C O P P E R ,A N N E A L E D  R O U E D  B A R

~ T

Ot 0-2
T E $ T  T H IC K N E S S JN C H

PURE SOFT COPPER.TEST-PIECES PKS 2 AND 3 
io m m  b a l i

3-55 -4S 9S,

FKS 3 *  f4 \ I

...... * | T  i *  i

tlie form uła t

01 0-2 
TE S T  T H /C K N E S S .IN C H

F ig . 3.—Minimum Dimensions of Brinoll Test- 
Pieoes. Variation of Impression Diameter with 
Tliickness of Test-Piece. Hardnoss of Baeking, 
950.

th e  depth (<) of the  te s t 
im pression as given by 

P  
■kD H

wlicre

t =  D epth  of im pres
sion,

P  =  L oad used in  te s t 

(kg-).
D  =  D iam eter of bali 

used in  te s t 
(mm.),

H  =  Brinell hardness 
num ber.”

I t  will be no ted  th a t  a 
constan t value of the ratio  
of size of im pression to  
thickness of m ateria ł is 
speeified for all m a te ria ls ; 
so fa r as th e  au thors are 
aw are, the  only prcvions 
detailed investigation of 
th e  m a tte r was th a t  
carried ou t b y  Moore *

* H. Moore, Proc. Internat. Assoc. Test. Mai., 1909, No. 9.
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and the value of the ratio , viz. 7, appoars to  be taken  from  his 
tests.

Detailed Consideration o f Thickness Results (Brinell Tests).

(a) Annealed and Soft Copper.— Tlie detailed results of tho tests  on 
annealed copper aro shown in K g . 3. I t  will be no tcd  th a t  beyond a 
particu lar lim it, th e  apparen t Brinell hardness num ber increases as 
tho m ateriał diminishes in  thickness; th is  is clearly shown in  the  tests 
w ith bo tk  the  5-mrn. and 
10-mm. diam eter bali. As 
would be expected, th e  
results of the  tests  w ith 
balls of the  two difierent 
diam eters are in  fair agree- 
m en t as to  the  relative 
thickness a t  which the 
apparen t hardness begins 
to  inerease; thus, the  m ean 
curve begins to  rise a t  a 
te s t thickness of ab o u t 0 - 1 2  

in . for the  te sts  w ith  the  
5-mm. bali an d  a t  a th ick 
ness of ab o u t 0 - 2 2  in . for 
those w ith  the  1 0 -mm. b a li; 
on the basis of geom etrical 
sim ilarity th e  value for th e  
1 0 -mm. bali should be twice 
th a t  for the  5-mm. bali, 
and accordingly the  results
of the two sets of tests  are Fig. 4 .—Minimum Dimensions of Brinoll Test- 
in  fair agreem ent. The Pieces. Variation of Improssion Diameter

„r „ with Thickness of Tesfc-Pieco. Hardness .ofresults of th e  tests on Backing) 950.
the  pure soft copper,
shown in Fig. 3, are sim ilar to  those 011 th e  annealed copper bars. 
Two separate bars were used which differed slightly in  average 
hardness, b u t tak ing  the two sets of results together, i t  can be seen 
th a t  below a thickness of abou t 0 - 2 2  in. th e  apparen t hardness num ber 
increases w ith  dim inishing te s t thickness in  the sam e way as for the 
annealed copper. W hen the results are expressed in  term s of the  ratio  
of te s t thickness to  dep th  of im pression as in the  S tandard  Specification, 
i t  appears th a t  the ra tio  should be ab o u t 15 for results independent of 
thickness to  be obtained. W ith  a  te s t thickness of 7 tim es th e  depth  

VOL. LIV. E

HAR0R0LIED COPPER-IOmm BAU

TEST THICKNESS. INCH

HARD ROLLED COPPER-tomm BAU 
REPEAT TEST

T E S T  TH IC K N E S S. IN C H
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of im pression the  crro r in  thc apparen t Brinell hardness num ber of soft 
copper would appear to  be ab o u t 7 per cent.

(b) Rolled Copper.— The detailed results of the  tests  on rolled copper 
are shown in Fig. 4. I t  has already been sta ted  th a t  each te s t im pres
sion was m easured in  two directions a t  r ig h t angles, an d  in  th e  tests  
on rolled copper the  differences in  the two directions were quite definite.

The curves show th a to  D IR E C T IO N  O f R O LLIN G

x ACR0SS DIRecTI0N 0FH°LL™ below a certain  lim iting
value th e  ap p aren t
Brinell hardness num 
ber decreases w ith  de- 
crease in  thickness of 
te s t specim en, and  the  
behaviour is accord- 
ingly qu ite  difierent
from  th a t  of soft cop
per. The thickness
effect begins a t  a ratio  
of te s t thickness to  
dep th  of im pression of 
ab o u t 14.

(c) M ild  Steel. —  
D etailed consideration 
of th e  results on mild 
steel, shown in F ig. 5, 
is of in terest. In  the  
first place, i t  will be 
no ted  th a t  th e  m ateriał 
possessed definite di- 
rectional properties, in 
th a t  the impressions 
were all slightly longer 
across th e  direction of 

rolling th a n  along th e  direction of rolling. W ith  dim inishing thickness of 
th e  te s t specimen th e  ap p aren t Brinell hardness num ber began to  in- 
crease, b u t when th e  tests  were continued a t  very  Iow thicknesses the 
apparen t hardness num ber decreased below the  original average value. 
No g rea t reliance can be placed on th e  tests  on very  smali thicknesses, 
however, sińce th e  te s t m ateria ł was so th in  th a t  m arked bending 
occurred around  the  im pressions. The n ex t po in t of in te rest is th e  
ra tio  of te s t thickness to  dep th  of im pression a t  which the  apparen t 
Brinell hardness curves first begin to  rise. A t a specimen thickness of

SU IC O -M AN G AN ES E 

SPRINC STEEL 

A S  R O LIE O .

10 m m  BALL

Xo-*-cr—

•o .<*-5.
TEST-PIECE S 6 T  I4 A I

0  2 0 -3
T£S T THICKNESS. INCH

F ig . 5.—Minimum Dimensions of Brinell Test-Pieces. 
yariation of Impression Diameter with Thickness 
of Test-Pieco. Hardness of Backing, 950.



abou t 0-17 in. th e  ratio  is ju s t over 5, and  accordingly a value of 7, as 
recom m ended in  the  S tandard  Specification, would give aceurate 
results. The present results are in  app rosim ate  agreem ent w ith those

O DlRECTION OF ROLLING 
X  ACROSS Dl RECTION 0FR0LLING
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of Moore,* although the  m ethods used in  th e  two cases are c ju i t e  different. 
In  confirm ation of th e  presen t results, a  fu rth e r series of tests  was 
carried ou t on m ild-steel boiler p la te , and the  results also showed th a t

* Loc. cii.
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a  te s t thickness of six to  seven tim es the dep th  of im pression gave 
aceurate  results.

(d) S p ń n g  Steel.— The results of the tests  on spring steel in  the  
“ as rolled ” condition were n o t very  eonvineing when only one series 
of tests  was considered, and in  order to  arrive a t  any  definite conclusion 
i t  was neeessary to  carry  o u t te s ts  on a num ber of speeimens.

Considering th e  com plete results obtained on th is  m ateriał, however, 
i t  appears th a t  the  eurve of ap p aren t Brinell hardness against diminishing 
thickness of test-piece (see Figs. 5 and 6 ) is as fo llow s: a t  the  greater 
thicknesses th e  curve is fiat (this portion  would obviously be neeessary 
if an y  resu lts independent of thickness were to  be ob ta ined ); i t  then 
falls som ew hat, flattens o u t again for an  appreciable period, and  then  
finally falls rapidly  a t  very  smali thicknesses. The second flat p a r t of 
th e  curve was qu ite  unexpected, b u t i t  is considered th a t  sufficient 
te s ts  were m ade to  establish th e  generał form  of the  cu rve ; exact 
definition of th e  curve can scarcely be expected.

The results of th e  tes ts  on hardened an d  tem pered spring steel are 
given in  K g . 6 , and  show th e  sam e type  of curve as th a t  obtained w ith  
the  “ as rolled ”  spring steel.

Considered in  term s of the  ratio  of te s t thickness to  depth  of im pres
sion, i t  appears th a t  a ratio  of ab o u t 20 is reąuired  for Brinell hardness 
te s t results on spring steel to  be independent of the  thickness of the 
te s t m ateria ł. Tests on thicknesses corresponding w ith  th e  second 
fiat portions of th e  curves would appear to  give resu lts abou t 5 per cent. 
below th e  correct values.

General Comparison o f Thickness Results (Brinell Tests).

The whole of the  results ob tained in  th e  investigation  of the  effect 
of thickness can be sum m arized by  m eans of th e  curves shown in F ig. 7, 
in  which th e  ra tio  of apparen t B rinell hardness num ber to  tru e  Brinell 
hardness num ber is p lo tted  against th e  ra tio  of te s t thickness to  norm al 
dep th  of impression, th e  tru e  Brinell hardness num ber being taken  from  
th e  im pression d iam eter a t  which the re  is no thickness effect, i.e. 
hardness a t  high thicknesses of te s t sample. The exact form s of these 
curves m ay be p a rtly  dependent on  th e  hardness of the  backing p la te  
(950 diam ond pyram id  hardness num ber in  all cases), b u t the  
approxim ate form s and  the  po in ts a t  which the  first deviations from 
th e  horizontal occur should be largely independent of the  backing 
p la te  and  dependent on th e  eharacteristics of the te s t m aterials.

I t  is elear from  these curves th a t  no generał lim iting value of the 
ra tio  of thickness of test-specim en to  dep th  of im pression can be sta ted  
for all m ateria ls; for Brinell hardness num bers to  be independent of
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M ateriał.
Brinell

ITardness
N um ber.

R atio  of T est 
Thickness to  

D epth  of 
Im pression 
fo r Correct 

R esults.

A pprozim ate 
E rro r  when 

U sing S tandard  
Thickness 

( ra tio  = 7),
*!

Anncaled coppor . . . . 43 15 7
Soft copper (commercially pure) 49 16 7
Rolled copper . . . . . 95 14 4
Mild steel . . . . . 1 1 0 6 nil
Spring steel (as rolled) 275 21 4
Spring steel (hardened and tempered). 327 22 4

*» 17 ł> >ł 411 25 5

thickness of test-specim en, tlie value of th e  ratio  m ay v ary  from  abou t 
6  for mild steel to  m ore th a n  20 for hardened spring steel. Values of 
the lim iting ratios for th e  m aterials investigated are given in  Table I I I .  
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The m atcrials used iii the  w ork were purposely selected to  be typical, 
to  a certain  ex ten t, of various types of behaviour in hardness te s ts ; 
thus, annealed soft copper usually gives im pressions which lie below 
the  surface of the  surrounding m ateriał, w hilst rolled copper shows a 
m arked “ ridge effect ” around  the  im pression. Mild steel is usually 
in term ediate  in  behaviour between soft and  hard  copper, w hilst spring 
steel, owing to  its  g rea t hardness, gives impressions which are rclatively 
very  shallow w hen com pared w ith m ild steel or copper. I t  was hoped 
th a t, by  using selected m aterials, th e  present investigation  m ight 
enable generał rules for testing  to  be form ulated, b u t th e  behaviour of 
th e  different m aterials is so diverse th a t  e sa c t generał rules are no t 
practicable. U ntil m ore exact inform ation is available, howeyer, the  
ten ta tiv e  suggestion is m ade th a t  th e  rising type  of curve given by  soft 
copper is characteristic of soft annealed m etals, and  the  falling type  of 
curve is characteristic of cold-worked m etals, w ith  m ild steel in  an  
in term ediate  position. F rom  th e  results given in  Section I I I  of the 
presen t paper i t  ra th e r  appears th a t  alum inium  is som ew hat sim ilar in  
behaviour to  m ild steel (see p. 73).

The d iversity  of behaviour found in  th e  tests is n o t altogether 
surprising. In  the  opinion of th e  au thors, th e  norm al Brinell hardness 
te s t gives a  rough m easure of the stress a t  which a m arked change occurs 
in th e  slope of th e  non-elastic portion  of the  com plete stress-s tra in  
curve of th e  m ateriał, an d  sińce th e  com plete s tress-s tra in  curve for 
annealed copper, for exam ple, is qu ite d ifierent from  th a t  of hard-rolled 
copper, obvious differences in  th e  behaviour of th e  two m aterials under 
particu lar varia tions in  hardness testing  conditions can be expected.

No m ention has been m ade so far of any  bulge or m ark  on the  
reverse face of th e  test-specim en opposite the  te s t impression. In  the  
S tandard  Specification i t  is s ta ted  th a t  the thickness of the  test-specim en 
shall be such th a t  no bulge or o ther m arking showing the  effect of the 
load shall appear on th e  side of the piece opposite th e  impression. A 
specification clause of th is  n a tu rę  can searcely have an y  very  exact 
qu an tita tiv e  value, b u t obseryations th roughou t the  presen t tests 
suggest th a t  w hen the  reverse side of th e  specimen is polished, the  
appearance of a  m ark  showing th e  effect of the  load on the  reverse face 
usually  indicates th a t  the  specimen is too th in  for accurate te s t results 
to  be obtained.

I I I .— E f f e c t  o f  T h i c k n e s s  o f  S p e c i m e n  o n  D ia m o n d  P y e a m id  

H a k d n e s s  T e s t  R e s u l t s .

In  the  investigation of łim iting dim ensions of test-specim ens for 
d iam ond pyram id  hardness tests  i t  was unnecessary to  consider any

70 Hankins and Aldous : Dimensions of Test-Samples



yariation  of dim ensions o ther th a n  thickness, sińce th e  te s t impressions 
are qu ite sm ali and  in  practically  all applications of the  te s t adequate 
■\vidth and length  of test-specim en is available. In  using th e  diam ond 
pyram id  te s t on m etal sheet and  strip  m ateriał, however, consideration 
of the effect of thickness of te s t sam ple is im portan t, and  it  is th is 
application of the  te s t w hich has been borne in  m ind in  th e  presen t 
work. A tten tion  has already been given to  th is m a tte r  experim entally 
by Cook and Larke,* b u t th e  results obtained in the present tests  do 
n o t support th e  conclusions of these workers.

One advantage of the  diam ond pyram id  te s t over tho Brinell hardness 
te s t is th a t  in  th e  form er a s tandard  load rela ted  to  the  dimensions of 
the indenting tool is n o t required. Accordingly, th e  effect of thickness 
on te s t results can be investigated  by carry ing o u t a series of te s ts  a t  
different loads on m ateria ł of constan t th ickness; if th e  m ateriał is 
uniform  and  there is no thickness effect, all the  results should be the 
same, b u t when th e  load is too g rea t for the  thickness of m ateriał under 
te s t, Iow results are obtained. This m ethod was used b y  Cook and 
Larke, an d  has also been used in  the  p resen t investiga tion ; th e  presen t 
work includes in  addition , however, several te s t series a t  constan t te s t 
loads on specimens either tapering  in  thickness, o r in  which successive 
layers were m aehined from  the  backs of the  test-specim ens between 
series of te s ts . The constan t load m ethod needs special p reparation 
of test-specim ens, b u t i t  appears to  give m ore accurate  results th a n  the
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T ab lf, IV.— Diamond Pyram id Tests at Constant Thickness, Detaih o f 
Materials and Test Conditions.

M ateriał. Thickness,
ineh.

Trobabie
Correct

Diam ond
Pyram id
H ardness
N um ber.

K utnber 
of Tests  

Avcraged 
fo r Each 

Individu.il 
R esult.

Lim iting 
Loads Used 
in  T ests, kg.

Detailed 
Results 

Shown in 
F ig . No. :

Soft aluminium 0-078 24 4 1-40 8
0-035 24 4 2-10 8

Soft copper . 0-073 57 8 3-110 8
0-035 60 6 1-20 8

Soft brass 0-039 74 6 1-20 8
Hard coppor 0-027 81 6 2-120 9

. 0-038 92 6 4-120 9
Mild steel 0-030 132 6 2-00 9
Hard aluminium alloy . 0-042 171 4 4-100 9

i» »» »j •
Aircraffc Steel

0-034 176 4 2-100 9
0-010 365 6 2-50 10

tł »ł « ^ 0-013 380 0 2-60 10
Kazor blado . 0-00G 840 6 1-30 10

* Cook and Larke, J. Inst. Metals, 1933, 51, 215.
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constan t thickness m etliod, sińce tests  a t  sm ali loads are avoided. In  
considering tlie tests  in  detail, i t  is convenient to  deal first w ith the  
tests  a t  constan t thickness and  then  w ith  the te sts  a t  constan t load. 
All the  tests were carried ou t by  the  same observer in  a  Vickers cłiamond

pyram id  hardness testing  
m achinę, the  m achinę and 
m icroscope being carefully 
calibratod p rio r to  th e  tests.

SOFT ALUMINIUM,THICKNESS 0 0 7 8 in

25

23

21

64

3 63 
*  GO 

^  59 
<
Cł
$  54

I ”O. 50(
|  58 

§  56 

5  54 

52 

50< 
75

1 2 3 4  5

SOFT ALUMINIUM,THICKNESS 0 -0 3 5 in

I 2
SOFT COPPER,

3 4  5
THICKNESS 0-073 in

-

6

TJ-C------^ 3 0
I 2 ---- ------------- -

/ SOFT COPPER 
THICKNESS, 0-035 m

V
/

1 1

(A) Tests at Constant 
Thickness.

The m aterialś used in  
th is  w ork were specially 
selected for th e ir  uniform ity  
as judged  by  prelim inary 
tests, an d  were ligktly  
polished on the  te s t faces.

F o r each specimen several 
te s ts  were m adę a t  each of 
a num ber of difierent loads, 
th e  rangę of loads being 
selected, as far as possible, so 
th a t  th e  results of th e  tests  
a t  Iow loads were uninflu- 
enced b y  the  thickness of 
the  te s t m ateriał, w hilst 
results a t  th e  high loads were 
obviously influenced by  the  
thickness. The same hard  

„  , steel anvil (950 diam ondF ig. 8.—Minimum Thickness of lest-bheets for . ,  , ,
Diamond Pyramid Hardness Tests. Tests at Pyram id hardness num ber) 
Constant Sheot Thickness. -was used throughout. P ar-

ticulars of the  m aterialś an d  tests  are given in  Table IV.
The results of the  te sts  are shown in detail in Figs. 8-10. In  each 

case the  horizontal scalę used is the  ratio  of sheet thickness to  diagonal 
of te s t im pression so th a t  the  po in ts tow ards the left-hand side of the 
curve were obtained w ith  high loads and  those tow ards th e  right-hand 
side w ith Iow lo a d s; each po in t in  a diagram  is a m ean figurę obtained 
in  several tests  as ind icated  in  Table IV. I t  will be no ted  th a t  the  
n ia jority  of th e  curves consist of a  horizontal portion  over which the 
hardness num ber is approxim ately  constan t, and  a sloping portion in 
which the hardness num ber dim inishes w ith decreasing ratio  of sheet

/  SOFT BRASS 
/  THICKNESS, 0 039 in

/
0 1 2 3 4  5 6
R ATIO  OF SHEET THICKNESS TO CORRESPONDING 

Ot AGON AL OF IMPRESSION
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HARD COPPER 
TH ICK NESS,0 -0 3 8  in.

• »

thickness to  diagonal of te s t im pression; in other words, belo w a par- 
ticular te s t load th e  diam ond pyram id  hardness num ber is independent 
of the load for a given slieet thickness, b u t above th is  particu lar load 
the hardness num ber is Iow; th e  Iow hardness num bers being due to 
the test-sheet being too th in  for correct results to  be obtained a t  the  
higher loads. In  the  case of th e  soft alum inium  there is no falling 
portion to  th e  curve, an d  apparen tly  for th is  m ateria ł satisfactory  
results are ob tained a t  cjuite 
Iow values of th e  ratio  of 
slieet thickness to  diagonal 
of impression, although dis- 
tin c t m arks showing the  
effect of th e  load occur on 
the  reverse side of th e  test- 
piece.

The results of th e  tests 
on copper c a n n o tb e  regarded 
as satisfactory , sińce the re  is 
no definite ind ication  of the  
real hardness of the  m ateriał 
uninfluenced by  thickness, 
i.e. there is no definite 
horizontal po rtion  of the 
curve a t  th e  lower loads 
(high values of ratio  of sheet 
thickness to  diagonal of im-
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/ ALUMINIUM ALLOY 
TH «C K N E S S ,0042 in

i i

_ ^ L  i

/ ! ALUMINIUM ALLOY 
TH IC K N E S S ,0034 in . 

i 1i160.0 I Ł '
R A TIO  OF SHEET THICKNESS TO CORRESPONDfNC 

PIACONAL OF IM PRESSIO N

F ig .  9 .—Minimum Thickness of Test-Sheets 
for Diamond Pyramid Hardness Tests. Tests 
at Constant Sheet Thickness.

pression). I t  is considered 
th a t  th is  behaviour was due 
to  the  te s t surface of the  
m etal being slightly  harder 
th an  the  m ain body of the 
m etal, arising either from  
th e  polishing of th e  surface 
or in  the  m anufacture of th e  sheet. The probable diam ond pyram id 
hardness num bers uninfluenced by  thickness are shown by  the  do tted  
lines in  th e  diagram s, b u t i t  is n o t possible to  be positive in  regard to  
these values. I t  was largely because of th e  elem ent of doub t in  these 
tests  on copper th a t  th e  m ore laborious tests  a t  constan t load were 
subsequently undertaken . I t  is considered, however, th a t  th e  left-hand 
fiat portion  in  each of th e  soft copper curves is a real resu lt and no t 
open to  d o u b t; i t  will be no ted  th a t  a sim ilar curve was obtained in the 
tests on mild steel.
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AIRCRAFT STEEL 
THICKNESS 0 0 0 9 5  in.

The whole of the  results of th e  tests a t  constan t thickness are sum- 
m arized in  F ig. 11, in  which the  m ean curvcs of th c  detailed figures 
have been re-plotted on a non-dim ensional basis. The horizontal scalę 
of Fig. 11 is th e  sam e as th a t  previously used, being th e  ratio  of sheet 
thickness to  corresponding diagonal of impression, b u t th e  vertical scalę 
is the  ratio  of apparen t to  tru e  d iam ond pyram id  hardness num ber.

F ig . 11 show s t h a t  fo r th e  m a te ria ls  e sam in ed , a n d  exccp ting  m ild  
stee l, so f t b ra ss , a n d  so ft copper, a  lim itin g  ra tio  o f te s t  th ickness to

diagonal of im pression of 1 £ 
gives results w hich are largely 
independent of the  thickness 
of th e  te s t m ateriał. This 
ra tio  gives an  error of abou t 
3 per cent. for m ild steel and
1 0  per cent. for so ft brass 
an d  soft copper. I t  should 
bc m entioned th a t  the  results 
of a fu rth e r series of te s ts  on 
m ild-steel sheet suggested 
th a t  m arkedly  Iow values 
could be obtained a t  ratios 
greater th a n  1 £ w hen th e  
test-sheet was n o t fiat and  
in  good con tac t w ith  the  
hard  backing p la te .

The re levan t elause in 
B ritish  S tandard  Specifica- 
tion  No. 427, 1931, “  B ritish  
S tandard  Tables of D iam ond 
P yram id  H ardness Num- 

Fig. 10.—Minimum Thickness of Test-Shoots bers,” in  regard to  thickness 
Ł Ł & S S *  T" “ - o f .tf t s p , d m f s i s :  “ Tho

th ick n ess o f th e  te s t  speci- 
m ens shou ld  be  a t  le a s t eq u a l to  one a n d  a  h a lf  tim e s  th e  d iagona l of 
th e  im pression .”  I t  w ill be  n o ted  th a t  th e  p re sen t re su lts  su p p o r t 
th is  ru le  ex cep t fo r so f t copper a n d  so ft b rass .

^  305 
ę  375 
I  365

2 3

7
^  AIRCRAFT STEEL

.  ^ THICKNESS 0 0125 in

1

I e

X I  •

o /
/  9

R A Z 0 R  B L A D E  

T H I C K N E S S  0 -006  i n

RATIO OF SHEET THICKNESS TO CORRESPOHDINO 
OIACOML OF IMPRESSION

(B) Tests at Constant Load.

(1) Copper and Brass.— The m ethod used in  the  constan t load 
d iam ond pyram id  tests  on copper and  brass was as follows. A  fiat 
uniform  test-sheet was lightly  polished on one side, and  several diam ond 
pyram id  tests  were m ade on th is  face of the  sheet, all the  tests  being
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carried  o u t a t  tl ie  sam e load . A  th in  la y e r  of m e ta l w as th e n  g ro u n d  
from  th e  lach  of th e  sh ee t u sin g  v e ry  lig lit cu ts , a n o th e r  series of ex ae tly

MARK M A T E R I A Ł DIAMOND
-t SOFT A L U M IN IU M ....................2 4
X SOFT C O P P E R ........... .................... 5 7
— SOFT B R A S S .............. .....................7 4
O H A R D  COPPER . ..................... 9 2
A M IL D  S T E E L ............. ................... 132
□ H A R D  A L U M IN IU M  ALLOY  . 1 7 7
V A IR C R A F T  STEEL .............. 3 8 2
2 R A 2 0 R  B LA D E .................. 8 4 0

sim ilar d iam o n d  p y ra m id  te s ts  be ing  th e n  m ad e  on th e  o rig inal te s t  
face of th e  sh ee t. T h is p ro ced u re  w as rep ea ted  severa l tim es , so t h a t  
a  n u m b er o f re su lts  w ere o b ta in ed  on  th e  sam e sh e e t b u t  a t  d iS e ren t

RA T/O OF SHEET THICKNESS TO CORRESPONDING 
DfAGONAL OF IMPRESSION

F ig. 11.—Minimum Thickness of Tost-Shoets for Diamond Pyramid Hardness 
Tests. Tosts at Constant Sheet Thickness. Summary of Results.
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te s t thicknesses. Tlie results obtained in  th e  w ork are shown in 
Figs. 12 and  13, in  w hich each po in t represents the  average valuc 
obtained from  a t  lcast six tests . I t  will be noted  th a t  for bo th  soft 
copper and  soft brass th e  apparen t diam ond pyram id  hardness num ber 
increases as the  thickness diminishes, whereas for th e  hard  copper and 
brass th e  hardness num ber decreases w ith  dim inishing te s t thickness. 
The m ethod used in  these tests  is th e  same in  principle as th a t  used in 
the investigation of thickness effect on B rinell hardness tes ts  (sec

Fig. 7); th e  m arked differ- 
ences in  behaviour betw een 
th e  so ft and hard  copper 
occurs in  bo th  the  B rinell 
and  diam ond pyram id  tests.

(2) Spring Steel.— D ia
m ond pyram id  hardness tests  
were m ade a t  a  constan t 
load of 60 kg. on  two avail- 
able pieces of spring steel 
which tapered  uniform ly 
from  0-05 in . down to  0-01 in . 
in  thickness. The results 
obtained in  the  te s ts  are 
shown in  Fig. 13, in  which 
each po in t represents th e  
average resu lt obtained in  
th ree separate  tests . The 
value of the ratio  of sheet 
thickness to  diagonal of im 
pression a t  which th e  effect 
of te s t thickness commences 
is ab o u t 1 4 , a  resu lt which 

agrees w ith tests  on spring steel by  the constan t thickness m ethod 
previously published by  one of the  authors.*

The results of the te sts  a t  constan t load are sum m arized in  F ig. 14; 
they  give fair confirm ation of the  previous tests  a t  constan t thickness
(Fig. 1 1 ), and  show th a t  a ratio  of te s t thickness to diagonal of impression 
of nearly  3 is required for accurate diam ond pyram id tests  on soft brass 
and  copper.

C o n c l u s io n s .

From  th e  results of the  investigation i t  is concluded t h a t :
(1) Provided adeąuate  thickness of te s t sam ple is available, the

* Letter to tho Editor, Engineering, 1930,130, 324.

»

/ HARD BRASS
LOAD 36 Kq

/
- -  I 1

\ SOFT COPPER 
LOAD 4  Kq. 

THICKNESS 0 062 in TOV
— |n

0 „

0 1 2  3  4  5 6
RATIO  OF SHEET THICKNESS TO CORRESPONDING 

DIAGONAL OF IMPRESSION  

HARDNESS OFBACKING-950

Fio. 12.—Minimum Thickness of Test-Sheets 
for Diamond Pyramid Hardness Tests. Tests 
at Constant Load.
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w idth or lengtli of a  sam ple used for a  Brinell hardness te s t should be 
a t  leasfc tim es th e  d iam eter of th e  te s t im pression when accurate 
results are reąuired .

(2) No generał lim iting value of the ra tio  of thickness of te s t sam ple 
to  im pression depth  can be s ta ted  for accurate Brinell hardness tests  
on all m ateria ls; th e  lim iting value of th e  ra tio  m ay v ary  from  abou t 
6  for m ild steel to  m ore th a n  2 0  for hardened spring steel.

HARD COPPER 
LOAD 12 Kq. 

"THICKNESS 0 056 in TO O 024 In

2 3 4  5 6

O ■aa

:SILICO-MANCANESE SPRING STEEL 
LOAD 60 Kg 

THICKNESS 0-050 in. TO 0 011 in/
/

r

/
1 1 1

3

0 1 2  3
RAT/O OF SHEET THICKNESS TO CORRESPONDWG 

DIABONAL OF IMPRESSION

F ig. 13.—Minimum Thickness of Test-Sheets for Diamond Pyramid Hardness 
Tests. Tests at Constant Load.

(3) In  carrying ou t diam ond pyram id  hardness te s ts  on th in  samples, 
a  lim iting value of the  ratio  of test-sam ple thickness to  im pression 
diagonal of 1 J gives results which are practically  independent of test- 
sam ple thickness for a num ber of ferrous and  non-ferrous m etals. l o r  
tests  on soft copper and  soft brass sheet, however, a higher value of 
th e  ratio  is necessary if accurate results are reąuired.

(4) W ith  the  exception of soft alum inium , th e  appearance of a 
bulge or m ark  on th e  reverse side of th e  te s t sam ple used for a Brinell 
or diam ond pyram id  hardness te s t, is a rough indication  th a t  the  te s t 
load is too g rea t for the  m ateria ł under test.
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D IS C U S S IO N .

D r  M a t o ic e  C o o k  * (Member): Few of the generally rccognizcd testing 
methods aro applicable to tliin materials, the testing of which is fraught with 
many (lifficulties. While not wisliing to comparc the relativc m cnts of theso 
tests, it can be saicł that, for thin metallic materials, hardness tests—and 
espeeially indentation hardness tests—are amongst the most satisfactory 
available; so mach is this so th a t they are being used to a  markedly increas- 
ing extent. I t  is singularly tmfortunate, therefore, th a t the authors suggest 
drastic limitations in the application of theso tests, limitations which do not 
seem to me to be justified by the degree of accuracy which can bo reasonably 
espected in tests of this kind, or warranted by the experimentał results put 
forward. I t  is hoped, therefore, th a t thoso concerned with the testing of thin 
materials will not feel persuaded to accept as finał the conclusions eontained

U1 As a resuit of the w-ork which Mr. Larke and I  carried out,f we concluded 
th a t, so far as copper and copper alloys are concerned, loads of 5 and 10 kg.
__which, ineidentally, have bcen standardized—could be used in the diamond
p y ra m id ’ hardness tests on materials down to 0-005 in. in thickness. We did 
not state or suggest th a t the results on the very thin materiał were quite 
unaffectcd by tlio ratio of the thickness of materiał to diagonal length of 
impression, but th a t the magnitude of the variations was negligibly smali 
for ordinary test purposes. Our conclusions were based on a large amount 
of experimental work and have sinco beon confirmed by further obscrvations 
in our own and other laboratories.

I  propose to lim it my rcmarks to the results obtained with the diamond 
pyramid tests, sińce it is with this test th a t I  have beon mostly concerned in 
determining the hardness of thin materials. I t  will be seen from Fig. 8 of 
the paper th a t with aluminium the hardness values obtained are not affected 
apparently a t all by the thickness/diagonal length ratio, and it would have 
been of interest to liave included results of tests a t  a  lower thickness/diagonal 
length ratio. The experimental results included in the same figuro for soft 
copper are admitted to be unsatisfactory, but tliey have not been ignored in 
formulating conclusions. I t  would appear as if the varying hardness results 
which liave been obtained and are shown on the sloping portions of the curves 
for soft copper are not true hardness values of the materiał and tha t the 
correct hardness is indicated by the fiat portion of the curve, namely, a t a 
diamond pyramid hardness value of about 51, which is more characteristic 
for the materiał than the arbitrarily chosen values of 57 in the one caso and 
59 in the other. Again, in the case of soft brass the value of 74 is abnormally 
hi<di and suggests th a t with the light loads the surface condition of the sample 
inftuenced the results, the true hardness being probably definitcly lower and 
the suggested limiting thickness/diagonal length Tatio too high.

I t  would be interesting to have the authors’ explanation of the diversity 
of forms shown by the curves in Fig. 9. W ith the liard copper samples no 
consistent hardness value of tho materiał has been obtained and the limiting 
ratio has again been fixed quite arbitrarily; even so, only in one instancc do 
the values givcn for bard copper and mild steel in Fig. 9 differ from the sug
gested correct hardness values by more than 5 per cent., a  tolerance which 
Dr. Hankins appeared to suggest as suitable when discussing tho paper by 
Mr. Larke and myself. To attacli much significance to percentage differ-

* Assistant Research Manager, I.C.I. Metals, Ltd., Witton, Birmingham.
f  J. Insi. Metals, 1933, 51, 215-226.
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ences of smaller magnitude is splitting hairs, and the ordinates for many of 
tho eurves contained in the paper cover a rangę of hardnesses within this 
smali percentage difference. In  the results given for hard copper, 0-027 in. 
in thickness, in Fig. 9, yalues within this tolerance of the assumed correct 
hardness Y a l u e s  can be obtained with a  thickness/diagonal length ratio as 
Iow as 0-48, and in this connection it is of interest to notę th a t the ratio of 
thickness to diagonal length, as derived from the results given in the paper 
by Mr. Larke and myself, for hard copper 0-01 in. thiek, tested under a  load 
of 10 kg., is 0-6. I  do not propose to deal in detail with the other curves in 
this section of the paper, but it will be seen tha t results within limits of accuracy 
of 5 per cent. can be obtained a t yery much lower ratio yalues than the authors 
suggest.

W ith regard to the results obtained on specimens of yarying thickness 
tested under a  constant load, it will be noted th a t yarying thicknesses have 
been obtained by repeatedly grinding tho sample, and with this method of 
proeedure one wonders to w hat extent the hardness of the metal has been 
affeeted. In  this series the soft copper is credited with a diamond pyramid 
hardness of 65, while th a t of the soft brass is 63. There is also the remark- 
able anomaly th a t when the suggested limiting ratio is reaehed the hardness 
values inerease, whereas in the case of soft copper in Fig. 8 they deorease 
when the suggested limiting ratio is reaehed. Similar contradictory results 
were obtained with the two series of brass samples. These results tliem- 
selves suggest th a t the inereases shown in the eurves for soft brass and soft 
copper in Fig. 12 are due to the hardening of the tliin materiał by repeated 
grinding and, if this is so, the suggested limiting ratio of thickness to diagonal 
length is incorreet.

With reference to percentage error, it may be noted tlia t of the 59 separate 
yalues given in Fig. 12 the deviation from the so-ealled correct yalues is, 
except in ono isolated case, never greater than 4-4 per cent., the ratio of 
tliickness to diagonal length necessary to obtain yalues within these limits 
being much less than tho recommcnded yalue of 3.

The use of different loads for each materiał in the tests a t constant load 
is confusing, and it would have been better if standard conditions of loading 
had been adopted for this series, although with tho authors’ method the 
difficulty of obtaining thinner samples to yield the desired ratios can well 
bo appreciated. These several peculiar features shown by many of the 
results given in the paper make it difficult to accept the conclusions without 
considerable reseryations.

Dr. A. G . C. G w y e r  * (Vice-President): I  am not altogether in agree- 
ment with Dr. Cook with regard to the ąuestion of accuracy. Although an 
accuracy of 5 per cent. may be quite good enough for most purposes, it is 
most important to know what the limits are, irrespectiye of the accuracy of 
tho methods. There aro members present who aro interested in the work 
of tho British Standards Institution, and they would be particularly glad to 
know a t what gauges, and under what conditions, the results depart from 
the truth, evcn though the departure may not be great.

With. regard to the tests on aluminium, a short time ago we carried out, 
in eollaboration with Dr. Cook, some tests using the Yickers pyramid tester; 
the results suggested th a t with a  constant load of 5 kg. the so-called  ̂ anyil 
effect appeared in the case of hard aluminium sheet when the ratio of the 
thickness to the diagonal of impression fell below 2. In  the case of soft 
sheet, this happened when it fell below 1-6. Brinell tests, on the other hand, 
showed no eyidence of “ anvil ” effect, eyen when the ratio fell to 3-5. The

* Chief Metallurgist, The British Aluminium Co., Ltd., Warrington.
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tests were not sufficiently extensive to enablo us to decide whether the effeets 
may not possibly liavo been fortuitous, and I  should be interested to  hear, 
therefore, whether the authors can amplify the data given in tlie paper with 
regard to aluminium sheet in both liard and soft tempers; this Information 
would be of great interest because it  would now appear th a t the ratio^of 1*5 
laid down in the Britisli Standards Institution Specification No. 427, and 
that of 7 laid down in Specification No. 240 for the Brinell test, can no longcr 
be regarded as uniyersally applicable.

Mr. R. L. Smith * (Member): From my experience in hardness testing,
I  believe th a t the authors’ deductions are thoroughly sound in so far as 
they confirm the minimum width of test-samples as already laid down in 
the British Standard Specification No. 240 (1926), and they have done well 
to bring forward the fact th a t all metals do not recjuire the same minimum 
thickness of test-piece in relation to depth of impression in order to yield 
accurate data in hardness testing. I  feel, however, th a t the authors have 
obtained results which recjuire excessive tliickness of specimens, and I  suggest 
tliat this may be mainly attributable to heterogeneity of the test-pieces.

In  the first place, the authors have utilizcd the very ingenious idea of 
taking a series of constant-load Brinell impressions on a test-piece of tapered 
thickness. Unfortunately, however, the test-pieces appear to have been 
machined with this taper, and such a procedure would, of course, introduce 
cold-work to the test surface and for some distance below the test surface, 
not to mention the corresponding conditions which may have resulted from 
machining the opposite face also. I  believe th a t the hardening effect of 
machining such soft metals as annealed copper, annealed brass, &c., is not 
sufficiently apprcciated; it undoubtcdly has a very deep-rooted effect, and, 
even when such materialś liave been machined in an ideał manner, it is neces- 
sary to etch a  very considerable amount from the surface before the test-piece 
can be regarded as homogeneous.

In  order to illustrate the importance of this point on a basis which could 
be compared with the authors’ investigation, I  prepared two test-pieces of 
soft annealed copper machined from the samo bar so as to taper from 0-3 
to 0*05 in .; i.e., the same dimensions as shown in the paper. One of these 
test-pieces was tested a t once in  the Brinell machinę with a 10 mm. bali 
and a 500 kg. lóad. The other was re-annealed to remove this cold-work 
effect of machining, after which it  was tested in the same manner. Ilie 
results obtained with the flrst-mentioned test-piece are very similar to those 
shown in Fig. 3 for the soft copper, annealed rolled bar, using the 10 mm. 
bali. The sample which was re-annealed after machining, however, had a 
Brinell hardness of 42*9, which remained absolutely steady with decreasing 
thickness of test-piece riglit down to a thickness of 0*12 in., after which the 
hardness developed very rapidly. The ratio of thickness of test-piece to 
depth of impression in this case becomes little more than 8.

W ith regard to the peculiar results obtained on si 1 ico-manganese spring 
steel as rolled and after hardening, I  have also notieed similar characteristics 
in special steel p lates; the explanation in each case has been traced to chemical 
heterogeneity. I  should like to know whether the authors confirmed the 
generał liomogcneity of the steel by microscopic examination, and whether 
the four sets of curves shown in Fig. 6 are all of materiał from the same cast. 
I  find it difficult to assume th a t any steel test-piece reguires to be 20 times 
thicker than the depth of the Brinell impression, unless, of course, the materiał 
is not of uniform quality throughout.

Dr. Cook’s ąuestions are so similar to those I  wished to ask with regard
* Consulting Metallurgist, London.
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to  the diamond pyramid hardness numerals th a t I  necd not rcfer to that 
matter.

May I say how much I  apprcciate papers of this kind ? They not only 
bring for\vard many points of vic\v with rcgard to hardness tests, but liave 
the elfcet of warning us not to spccify hardness reąuirements for sheet metals,

, without mdicating how the tests are to be applied.

Professor D. H akson,* D.Sc. (Yice-President) : I t  oannot be denied that 
an error is mtroduced in the Brinell test when tlio thickness of tho samplo is 
smali in relation to the depth of the impression, but if the Brinell test is to 
be excluded from use when the readings given aro not true readings it will 
place a very serious limitation on the use of th a t test. I  notioe th a t all these 
tests were made using an anvil with a  Brinell hardness of 950, which greatly 
exceeds th a t of tho samples used, particularly in the case of the soft materials. 
I suppose, and I  should like tho authors’ opinion on this, th a t the limitations 
ot the test are duo to the effect of tho hard anvil underneath, and I  wonder 
« let ici tho usefulness of this test could be extended in the case of soft materiał 

y  using an anvil with a hardness approximating th a t of tho sample under 
test, a brass anvil in the case of brass, an aluminium anvil for aluminium, 
and so on. Is thero any reason to suppose tha t tho results giren in testing 
thm  materials would be of greater reliability if the test were modified in this 
"5- ' so,’ Ą  bo possible to extend the uso of Brinell tests to samples 
ot very smali thickness without substantial error.

Sir. T. H. ToiiNEK.t M.Sc. (Member): The authors have dealt with tho 
ettect of width and depth of the specimen when a single indentation is made.

any ot us make numerous indentations in the surface of a specimen. In 
iccent years I  ha.vo done this repeatedly, and have developed a routine system, 
i t  would be of mterest, therefore, if the authors eould tell us something of 

le intcrfeience^ effect of one indentation on the next. They have told us 
iow dangerous it  is to run up to the edge of the specimen, and in effect they 

say tha t if no bulgo is seen a t the edge, the test will be accurato.
Practiee demands th a t we shall know the hardness as near the edge as 

possible m many cases, such, for example, as where there has been notable 
cold-work or weldmg or other operations of th a t kind which will have altered 
the naturo of the materiał across the section.

As examples have been given of steel, I  will ąuote two : the cross-section
0 a ran which has been welded on tho top and the cross-section of a railway 
yrc, both of them solid pieccs of metal in which mass action and the ordinary

segregation effects of the ingot are to be noted. On both of those I  havo 
smali sąuares drawn, and a laboratory attendant puts one indentation in 
eacJi square as a m atter of routine, nierely writing the hardness figuro found
01 each square; an assistant la ter colours tho diagram so th a t high spots

o lardness stand out, as on a eontour map. Systematized in this manner, 
hardness testing gives a much more intelligible picturo of the metal than is 
inde^it t ‘"  c or nari7 largo Brinell machinę niaking a few widely spaced

On reading a paper of this kind I  feel th a t I  would rather trust the hard
ness maohme than the metal tosted and tha t when making smali indentations 
with a diamond variations will probably be found in tho metal and not in

I £j'?f?ss°r of Metallurgy, The Univcrsity, Birmingham, 
f Głnef Chemist and Metallurgist, London and North-Eastem Hailway, 

Doncaster. J
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Tlio work-hardening of tho speoimens has been mentioned, and it is ques- 

tionablc whether tho method of preparation may not bo sufficicnt to account 
for tha t smali 5 per cent. Tho mero method of casting and rolling may mako 
tha t differonco from płaco to płaco; and so, to como back to my first point, 
I  should bo interested if tho authors could give us somo information as to 
how closo we may place tho indentations when we want many eloso together 
in one surfaco.

i Di'- H ankins (in reply) : Although I  eannot expeet to doal with all tho 
points raised, I  will endeavour to reply to thoso which appear to bo the most 
important, and will deal with the other matters in writing.

Dr. Cook bases his criticism of the paper on a particular diagram, Fig, 8, 
about which, as is stated in the paper, we ourselves aro somewhat doubtful. 
Beeause of th a t doubt tho additional tests wero mado a t  constant loads, and 
the results tlien obtained aro much moro reliablo than can be obtained by 
the constant thickness method used by Dr. Cook and Mr. Larke in their 
work and for our results in Fig. 8. I t  should bo realized th a t in the tests 
a t constant load the suecessive maeliining operations were done a t the back 
of the sample, and th a t the test-face was not machined or polished in any 
way for the different tests. These results show fairly definitely th a t the 
two soft materials behave differently from the harder materials.

Dr. Cook’s point regarding the aceuracy of results has been larely eovered 
by Dr. Gwyer. We do not suggest th a t it is essential to use the limiting 
thicknesses put forward in the paper for all routine hardness testing. I t  dopends 
entirely on the aceuracy reąuired in tho results; and if the materiał is known 
to bo lacking in uniformity, for exanipie, it is not essential to impose test con- 
ditions which are accurate to a much higher degreo than tho uniformity of 
the materiał. We hope, however, th a t the results stated in tho paper givo 
an indication of the necessary limits when fairly high aceuracy is reąuired.

Dr. Gwyer mentioned the ąuestion of tests on aluminium, and so confirms 
a result which a t first scemed somewhat surprising. We have no data for 
Brinell tests on aluminium, but from tho diamond pyramid tests we surmise 
tha t tho limiting thicknesses for some kinds of aluminium may woli bo less 
than those reąuired for copper, or perhaps for steel.

In  reply to Mr. Smith, it should bo understood tha t we endeavourod to 
minimize any maeliining eifects as far as we roasonably could. Soft copper 
appears to be particularly susceptible to the effects of machining, and it must 
be admitted tha t the soft copper used for tho Brinell tests was not as uniform, 
perhaps, as we should haye desired. Tho spring steels (Fig. 6) were all from 
the same cast of uniform high-grade steel.

Professor Hanson’s suggestion of using a soft anril is interesting; as I  
see it, for the hardness test to be unaffeeted in such casos, tho eomplete stress 
and strain distributión under the impression during tho test must bo the 
sanie for tho materiał when in the form of two or more sheets as it is for a 
tliiek solid sheet; or, put another way, there must be no relativo niovement 
between the contact faces of tho layers as a eonseąuenee of the test on the 
top layer. Presumably, the coefficient of friction between the sheets (which 
is usually less with hard metals than with soft metals) would be of importance.
I  am rather doubtful whether the method would be of much use with hard 
metals, but it might be worth investigation for soft metals.

In  reply to Mr. Turner, we havo no definite information as to the inter- 
fereneo effect of impressions closo together, but there is little doubt tha t a 
higher value would bo obtained if a particular test-impression were mado 
very closo to preyious existing impressions. Our normal procedure a t the 
National Physical Laboratory when maldng hardness examinations is to
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space imprcssions so th a t tho centres aro distant from one another by not 
less than 5 times tho impression diametcrs.

The P resjdent : I  welcome the renewed interest now being shown in 
this complex ąuestion, In  my opinion the last word has not been said and 
still further work is required.

C O R R E S P O N D E N C E .

M r. Ai/dous * {in further reply to tlie discussion at the meeting) : I  thank 
thoso who have taken part in this discussion for their helpful criticism, and in 
particular for their useful data on practical testing.

In  reply to Dr. Gwyer I  haye particulars of somo pyramid tests mado a t 
Iow ratios of test thiekness to  impression diagonal on the aotual samples of 
aluminium illustrated in Fig. 8, using both the anyil of hardness 950 and an 
anvil of dead soft aluminium of hardness 24. Tests made a t  a ratio of 0-3 
on tho liard anvil gave values of 23-8 and 22-6, respeetively, for the upper 
and lower sheets in Fig._ 8, and indicate a slight fali from tho straight-line 
yalues of 24-5 and 23-6 given in tho figurę. Tests made a t the samo ratio on 
tho sheet of thiekness 0’078 in. supported on tho aluminium anvil gave an 
apparent hardness of only 21-5, and produeed largo impressions in tho anyil 
itself. If  the yalue of 21-5 bo plotted on Fig. 8, it is elear th a t a falling curve 
is obtained for this sheet and th a t a true limiting ratio might be determined 
by tests on a soft backing. The aetual marks on the baek of this sample a t 
the higher test ratios indicate th a t the lim it is aboye 1-5, but for practical 
purposes samples can bo tested on a liard backing d o m  to a ratio of 0-5. 
W ith regard to an aluminium sheet of hardness 50, the same straightline yalue 
of hardness has been obtained down to a ratio of 0-6, but further tests below 
this ratio liave not been made. Here again markings under tho sheet indicate 
a limiting ratio aboyo 1-5. I  consider tha t the generał form of curye for 
hardness tests on an anyil harder than the test sheet has a second fiat portion, 
corrcsponding with th a t for spring steel of hardness 275 in Fig. 7 and with 
th a t for mild steel in Fig. 9, and representing a flow a t constant stress as the 
bulge under the tcst-piece flows out on to tho anvil. Aluminium appears to 
bo a special case in which tho materiał flows so easily tha t the two fiat portions 
of the eurve coincide. In  tho case of mild steel, illustrated in Fig. 5, definite 
bulge marks occurred a t thicknesses below 0*33 in., but flow a t constant stress 
seems to have continued down to a  thickness of 0-2 in.

With regard to Mr. Smith’s rcmarks on his tests on anncaled copper, it is 
possible th a t his purye corrcsponds with th a t for mild steel, and th a t a limiting 
ratio is better disclosed when the under-surface of a test-picce is left work- 
hardened. In  tho latter case the curye, as obtained by the authors, apparently 
rises sharply as the flow beneath the impression meets the work-hardened 
materiał formed in the machining of the wedgo.

Dr. Cook raised the question of tests on brass and copper in which tliere 
is a surface hardness greater tlian the body of the materiał. In  this case tho 
upper flat portion of the generał curye becomes a slope as for the copper sheet 
illustrated in I'ig. 8. If this slope be produeed below tho ratio of three, the 
sudden drop in the curye is more clearly shown, and, in my opinion, is the 
point a t which materiał begins to flow a t  the under surface of the sheet. The

* Dr. Hankins has not, owing to serious iłłness, boen ablo to participato in this 
reply.
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straight-line portion of tlie curve a t  a hardness of 51 has been further doveloped 
to ratios of 0-5 and 0-3 and appears to correspond with a  constant stress less 
than the true hardness of the sheet. The value a t the limiting ratio is not 
necessarily the true hardness of the sheet if the load is smali, tlie probable 
hardness of the sheet being less than this value, but greater than 51. Tests 
made on a -i in. bar. of annealed copper using a large steel pyramid loaded up 
to as much as 3 tons produced the same type of curve as for copper 0-078 in. 
in thickness, namely a slope due to surface hardness from 38-5 to 37-4, a  limiting 
ratio of 3, and a  constant stress line a t a hardness of 36-3 below a ratio of 2-1. 
In the case of the soft brass sheet of Fig. 12, the increase in  hardness below 
the limiting ratio appears to  have been due to the flowing materiał under tho 
impression meeting a highly work-liardened surface which was not a surface 
of separation, and did not allow the same fiow as in the case of the hard anvil 
under the copper sheet of Fig. S. The upper surface of the brass sheet had 
been initially polished and carefully protectcd by a sheet of paper during all 
grinding opcrations on the back of the test sheet.

Professor A l b e r t  P o r tet o j * (Member): Tho authors have pre-
sented a very interesting and useful contribution to a problem which fre- 
quently occurs in practice and which we have studied from two aspects, 
namely, minimum sizo and minimum thickness of the samples, on two 
occasions; first during the War for the control of manufactures to ascertain 
the conditions under which hardness and impact tests could be made on 
the same specimen, i.e., to find the minimum size of specimen for the normal 
Brinell test, and rceently for the study of the hardness of thin electrolytie 
deposits to ascertain the minimum thickness a t  which it  is possible to deter- 
mine the hardness by the yarious standard methods and apparatus.

I t  may be of interest to givc some indications of the scope of this work 
and of the results obtained.

1. M inimum Size of the Test-Pieces for the Normal Brinell Test.
Cranksliafts and forged aeronautical parts were eontrolled during the 

War by the ordinary Brinell test (10 mm. bali and 3000 kg. load) and by 
the Mesnager impact test on specimens with a cross-section of 10 X 10 mm. 
I t  was thereforc of value to carry out both tests on the same test-picce, and 
lience of importance to know the maximum error possible as well as the 
minimum sizo which would give a correct bali impression.

On heat-treated nickel-ehromium steels giving normal impressions of 4 
and 3-8 mm. errors on the 10 mm. specimens of +  0-10 and +  0-11 mm. 
were obserm l accompanicd by a lateral bulging of the specimens by 0-11 
and 0-10 mm. respectiyely. To ascertain the minimum perinissible size 
specimens were prepared from plates 10 mm. thick, of which the two opposite 
faces were ground and polished to trapezoids 200 mm. long with a  large base 
of 30 mm. and a smali base of 0 mm. Brinell impressions were then made 
a t intervals of 15 mm. along the axis of symmetry of the trapezoid and two 
diameters were measured to 0'01 mm., ono along the axis and one perpen- 
dicular thereto. These tests were carried out on 3 steels of dilferent hard
ness. To ensure tho greatest possible homogeneity of hardness it  was neeessary 
to heat-treat tho specimens in such a way th a t the transformations were 
produced in an identical manner throughout the mass of metal, and there- 
fore annealed sheets or self-hardening steels softencd to the greatest extent 
were used. These conditions were obtained with : (a) a mild steel (annealed) 
giving an impression of 5-2 mm.; (b) a hard steel (annealed) giving an im-

* Profcsseur Suppleant i  1’lScolc Centrale des Arts et Manufactures, Paris.
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pression of 4-3 mm.; (c) a nickol—cliromium steel (self-hardening) giving an 
impression of 3-5 mm.

The results of these tests are shown in Figs. A, B, and C, the points niarked 
with a  dot representing the diameter of tho impression along tho axis of 
symmetry and those with a eross representing the diameter a t right angles 
to this. Tho curves show th a t : for (a) when the width of the test-piece is 
less than 15 mm. visible deformations oceur on the lateral faces and the
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diameter of the impression esceeds the limit of 5-22 ±  0-05 mm. eonformed 
to by impressions in the wider region; for (6) this critical width is 12 mm. 
and the standard impression is 4-32 ±  0-05 m m .; and (c) for the normal 
impression is 3-46 ±  0-05 mm. and the critical width 10 mm.

At the time this work was done we eame to the conelusion tha t for a 
worka’ test in which. the improssion is measured to ±  0'05 mm. the widtli 
of the specimen should be 3-5 times the diameter of the impression, but for 
very aceurate work it should be a t least 4 times this diameter. This eon-
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clusion is in agreemont with th a t sińce adoptcd in British Standard Spccifica- 
tions and th a t arrived a t by Messrs. Hankins and Aldous.

2. M inimum Thickness for Tlńn Eleclrolylic Deposits.
The hardness of thin electrolytie deposits is very little known sińce their 

thickness of only a few tenths or liundredths of a millimetre makes it im- 
possible to ignore the factors which affect this hardness; it is certain, howevcr, 
tha t the hardness of electrolytie deposits of nickel and cliromium is greater 
than th a t of the metals in their usual forms. The hardness niust be deter- 
mined on tho deposit in  silu sińce it eannot be removed from the supporting 
metal without damage.

In  collaboration with M. Cymboliste, I  have studied the hardness of 
these deposits, and in this work it  was necessary to  know beforchand tlie 
minimum thickness necessary to obtain a satisfactory value. This problem 
gave rise to special experimental difficulties sińce we were ignorant of whether 
the hardness of the deposit remained constant as its thickness inereased and 
whether the hardness of the basis metal was modified by the electrolysis. 
Tlić thickness of the deposit cannot be reduced by grinding the baok, as 
Messrs. Hankins and Aldous did with their specimens, sinco the metal support 
would first have to be removed and the thinness of the deposit renders this 
impossible. Finally, electrodeposits are never of regular thickness (throwing- 
power of the plating baths).

Under these conditions the programme of experimcnts now being carried 
out is as follows : using ^ - in . balls of steel and tungsten Carbide and diamond 
pyramids and cones (some determinations will also be made with the pendulum 
hardness tester) wo aro finding tho minimum thickness by the following 
methods: (1) observations of the progressive penetration of the pyramids 
or cones under inereasing load; (2) examination of the variation of apparent 
hardness as a function of the thickness using thicker and thiclcer deposits 
produced under constant conditions of electrolysis on various basis metals 
of diSerent hardness. By graphical methods tho thickness a t which the 
hardness bccomes independent of the basis metal can then Teadily be found, 
and, sińce the apparent hardness is reaOy the resultant of tho hardness of 
the deposit and th a t of the basis metal, the aotual hardness can be obtained 
for thinner deposits tho nearer it is to tho hardness of the basis metal. This 
is shown by the curves in Fig. D which represent the yariation in the apparent 
hardness as a function of the thickness of tho deposit for the 3 metals, copper, 
nickel, and chromium plated on to a mild steel (Brinell hardness 150) and 
on to a  kard steel (Brinell hardness 350). The hardness of the copper deposit 
is lower than th a t of either steel, tha t of the nickel deposit is intermediate 
between those of tho 2 steels, and tha t of the chromium deposit is much 
greater than th a t of either steel. Under these conditions it  appears th a t the 
actual hardness of nickel deposits is obtained when they are 0-2 mm. thick, 
whereas tha t of chromium deposits is obtained only a t a thickness of 0-6-0-7 
mm. Thus the hardness of electrolytie deposits can be obtained for thinner 
layers tho softer is tho deposit and the nearer its hardness to th a t of tho 
basis metal. This can be readily understood : the impression produces 
around itself a deformed zone which should not reach the lower face of the 
deposit if the dimensions of the impression are not to bo affected, or with an 
equal impression tho extent of this zone inereases with tho plasticity of tho 
metal, i.e., inversely with the hardness, but on the other hand it tends to inereaso 
with the mean pressure applied to the metal, i.e., with the hardness, which is 
the same espression as this mean pressure. I t  can thus be deduced tha t 
tho relation:
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slioLild inerease with the hardness A.
From the results of Messrs. Hankins and Aldous for mild steels the follow-

ing expression is approsimately correct for the Brinell te s t : |
Moore’s rule (Congres des Methodes d’Essais de Copenhague en 1908) aceording
to which r >  7 is insufficient. h

The A u t h o r s  (in reply): We thank Professor Portevin for confirniation 
of the tests on the width of bars for BrineE tests and for the interesting results 
on deposited materialś.

88 Authors’ Reply to Corresftondence



( 89 )

TRA N SV ERSE TESTS ON SAND-CAST 
ALUM INIUM  ALLOY BARS.*

By C. E. PHILLIPS,f A.C.G.I., D.I.C., and J. D. GROGAN.J B.A.,
M e m b e r .

S y n o p s i s .

This inyestigation was carried out to determine the vnlue of tho 
transverse test in the measurement of tho ductility of alloys of Iow 
elongation. Erom the results obtained the transyerse test does not seem 
to yield any Inform ation coneerning ductility which is not obtained equally 
readily from the tensile test when a high degree of aeouracy of measure- 
ment is availablc; in fact the tensile test appears to be prefcrable to 
the bend test.

I ntroduction.

M a n y  of th e  alum inium  alloys a t  p resen t em ployed in  industry  possess, 
partieu larly  in  th e  sand-cast sta te , so little  ductility  th a t  m easurem ents 
of elongation m ade on broken tensile test-pieces are of b u t  sm ali value. 
I t  has been suggested recen tly  th a t  a  bend  te s t such as is already 
em ployed in  the  testing  of cast iron  m ight prove to  be of g reater value. 
The investigation  described in  th is  paper was carried ou t to  examine 
th is point.

R angę of I nyestigation.

The beam  test-bar em ployed was 8 in. long X 1 in. in  diam eter, caśt 
in  sand in  accordance w ith  th e  B ritish  S tandards In s titu tio n  specifica- 
tion  for sand-cast test-bars and  tested  b y  single-point loading. This 
bar is th e  longest liglit alloy sand-cast b ar for which detailed inform ation 
on casting conditions is aYailable. A  rangę of alloys was employed 
varying in  elongation from  a  very  Iow value to  12 por cent. B ars were 
te sted  unm achined and  also m achined to  a uniform  diam eter of J  in. 
F u li tensile te s ts  were also m ade on m achincd test-pieccs of 0-25 in.- in 
efiectiYe cross-sectional area.

* Manuscript reeeived January 2, 1934. Proscnted at tho Annual General 
Meoting, London, Mareh 8, 1934.

t  Engineering Department, National Physical Laboratory, Teddington.
% Department of Metallurgy and Metallurgical Chemistry, National Physical 

Laboratory, Teddington.
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A l l o y s  E m p l o y e d .

Alloys were selected to  provide a series covering a rangę of ductility . 
The alloys were m adę from  com mercial alum inium  containing sliglitly 
m o r e  th a n  0 2  per cent. i r o n  and sliglitly less th a n  0-2 per cent. S ilic o n . 
All the  casts were analyzed, an d  in  evcry case com position agreed 
satisfactorily  w ith  th a t  in tended. The m etal was m elted in  Salam ander 
crucibles in  a gas-fired furnace and  was trea ted  w ith  carbon te tra -  
cliloride and  raw  nitrogen to  rem ove dissolved gases. The m etal w as 
poured (generally a t  680° C.) in  green-sand moulds, surface dried, 
8-5 in. long x  1 in. in  diam eter, provided w ith  a  feeding lic ad.

The density  of each b ar was determ ined afte r rem oval of th e  feeding 
head, b u t before m achining. Satisfactory  agreem ent am ong different 
bars of the  sam e com position was obtained. W liere necessary the  
m ateria ł was hea t-trea ted  to  give th e  recjuired ductility . Table I  gives 
the  alloys em ployed, in  order of inereasing d uctility  as m easured by  
elongation in  tension, and th e  h ea t-trea tm en t used to  deveIop th e  
ductility . The h ea t-trea ted  m ateria ł was allowed to  age a t  room  
tem peratu re  prior to  testing .

T a b l e  I .

Batch
Mark, Composition. Heat-Trcatment.

A “ Y ” alloy 6 hrs. a t 520° C. Quenched in boiling water; reheated 
for £ hr. a t 250° C.

B »ł 6 hrs. at 520° C. Quenched in boiling water.
C Copper 4%, 

Silicon, 3%
6 hrs. a t 520° C. Quenehed in eold water: reheated for

D
48 hrs. a t 150° O.

>> 6 hrs. a t 520° C. Quenched in eold water.
E Copper 4% As cast.
F »* 6 hrs. a t 520° C. Quenched in eold water.
G ” 48 hrs. a t 520° C. Quenched in eold water.

M e t h o d s  o f  T e s t .

Tensile Tests.
B ach b ar em ployed for tensile te s t  was m achined to  give a test-piece 

of 0-25 in , 2 effective cross-sectional area and  2*25 in. parallel lengtk, the 
test-leng th  being finished b y  polishing w ith  grade “ 0 0  ”  em ery cloth. 
The te s ts  were carried o u t in  a 10-ton single-lever te sting  m achinę, a 
M artens-type m irror extensom eter being used to  m easure extension 
on a gauge-length of 2 in. If  th e  test-piece extendod beyond th e  rangę of 
the  extcnsom etcr, scratch  m arks were m ade w ith a  2 -in. gauge, and after- 
w ards m easured b y  m eans of a microscope. Load—extension observa- 
tions were m ade up  to  fracture in  each te s t, and a t  regular inerem ents of
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load tlie perm anen t clongation of th e  specimen was detcrm ined by 
rem oval of th e  load.

The load-ex tension  and  load -perm anen t elongation curves were 
p lo tted  for each specimen, and  from  them  an  estim ate was obtained of 
the  perm anen t elongation a t  fracture. F rom  the  p lo tted  observations 
the  m odulus of elasticity, th e  0 - 1  per cent. proof stress, and  the  ratio  
of perm anen t elongation a t  fracture to  th e  to ta l extension a t  fracture, 
were determ ined. The elongation of each test-piece was also deter- 
m ined in  th e  usual m anner afte r fracture, and  th e  diam eter a t  fracture 
was m easured.

Fig. 1.—Tensile Test on Materiał D. Diameter of Specimen 0-5G4 in.

The tensile te s ts  were m ade in  duplicate on each m ateriał, except 
m ateria ł G, and  th e  resu lts a re given in  Table I I .  R epresen tative lo a d -  
extension and load -perm anen t elongation curves are given in  F ig. 1.

Bend Tests.

Transverse bend tests  were m ade in  duplicate on each m ateriał, 
except m ateria ł G, in  th e  form  of baTs unm achined, an d  bars m achined 
to  % in. in  diam eter, th e  surface being finished b y  polishing w ith  grade 
“ 00 ” em ery cloth. The te s ts  were carried o u t in  a 5-ton m ultiple- 
lever, gear-driven testing  m achinę a t  a  constan t ra te  of defłection of 
0-013 in. per m inutę. E ach  specimen was centrally  loaded on a 6 -in. 
span ; th e  supports had  a  rad ius of 0-75 in. and  th e  load was applied
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T a b le  I I .— Results o f Tensile Tests.

M
at

er
ia

ł. 0-1 %
Proof

S tress,
Tons/
in .s.

U lti- 
m ato 

S tress, 
Tons /  
in .s.

llo d u lu s  ot 
E lastic ity , 

L b ./in .’.

Ap- 
proxi- 
m atc 

Reduc- 
tion  ol 
A rea  a t 
F rac- 
tu re , 
P er 

Cent.

Elonga- 
tion  oii 

2-In . 
Gauge 
Length 
(from 

Speeimen 
a fte r  
Frac- 
ture), 

P er Cent.

From

Perm;
Elonga

F rac

In ch .

L oad -E s
Cnrve.

n en t 
ion a t  
ure,

P er
Cent,

tension

T o ta l Ex- 
tension 
a t  F rac

tu re ,

Inch .

R a t io : 
P erm anen t 
E longation 

a t  F rac tu re / 
T o tal 

Estension  
a t  F ractu re.

A 16-3 10-6 X 10* vs vs 0-0003 0-02 0-0072 0-0415-S 10-2 vs vs 0-0003 0-02 0-0082 0-03
a h o u t

B 15-7 17-4 10-5 X 10° 0-1 0-5 0-0056 0-3 0-0128 0-4315-3 16-7 10-5 0-2 0-5 0-0051 0-3 0-0111 0-37
C 14-3 16-2 10-1 X 10* 0-5 0-6 0-0072 0-4 0-0142 0-5013-8 16-0 10-1 0-5 0-5 0-00S2 0-4 0-0149 0-52
D 10-3 13-9 10-3 x 10* 1-5 1-3 0-0190 1-0 0-0239 0-7710-2 14-3 10-2 1-6 1-4 0-0190 1-0 0-0263 0-72
E 7-67 s-i 10-4 x 10* 6’5 5-5 0-1010 5-1 0*1060 0-957'95 8-5 10-5 6-0 5-0 0-0912 4-6 0-0950 0-96
E 6-23 13-9 10-3 x 10* 10-0 7-5 0-1332 6-7 0-1402 0-956-20 15-2 10-2 12-0 9-8 0-1910 9G 0-1979 0-97
G 6-02 16-0 10-3 x 10* 13-0 12-0 0-2325 U-G 0-2374 0-98

Fic. 2. Bend Test on Materiał D (Machined). Central Load on G-in. Span. 
Diameter of Speeimen, 0-875 in.

tlirougli a  l-o-in. diam eter steel rod. Deflection m easurem ents were 
m ade on a  central span of 5 in. by  m eans of th e  in strum en t described 
below. In  each te s t load-deflection obseryations were m ade up  to
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frac tu re ; a t  in tervals of loading tho perm anen t defleotion was detcr- 
m ined by rem oving th e  load.

Tho lo a d -to ta l deflection and  load -perm anen t doflcction curves were 
p lo tted , an d  from  these an  estim atc was m adę of th e  perm anen t deflec
tion  of each specimen a t  fracture. The value of th e  m odulus of elasticity  
was obtained from  the p lo tted  observations.

The results of the  bend te sts  are given in Table I I I ,  and representa- 
tive lo a d -to ta l deflection and  load -perm anen t deflection curves of 
m achined and  unm achined specimens are given in  Figs. 2 and  3, 
respectively.

T a b le  I I I .— Results o f Bend Tests.

[3
'C
d
'P,

Condition of 
Surface of 
Specimen.

Diameter 
of Speci

men, 
Inch.

Maxi- 
nium 

Load on 
G-in. 
Spnu, 
Tons.

Modu- 
Ius of 

Ruplure, 
Tons/in.a.

Jlodulus of 
Elasticity, 

Ll)/in.a.

From Load-Deflec- 
tion Curve. Ratio: 

Permanent
Pcr

manent 
Deflec
tion at 

Fracture, 
Incli.

To tal 
Deflec
tion at

Deflection 
at Fracture/ 

Total 
Deflection 

at Fracture.Fracture,
Inch.

A Machined 0*874 1-11 25-5 10-5 X 106 0-001! 0-029 0-04
>> 0-875 1-10 25-2 10-4 0-0013 0-028 0-05

Ab cast 1-002 1-87 23-9 10-6 0-001t 0-022 0-05
i i 1-067 1-60 20-1 10-5 0-000,, 0 0 1 9 0 0 3

B Machined 0-875 1-235 28-2 10-6 X 106 0-0078 0-038 0-21
a 0-874 1-295 29-6 10-5 0-009fl 0-040 0-25

As cast 1-066 2-10 26-5 10-3 0 0 0 4 6 0-029 0-15
i i 1-064 2-02 25-6 10-3 0-005 0-030 0-17

C Machined 0-875 1-39 31-7 10-5 X 10° 0-021 0-059 0-36
a 0-874 1-24 28-4 10-2 0-014 0-047 0-31

As casfc 1-066 2-25 28-4 10-3 0-010 0-030 0-28
a 1-070 2-10 26-2 10-3 0-007s 0-033 0-24

D Machined 0-874 1-16 26-7 10-3 X 10° 0-041 0-080 0-52
0-875 1-175 26-8 10-3 0-03S 0-066 0-57

As casfc 1-070 2-17 2 7 0 10-3 0-036 0-061 0-59
a 1-074 2-00 24-7 10-1 0-019 0-042 0-45

E Machined 0-875 0-765 17-4 10-3 X 10a 0-20S 0-228 0-91
i i 0-875 0-835 19-0 10-3 0-246 0-265 0-93

As cast 1-058 1-22 15-8 10-3 0-132 0-149 0-89
i i 1-060 1-33 17-1 10-4 0-175 0-191 0-92

P Machined 0-876 1-50 34-1 10-3 X 10« 0-550 0-575 0-96
i i 0-876 1-60 36-3 10-3 0-640 0-G75 0-95

As cast 1-062 2-37 30-2 10-3 0-233 0-260 0-90
i i 1-062 2-41 30-8 10-3 0-307 0-333 0-92

G Machined 0-875 1-51 34-5 10-3 X 10“ 0-470 0-508 0-92
As cast 1-063 2-49 31-6 10-6 0-314 0-341 0-92

» 1-062 3-02 38-5 10-1 0-512 0-542 0-95
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F i g .  4.—Deflectoraeter for Bend Tests.

B A R  U N D E R

0 06
D E F L E C T /O N  ON 5 in. SPA N , fN C H

F i g .  3.—Bend Test on Materia! D (Unmachined). Central Load on G-in. 
bpan. Diameter of Specimen, 1-070 in.
lV
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In  the  case of th e  more duetile m aterials, errors were in troduced 
in to  th e  load observations b y  the rounded supports of th e  testing  
appara tu s shown in  Fig. Ł  A t a deflection of 0-5 in, th e  loading span 
had decreased to  ab o u t 5-5 i n . ; th is  undoubtedly  gives large errors in 
th e  determ inations of th e  m axim um  load and  m odulus of ru p tu re  of 
m aterials F  and  G, and probably  aeeounts for th e  Iow values obtained 
for th e  ratio  of perm anen t deflection to  to ta l deflection a t  fracture in  
the  m aterials of high ductility .

A sum m ary of the  results of the  tests  is given in  Tablc IV , and  the
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T a b l e  IV .— Sum m ary o f Results.

M
at

er
ia

ł.

'l'rue 
E longation 

on 2-in. 
Gauge 

L eng th  in  
Tensile 

T ests  (from 
Curve),

P e r  Cent.

Tensile Tests (2-in. Gauge Length). Bond T ests  (6 in . Span).

P erm anen t 
E longation 
a t  F rac tu re ,

Inch.

T otal 
E xtension  

a t  F ractu re,

In ch .

E a t io : 
P erm anen t 
E longation 

a t F rac tu re / 
T otal 

Ejctension 
a t  F rac tu re .

P erm anen t 
D eflection 

a t  F rac tu re

In ch .

T o tal 
Deflection 

a t  F ractu re

Inch .

E a t io : 
P erm anen t 
D eflection 

a t  F rac tu re / 
T o tal 

D eflection 
a t  F rac tu re .

A 0-02 0-0003 0-0072 0-04 0-001! 0-029 0-04
0-02 0-0003 O-00S2 0-03 0-001;, 0-028 0-05

0-001! 0-022 0-05
0-000,5 0-019 0-03

B 0-3 0-0056 0-0128 0-43 0-007a 003S 0-21
0-3 0-0051 0-0111 0-37 0-009„ 0 040 0-25

0'0045 0-029 0-15
0-005 0 030 0-17

C 0-4 0-0072 0-0142 0-50 0-021 0-059 0-36
0-4 0-0082 00149 0-52 0-014 0-047 0-31

0-010 0036 0-28
0'007a 0033 0-24

D 1-0 0-0190 0-0239 0-77 0-041 0-080 0-52
1-0 0-0190 0-0263 0-72 0-038 0-066 0-57

0 0 3 6 0061 0-59
0-019 0 042 0-45

E 5-1 0-1010 0-1060 0-95 0-208 0-228 0-91
4-6 0-0912 0-0950 0-96 0-246 0265 0-93

0-132 0-149 0-89
0-175 0191 0-92

P 6-7 0-133 0-140 0-95 0-550 0-575 0-96
9-6 0-191 0-198 0-97 0-640 0-675 0-95

0-233 0-260 0-90
0-307 0-333 0-92

G 11-0 0-233 0-237 0-98 0-470 0-508 0-92

0-314 0-341 0*92
0-512 0-542 0-95



ratio  of perm anen t deform ation to  to ta l deform ation a t  fracture is 
p lo tted  aga inst tlie  elongation in  tension for each m ethod  of te s t in 
F ig. 5.
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RATIO P E R M A N E N T  DEFORMATION A T  FRACTURETO TAL DEFORM ATIO N
Permanent DeformationF ig. 5.—Curves Showing the Yariation of the Ratio „------ ------

l o t a i  D efo rm ation
at Fracture with the Ductility of the Materiał as Measured in a Tensile Test.

D e f l e c t o j d e t e r  U s e d  i n  t h e  B e n d  T e s t s .

The instrum ent used for determ ining th e  defłections of th e  specimens 
used in  the  transverse bend  tests  is shown diagram m atically  in  F ig. 4. 
I t  was designed a t  the  R oyal A ireraft E stablishm ent, South  F arn -
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borough, and  was constructed  in tlie Engineering D epartm en t of the 
N ational Physical L aboratory .

The deflectom etcr incorporates an  Amcs dial indicator, calibrated  
in  thousand ths of an  inch, and  is arranged  so th a t  the  specim en under 
te s t recedes from  th e  indicator, th u s obviating dam age to  th e  la tte r  on 
fracture of th e  specim en. In  use th e  in stru m en t is ligh tly  fixed to  the  
specimen b y  th ree pairs of po in ted  screw s; th e  deflection of the  centre 
of a 5-in. span is recorded on the dial directly, w ithou t a  m ultiplying 
device. B rrors in  th e  readings due to  the deform ation of th e  specimen 
a t  the points of loading and  suppo rt are elim inated by  m ounting the  
defiectom eter on th e  neu tra l p iane of th e  specimen. The shape of the 
deflectom eter is such th a t  i t  can be used for cen tral loading tests  on 
a 6 -in. span, and  for four-point loading tests  on a greater span, 
deflection m easurem ents being m ade in each case on a  5-in. span. Over 
the rangę of deflections obtained in  th e  te sts  m ade the  errors due to  
the m ethod of m easurem ent were negligible.

D is c u s s i o n  o f  R e s u l t s .

Tensile Tests.
Table I I  gives th e  m echanical p roperties determ ined by  the  tensile 

tests. The ratio  of perm anen t elongation to  to ta l extension a t  fracture 
is p lo tted  aga inst percentage elongation in  Pig. 5. The ra tio  is zero 
for com pletely non-ductile m ateria ł and  rises to  u n ity  in  com pletely 
ductile m ateriał. The p lo tted  curve consists of two nearly  s tra ig h t lines 
joined b y  a  sho rt po rtion  of high cu rva tu re  which corresponds w ith  a 
perm anent elongation of ab o u t 2 -3  per cent. The values of elongation 
m easured on th e  broken  test-pieces are all definitely higher th a n  those 
obtained from  the  łoad-ex tension  curves.

Bend Tests.
Table I I I  gives th e  m echanical properties determ ined by  th e  bend  

tests  on m achined an d  unm achined bars. The ratio  of perm anen t 
deflection to  to ta l deflection a t  fractu re  is p lo tted  against percentage 
elongation from  th e  tensile te s t in  P ig. 5. The curves are of th e  same 
form  as th a t  ob ta ined  from  th e  tensile tests. Very sa tisfactory  agree- 
m ent was ob tained on tests  m ade in  duplicate on unm achined bars.

Comjiarison o f the Two Methods.
I n  th is  investigation  the  perm anen t deform ation m easured on the  

tensile test-p iece was, in  generał, approxim ately  one-half of th a t  
m easured on the  bend test-piece. In  th e  tensile te s ts  m easurem ents 
were m ade on a 2 -in. gauge le n g th ; th e  bend  tests  involved m easure
m ents on a 5-in. span, th e  loading span being 6  in. There was th u s 
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littlc  difEerence in  th e  order of m easurem ent betw een th e  tw o tests. 
W ith  either m ethod of te s t i t  is possible to  eom pute, w ith  a fair degree 
of accuracy, th e  p lastic deform ation from  observations of breaking stress 
and  to ta l deform ation im inediately prior to  fracture, if i t  is assum ed 
th a t  the  ratio  of th e  load to  elastic s tra in  is unaltered  b y  th e  p lastic 
deform ation of the  m ateriał. F rom  th e  results obtained th is  assum ption 
appears to  be justified in  th e  case of m ateria ł of very  Iow ductility .

The test-pieces of th e  dimensions em ployed in  the  investigation  show 
the  ratio  of perm anen t deform ation a t  fractu re  to  th e  to ta l deform ation 
a t  fractu re  to  be higher in the  case of th e  tensile te s t  th a n  in  th e  bend 
te st, and for th is reason the  tensile te s t  is superior to  th e  bend  te s t for 
th e  m easurem ent of ductility . I t  is n o t possible to  s ta te , from  the  
results obtained, th a t  th is  ratio  is independent of th e  dim ensions of the 
test-pieces.

S u m m a r y .

(1 ) So far as th is  investigation  extends, the  bend te s t applied to  
sand-cast alum inium  alloy bars has yielded no inform ation concerning 
ductility  which is n o t ob ta ined  from  the  tensile test.

(2) On th e  test-pieces em ployed in  th is  investigation  th e  ra tio  of 
plastic deform ation to  to ta l deform ation of a test-piece loaded to  the  
breaking p o in t is h igher in  the  tensile te s t  th a n  in  th e  bend  test, particu - 
larly  when th e  p lastic deform ation is smali. Conscquently th e  tensile 
te s t is preferable to  the  bend  te s t for the  m easurem ent of ductility .

(3) B end tests  on m achined and  unm achined bars have given very  
satisfactory  agreem ent.

(4) M easurem ents of elongation on broken tensile test-pieces have 
given values higher th a n  those obtained from  com plete load-ex tension  
curves.

A c k n o w l e d g m e n t s .

The w ork described above has been financed by  th e  D epartm en t of 
Scientific and In d u stria l Research, an d  carried o u t a t  th e  N ational 
Physical L aborato ry  under th e  generał supervision of the  A eronautical 
R esearch C om m ittee; th e  au tho rs’ th an k s are due to  these bodies for 
perm ission to  pubhsh  th is p ap e r; also to  Mr. H . S u tton , M.Sc., of th e  
R oyal A ircraft E stab lishm ent, Farnborough, for assistance in  draw ing 
up the  program m e of work, to  th a t  E stab lishm ent for th e  design of th e  
deflectom eter employed in  th e  bend  tests, to  D r. H . Gougb, M .B.E., 
F .R .S ., S uperin tendent of th e  Engineering D epartm en t, N ational 
P hysical L aboratory , an d  to  Mr. R . G. B atson , A .K .C., M .Inst.C .E ., 
M .I.M ech.E ., who collaborated  in  draw ing up  th e  program m e of w ork 
and was associated w ith  th e  earlier stages of th e  experim ental work.
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D IS C U S S IO N .

D r . A. G . C. G w y e r  * (Vice-President): This investigation demonstratcs, 
in the most autlioritative wray possible, th a t the transyerse test as applied to 
sand-east aluminium alloys—and quito a wide rangę have been studied— 
offers no advantagc over the tensile test. Tlns is of importance because, until 
comparatively reeently, the British Standards Institution specified tensile 
tests for cast aluminium alloys on chill-cast bars, and then, for reasons which 
were, I  think, sound, it decided to abandon the clull-cast test-bars in fayour of 
sand-east bars. A difficulty arose with regard to  elongation, because in the 
case of the sand-east bars the yalues for this property were usually too smali 
to bo suitable for ineorporation in specifieations, and for this reason the sug- 
gestion was made th a t possible deflection tests of the type studied by the 
authors might be of value. I t  is therefore all the more unfortunate tha t this 
work should liave proved so conclusiyely tha t tho transyerse test is of no real 
value from any point of yiew.

Mr. H. Sutton,1' M.Sc. (Member): Like the authors, I  had hoped tha t the 
bend test might have proved of considerable value in dealing with these alloys 
which do not show very large elongation. I  tliink tha t most of those who have 
some experience in dealing with numerous tensile tests of the acceptance type 
realize th a t there is considerable yariation in elongation yalues, and tha t is 
perhaps easily explainable by the eurious way in which just a smali błock of 
crystals will sometimes rise up during the finałfailure andproventtho fraotured 
surfaces from being brought together afterwards to form a close fit. This 
can, howeyer, bo catered for by a judicious selection of an appropriate elonga
tion figurę in the usual tensile test when drawing up the specification.

On the whole, as the deflections in the beam test on short bars in the rather 
brittle or harder alloys are so smali, I  feel th a t the authors’ conclusions are 
fully justified by their results.

Mr. G. M e i k l e , J B .Sc.: I  arn afraid th a t my remarks will bo somewhat 
contrary to those made by Dr. Gwyer. Dr. Gwyer indicated th a t he does not 
think th a t the transyerse test is going to  be any good whatoyer from a speci
fication point of yiew, and th a t happens to  be the particular point in which I 
am interested. The authors haye shown conclusively th a t the ductility as 
shown by the bend test is comparable with the ductility shown by tho tensile 
test. My point is th a t when elongation yalues of tho order of 3 or 4 per cent. 
are obtained they are almost useless, because of the difficulty which Mr. Sutton 
mentioned of putting the test-pieces together again. From a specification 
point of view I  consider th a t the transyerse bend test is going to  be easier to 
carry out and moro reliable.

I  should like the authors’ opinion 011 that. point, because I  believe tha t 
this work was originally suggested a t  a meeting of the Committee of the 
British Standards Institution whieh is dealing with light alloys for aireraft. 
I  think th a t i t  would be advisable to  go oyer to  the bend test for ductility 
rather than the tensilo test, as is done a t  present with cast iron. The trans-

* Chief Metallurgist, The British Aluminium Co., Ltd., Warrington.
f Senior Scientific Officcr and Head of the Metallurgieal Department, Royal 

Aireraft Establishment, South Farnborough.
{ Farnborough.
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versc test is always used to  mcasurc the ductility of cast iron, and in tha t 
connection I  should like to ask tlie authors if they think th a t the results would 
bo vcry different if they used a longer test-bar—a 12-in. bar, as used for cast 
iron. In  tho paper they State th a t they cannot tell whether an alteration in 
dimensions would mean a  big alteration in tho results, but I  should be glad of 
an opinion on the 12-in. test-bar.

The P r e s i d e n t  : This paper deals w ith a method of testing. Had the 
particular medium used happened to be cast iron, tho paper would havc gone 
to another Institute, altliough essentially it  is a method of testing which is 
considered. That dirccts my attention to two points. We lmve 110 body in 
this country which is specifically concerned with methods of testing, and a 
paper dealing w ith methods of testing of metallic materials may bo presented 
to any ono of half a dozen different institutions, very much according to 
chance. T hat points, it would seem, not only to some overlapping but also to 
a gap in the odifiee of institutions which deal with scientific and technical 
subjeets.

The other point is this. I  think th a t tho paper has proved fairly con- 
clusively th a t this test is not very suitable for aluminium alloys, but why 
does it  persist for cast iron ? The transverse bond test is used vcry largely 
for cast iron, and I  sec little sign of i t  being abandoned. Presumably it has 
advantages over tho tensile test in tho ease of cast iron, and, if th a t is so, are 
they confined to cast iron ?

Mr. G r o g a n  (in  reply): The only criticism came from the President and 
from Mr. Meikle, and is, I think, quite simply answered. The cjuestion is one 
of scalę. In  theso tests two types of deformation are involved, plastic deforma
tion, with which we are concerned, and elastic deformation, which intrudes 
itself during tho test. In  the ease of the tensile test, the elastic deformation 
is not greatly affected by scalę; it is proportional to the gauge-lcngth and 
independent of cross-section. In  the transverso bend test, however, the 
position is very different. We worked it  out, and, whilst I  cannot remember 
tho actual figures, I  think th a t in the ease of the transverse test-piece the 
elastic deformation a t fracture is in proportion to a  power of tho length, and 
also depends on the cross-sectional a rea ; th a t is to say, using the bend test it 
is possible, by altering tho dimensions, to alter very appreciably the total 
deflection th a t is measured a t  fracture. That does not mean, however, tha t 
tho plastic deformation is also altered; i t  mcans th a t to obtain the plastic 
deformation from tho to tal deformation a very much bigger correction may 
have to be applied in the bend test than in tho tensile test. Our view is tha t 
it is better to inerease the accuracy of measurement than to inerease tho 
dimensions of the measurement made and a t  the same time inerease tho per- 
ccntago correction tha t has to be applied to the observed deformation in order 
to obtain the plastic deformation.

Mr. Meikle raised the ąuestion of putting together a fractured test-piece to 
obtain the plastic deformation. Our impression is th a t if the materiał is very 
brittle, little loosened pieces appear in the fracture, which preyent the two 
parts being p u t together again accurately, bu t we think that, as the ductility 
increases, th a t tendency to break up decreases, and th a t measurements of 
elongation from a broken test-piece are probably absolutely more accurate 
when the elongation is say 5 or 6 per cent. than when it is 0-5 to 1 per cent. 
When tho ductility cxceeds o or 6 per cent. as measured in the tensile test, tho 
transverse test becomes valueless for tho measurement of ductility owing to 
the deformation of the test-piece a t  the points of loading; i t  is essential, in 
such cases, to employ the tensile test.
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Tlio P r e s i d e n t  : Would you oxpress an opinion as to whethcr the trans- 

versc bend test is likely to be any use for any purposc—whethcr tliere is a  case 
for retaining it  for any materiał ?

Mr. G r o g a n  : I t  would be an obiler dictum, of my own, bu t before I  answer 
tha t I  should like to  say th a t so far as aluminium alloys are concerned it  is 
difficult to east a bar more than S in. in length. I t  could not, I  think, be 
moulded in tho simple way th a t tho ordinary tensile test-bar is moulded, and 
tha t introduces an item of expense in preparing the test-piece. Where equip- 
ment is not available for the making of tests of high aoeuracy thc bend test 
may—I  will not say more tlian may—liave value as compared with the tensile 
test; but, if  tho measurements can be sufficiently accuratcly made, I  believe 
th a t the tensile test is undoubtedly superior.

C O R R E S P O N D E N C E .

M r. J . G. P e a r c e ,*  M.Sc. (Member): This paper is of eonsiderable interest 
in view of the wide use of the transverse test for east iron. Alloys A, B, and
0 have elongations comparable with those of grey irons of yarying ąualities; 
D is comparable with austenitic east iron and E, F , and G with malleable east 
iron. The test is im portant for grey iron, in which strength varies to some 
extent w ith section, bccause it  is virtually the only test th a t can bo made on 
any section east. Tho span used for east iron is usually greater, being 15 
diameters on a standard 1-2 in. diameter bar, and hence deflection and set 
readings are more readily made. The results obtained confirm experience 
with east iron in th a t modulus of rupture and deflection are higher on a skin- 
machined bar than on a bar tested as east. The ratio of modulus of rupture 
to tensile strength covers a rango similar to th a t found in grey iron, and the 
ratio appears to  change in a similar w ay ; for average east irons i t  varies from
1 -8 to 2. The purely elastic deflection a t  fracture yaries very little from alloy 
to alloy, tho permanent set, as in east iron, inereasing markedly with ductility.

The conclusion arrived a t by the authors is of great importance, because I 
believe th a t for works and routine laboratory use, the transverse test lends itself 
better to reasonably aecurate observation than the tensile test, and partly  for 
this reason I  have recently suggested f  tha t the tangent method of determining 
the elastic modulus should be replaced by a calculation based on elastic de
flection a t fracture. Tho curve of elastic deflection is usually a straight lino 
directly proportional to the load, and this method overcomes all difficulties 
arising from the use of stress—strain relationships which eurve towards tho 
strain axis. In  east alloys of Iow ductility, fracture would thus be regarded 
in the same way as the limit of proportionality in the ductile alloys. The same 
treatm ent could be applied to  the tensile test. In  the case of east iron tho 
tangent method has been found inaccurate because, even a t Iow deflections, 
there is some permanent set present, in spite of tho straightness of the load— 
deflection curve. I  should be glad if the authors would stato w hat method 
was adopted to  ascertain the permanent deflection a t  fracture, as this cannot, 
of course, be obtained by direet observation, which reąuircs rem oral of the 
load on an unbroken b a r ; and also whether tho resilienoe or energy of rupture 
of the bars places them in order of touglmess or resistance to impact.

* Direetor, British Cast-Iron Researeh Association, Birmingham.
t  “ Tho Elasticity, Deflection, and Besilience of Cast Iron,” J. Iron, Steel 

Insi,, 1934, 129 (Adyance copy).
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Tlio Authotss (in further reply to the discussion at the meeting):  In  the case 

of materials of Iow ductility the elastic elongation a t  fracture of a tensile test- 
piece is proportional to Wl, w here TF is the breaking load and l the gauge-length: 
in the beam test the elastic deflection is proportional to Wl2/d. Correction 
must be applied to the observed deformation a t  fracture in order to obtain tho 
plastic deformation. This correction involves the strength of the materiał 
aa well as the dimensions of the test-piece, as W is directly proportional to tho 
ultimate stress, or modulus of rupture of the materiał.

I  he A tjtuoks (in reply) : We thank Mr. Pearce for his interesting com- 
munication on tho value of the transyerse test in the detennination of pro- 
perties other than tha t of ductility. The method omployed by us to determine 
the permanent deformation a t fracture was th a t of loading tho bar and measur- 
ing tho permanent deformation when the load was removed. In this way a 
load-permanent deformation curve was obtained which was then extrapolated 
to give the permanent deformation a t fracture. .

We have made no measurements of the resistance to impact of the materials 
employed in the beam test.
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NOTE ON T H E  IN FL U E N C E  OF GASES IN  
AN 8 P E R  CENT. C O PPER-A LU M IN IU M  
ALLOY ON NORM AL AND IN V E R SE
SEG REG  A T IO N . *

By I. G. SLATERt- M.Sc., Ph.D., M e m b e r .

S y n o p s i s .

The relationship between gas content and segregation in an S per cent. 
copper-aluminium alloy has been determined. In a sand-cast ingot, 3-m. 
in diameter by 3 in., segregation was found to bo inverse with very gassy 
melts but to be normal with degassed melts.

The  influence of dissolved gases in  alloy m elts, which on solidification 
are liable to  show inverse segregation, has been no ted  b y  several 
observers. The significance of dissolyed gases and th e  m anner in  which 
th ey  m ay affect the  m echanism  of solidification so th a t  inyerse segre
gation phenom ena result, has been a  m a tte r  of kecn controversy and 
of m uch specnlation. "Whilst th e  rival m erits of th e  m any  theories 
advanced have rcccivcd g rea t a tten tio n  in  academ ic discussions, prac- 
tically  no experim ental w ork has been directed  tow ards a  correlation  of 
th e  exaet gas con ten t of th e  m elt and  the  n a tu rę  of th e  segregation in  
th e  resulting ingots.

S tudies m ade during recent years, of gas eąuilibria in  solid and  
liąuid  m etals, have established th e  necessary technique for the  p ro 
duction  of m elts having controlled gas contents. The relationship, if 
such exists, betw een gas con ten t an d  segregation can  therefore be 
determ ined. A few experim ents wliich have been m ade in  th is  con- 
neetion w ith  an  8  per cent. copper-alum inium  alloy, are reported  on 
in th is  paper.

E xperimental.

A series of “ 3L11 ” alum inium -copper alloy ingots having various 
gas con ten ts w as exanuned. The ingots were all from  th e  sam e batch  
of m etal w ith  th e  exception of No. 1, which had  a  lower copper conten t.

* Manuscript received December 27, 1933. Presentod at the Annual General 
Meeting, London, Maroh 7, 1934. 

f  The Universitjr, Birmingham.



The gas con ten t of the  ingots ranged from  a  m axim um , obta ined  by  
thoroughly  sa tu ra tin g  th e  m elt by  poling w ith  dam p green wood, to  a 
m m m m m  produced by  various de-gassing processes. In  each case, the  
m elt was cast a t  700° C. in to  a skin-dried green-sand m ould, 3  in. 
in  diam eter by  3 in ., w ith  an open top  and w ithou t subsequent feeding. 
D u iing  solidification, large quantities of gas were given off from  No. 1  

ingo t; No. 2  ingot showed little  gas, and  th e  o thers rem ained quite 
tranqu il. Sections of the  five ingots were exam ined for th e  yisual 
appearance of pinholes, an d  these are recorded in  Table* I.

Two sets of drillings for analysis were taken  from  each b ło c k ; from  
the  ou ter circumference an d  from  th e  “ h e a t cen tre ,” th a t  is, th e  area 
a t  which the  last portions solidify. F o r purpose of com parison of gas 
content, th e  to ta l volum e of cavities in  each ingo t has been calculated 
from  density  de term ina tions:
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where p' =  observed density  of ingot, and
P =  optim um  density  of gas-free m etal.

The value of p" for ingots Nos. 2 -5  was tak en  as 2-870, th e  optim um  
density  recorded on a portion  of a  sand-cast błock, 3  in. by  3  in. in 
diam eter, which had  been poured from  a com pletely de-gassed m elt. 
ło r ingot No. 1 , p" was 2-850. The to ta l volum e of cavities is n o t 

exactly  equal to  the volume of gas re ta ined  in  the  ingot, sińce th e  
pressure of th e  gas in  th e  pinholes is unknow n and the re  is a slight effect 
due to  liquid shrinkage (ingot No. 5 showed traces of shrinkage a t  the 

h ea t centre ” ); th e  com parison requires a  rela tive m odification in 
each instance.

The obseryations m ade are sum m arized in  Table I.

T a b le  I.

Ingot
No. Bcnsily. Tisual Appearance of Polished Ilalf-Scction Tolume of 

Cavities, 
Per Cent.

Copper, Per Cent.

Edge. Centre.
1
2
3
4
5

2-758
2-802
2-819
2-S42
2-801

Very many pinholes 
Moderate number of pinholes 
lew  pinholes 
Sound
^o  pinholes, tracę shrinkage at the 

centre

3-3
2-4
1-8
1-0
0-3

7-6
8-3 
8-0 
s-o
7-7

7-0
8-1 
8-1
8-5
8-7

I h e  relationship between th e  percentage Tolume of cavities an d  the  
ty p e  and am oun t of segregation is shown graphically  in  Fig. 1 .
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I ii th e  experim ental conditions em ployed, i t  is scen th a t  th e  am ount 
of gas p resen t in  th e  m elt determ ines th e  character of segregation in  
the ingot. The influence of th is  fac to r in  determ ining th e  segregation 
w ith o ther ra tes  of solidification, rem ains to  be established.

A  fu rth e r ingo t (No. 6 ) hav ing  th e  sanie gas con ten t as No. 2 was 
prepared b y  allowing th e  m elt to  solidify nn d er a pressure of nitrogen 
a t  200 lb ./in .2. This ingot h ad  a density  of 2-866 an d  was quite free

3  in. x 3 in. D !A M E T E R  /U G O T S  C A S T  I N  S A N D  A T  7 0 0 °C.

from  pinholes. D eterm inations of th e  copper con ten t were m ade as 
before, an d  th e  resu lts were identical w ith  those ob ta ined  for th e  No. 2 
ingot. An ex ternal gaseous pressure therefore does n o t influence the 
ex ten t of segregation to  w hich th e  alloy is norm ally liable.

A discussion of th e  results now obtained in  th e  ligb t of the  
several theories of inverse segregation cu rren t will n o t be attem p ted . 
I t  is in tended  t l ia t  tliey  sliould indicate a  very  profltable line of 
investigation.



Discussion on Slater’s Paper

D IS C U S S IO N .

K T J l l  TuRXI? ’* A-R -S-M- (Past-Preaidont): I  am pleased 
bas lnvestigated the subjoot ofgases and inyerse segregation.

ficatfen iq fhp P 16 gaS Present in thc alloy during solidi-
toco llect t f f h n t r  mVn  segreSati.on- Ifc «  important in ■tho fi»fc place 

used always to impress on my studenta tho need for 
mguishmg betneen facts and explanationa. I  used to tell them tha t 

there ,s a rcason for eyęrything, but tha t it is often a w ron ' ono.
which ni fn l l1?Xplanati0n tha t Mr‘ Slater has Siren of the facts“ T»n ,?bserv edls the correct ono. For instance, Fig. 1 is doscribed as
it not b e tL 0fnflaS °n S^ S S t io n  of Copper,” in the a lloy^ tud iod f but m ly
nrodurpq mfluQno° of the segregation of copper on gas ? Is it tho gas th a t
of tbe rrasi STngrf f tl0n’ or 13 lfc *he segregation tha t leads to tho liberation
s e ^ a t i o n  the™ -, Y? ? obseryed, when there is considerable
c i S - s o m e t f n f r  «°nsiderablo. f  ̂ it.es. Theso cayities are not necessarily
siderable i  t l  qUlte, ™e^ llar in shape—but there are con-smerable cayities when there is much inyerse segregation.
durin« the w n ^ J 0̂ ’eSatiOnł *her*parf  tw °  constituente w hich separate, and
su p p o i hat ■there °f  ‘T Stituents is ™ s o n a b I e  to1 r 1 be a  ^ r e n c o  m the solubility  of th e  gas ’ I f  for 

dr0ppcd. i 'lt0 a  glas3 o f soda-w ater there is a  
th a t  eontaiim mnrp ^  • a  ° ° ^ - nch  oonstituent separates from  the mass

nnprobable tha t there may bo a rcduction 
fact tha t whenmnr suggestion, I  tliink, has support from tho
mient oxDerimen?tI prCS? re was employed by Dr. Slater in the subse- 
Further L  mereased gas pressure did not inerease tho segregation.

determmo which is true, b u t I  s u g f s f t h a t  i t  is 
gas produces S g r e g a S  l lb e ra te  8 ^  *» th a t the presenee of

“ The M u ^ n c ^ o f ^ iw ^ ^ A T ^ 1001!361̂  Slater has entitled his paper 
& ,7  h T  i 3 011 KorinaI and Inyerse Segregation ” whereas tlie
the +i exPemnentally established is tha t there is a relation between

S a fesS S S
S r t S ^  r h r
facts and the concZ i o Z ^ o h  betWCen th° °bserved

In  a paper which I  presented a t the Iast meetiner of this Institute + tho 
» ■ * * .  between H e t S & ^ S S ^ S l  

i;fr ° f ,°r a”d’ although the conditions in my exporiment were verv 
S l f t h i  t w o f m - i ^  Chmed Sample’ and Dr‘ S later?sam plcs J l e  sanZ  
neftion h e tw n ^ ?  g S seP.arately do establish th a t there is some eon-

anCJ the Pr°duction of cayities in an ingot. 
phenoTOm m v b p  nn therefore, that, whatever the esplanation of these

°an b° consldercd perfectly satisfactory 
“  “  Ł — « “

* Leatherliead.
t  Lecturer m Metallurgy, The Uniyersity, Birmingham.
+ J- Insi. Metals, 1933, 52, 193. b
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Dr. R. Ge n d e r s ,* M .B .E . (Member): There is  no doubt wliatever tha t 
considerable interest will be taken in this smali conundrum, without answer, 
which. Dr. Slater has submitted, and this eonyenient scheme miglit well be 
Followed in futurę papers where difficulty arises and where a good discussion 
is reąuired.

In  this paper there are, apparontly, two contradietory pieees of eyidence. 
First of all we are provided with a curve which shows very eonvincingly a 
relation between the type of segregation and the amount of cavities in the 
ingot, and this is followed by a further single esperimental result which from 
some points of view does not agree with the previous eyidence. Personally, 
I  feel strongly disposed to be cautious regarding th a t single result. Single 
c.Yperiments aro freąuently misleading, and, if one looks further into this 
particular esample, i t  is seen tha t the alloy showed little segregation of any 
kind, a m atter of 2 per cent., as against a possible experimental error of 1 per 
cent., and therefore it  would not be expeeted th a t any large effect would 
bo shown by the application of cxternal gas pressure. Ignoring, then, to 
some esten t th a t single result, and returning to the sand-cast ingots,it should 
be borne in mind th a t the density values given, expressing the porosity of the 
sand-cast ingots, mean only th a t a certain amount of tho gas eyolyed was 
entrapped in the ingot and was available to  set up pressure in the interior. 
The figures have no relation whatever to  the actual gas eontent of the liąuid 
metal, and I  think th a t th a t should bo made elear.

On tho whole, the eyidence pu t forward is support for what might be 
terrned tho “ gas theory ” of inverse segregation, and it is of interest in this 
connection th a t reeent work by Hohne on tin-bronze ingots,f has given 
eyidence of a similar character.

Dr. 0. H. D e s c h . J  F.R.S. (Vice-President): Some of the criticisms offered 
in regard to this paper do not seern to me to be entirely deseryed. I  think 
tha t the paper is important, in th a t i t  does afford eyidence for the view, which
I  beliove to be the only acceptable one a t  present, th a t inyerse segregation 
is usually the result of the pressure from gas. In  an ingot entirely free from 
gas, w hat we cali normal segregation, resulting from differential freezing, is 
the one which occurs; inverse segregation must be produeed by an internal 
pressure of some kind.

In  this paper the method for determining the volume of eavities is not a 
method for determining the amount of gas there; i t  is a secondary effect of 
tho gas, but i t  does show in a rough way a relation between the amount of gas 
present and the extent of tho segregation, direct or inverse. I t  is not, howeyer, 
the quantity of gas as a whole th a t matters, but the way in which th a t gas is 
liberated a t the moment of freezing. T hat is not elaborated here, but, as it 
is the determining factor, I  see nothing contradietory in the result obtained 
when the extemal pressure of nitrogen was put on. I  do not see why th a t 
should have altered the esten t of tho segregation, because it is tho method by 
which the gas is liberated, and not its total quantity, which eounts. Although 
this paper is short and eontains a limited number of facts, it has an important 
bearing on tho problem of segregation in generał.

Professor D. H a n s o n , §  D.Sc. (Vice-President): I  should liko to support 
what Dr. Desch has said. The first two speakers rather suggested th a t

* Research Department, Woolwieh.
t  Giesserei, 1933, 20, 523. .
j  Superintendent, Department of Metallurgy and Metallurgical Chemistry, 

National Physical Laboratory, Teddington.
§ Professor of Metallurgy, The University, Birmingham.



108 Discussion on Slater’s Paper
this paper is a much bigger thing than it  is ; aetually i t  is a verv smali 
note direeting attention to differences in the type of segregation which occur 
in eertain aluminium alloys of yarying gas content, and, although the gas 
content is represented in the diagram as Yolume of cavities, we know froni an 
intensiye study of these alloys for other purposes th a t in point of fact the 
different samples had yariations in gas content in the direction indicated. 
The paper does very little more than that, but i t  contains eyidence which does 
seem to me to  make it quite eertain th a t the eyolution of gases has an im- 
portant influence on inyerse segregation. I  haye welcomed th a t theory sińce 
Dr. Genders put i t  forward. There are eertain cases in which i t  seems to me 
self-eyident, beeause the eyolution of gases sometimes forces a euteetic from 
the normal position to the surface of the ingot and makes i t  esude outside the 
normal ehill-cast surface. Moreover, the same sort of thing happens in these 
8 per cent. copper alloys, beeause the gas cayities, when the amount of gas is 

 ̂t^0 large, are situated in those places where the euteetic will normally be.
11 the gas replaces the euteetic and forces it right out of the alloy or to portions 
nearer to the surface, it must set up inyerse segregation, beeause where there 
is gas instead of the eutectic there is bound to  be a deficiency in copper content.
J weicome this paper, therefore, as emphasizing w hat seemed fairly obyious 
before, th a t there are many cases in which gas is a yery im portant factor in 
controlling inyerse segregation. Whether it will be found to  be the only factor
1 do not know; it  seems to me th a t normal shrinkage effects might haye the 
same influence. As Dr. Slater points out, here is a line of inyestigation which 
has not yet been pursued, and it seems to be one which will lead to yery fruit- 
ful results.

Sir. O. L. Bailei',* M.Sc. (Member): I  should like to  support Professor 
H anson in agreeing with the author th a t gas is undoubtedly a factor in inyerse 
segregation, but I  would suggest th a t other factors are probably also inyolyed.
1 ha\ e in mind an esperiment by Mr. S. L. A rchbutt to which he referred in 
cuseussmg Dr. Genders’ paper on this subject some years ago. Mr. Archbutt 
should  tha t serious inyerse segregation has occurred in a 3-in. diameter chill- 
cast bar of aluminium alIo3r containing 12 per cent. copper, when only a J  in.

solidified and the liquid interior had then been poured out. In  
chill.casting there are probably seyeral factors tending to produce inyerse 
segregation, but there seems no doubt th a t dissolyed gases constitute one of 
these.
a The esudation of the tin-rich eutectic a t a late stage of solidification of a 

,gassy gun-metal is not an uncommon occurrence, and is generally recog- 
nized to  be due to  dissolyed gases. I  would, howeyer, point out th a t a tin— 
bronze which does not contain sufficient dissolyed gas to  cause actual esuda- 
tion of the tin-rich eutectic, and which does not show inyerse segregation in 
a sand-cast bar, will freąuently show inyerse segregation if chill-cast. Tho 
problem is much more complicated than would be the ease if dissolyed gases 
alone were concerned, bu t a t the same time i t  is important to recognize tha t 
dissolyed gases can exert t his effect.

. Dr. S. W. S łn rii.f  C.B.E., A.R.S.M. (Member): The point which has 
arisen is th a t the inclusion of gases, or a t  any rate the occurrence of porosity, 
may undoubtedly occur in metal which also shows inyerse segregation. Two 
of Professor Tumer’s students, Reader and Iokibe,-had shown that-many years 
ago bu t they did not attem pt to associate the two phenomena. As has been

* Deyelopment OfiBcer, British Kon-Ferrous Metals Research Association, 
London.

f The Royal Mint-, London.
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said by a previous speaker, i t  is not quile correct to take porosity, as deter
mined by solid densities, as a measure of the relative amounts of gases which 
were present in the metal in the liąuid state, th a t state being, of course, the 
only state in which gas could possibly affeet inyerse segregation. _

The author has not, I  thinlc, cliosen the happiest method for inyestigating 
this phenomenon. Casting in a sand mould is notoriously a procedure which 
does not give such niarked invei'se segregation as casting in ehill moulds, and 
when this problem is investigated I  think th a t tha t procedure should be 
adopted which accentuates the elfects as much as possible. On the qucstion 
of sampling these smali flat slabs, the author speaks of taking drillings 
from the circumference and from what he calls the “ heat eentre.” I  ara not 
sure how he lias satisfied himself entirely about the “ heat eentre,” in arriying 
a t the figures in Table I. Dr. Genders has referred to the obseryation which 
the author giyes later on, when he says: “ a further ingot (No. 6) haying the 
same gas content as No. 2 was prepared by allowing the melt to solidify under 
a pressure of nitrogen a t  200 lb./in.2.” The author goes on to say th a t tha t 
ingot had a density of 2-866 (which is higher than any of those appearing in 
Table I), and th a t i t  was quite free from pinlioles, so presumably there was a 
minimum gas effect in tha t case; and yet he says : “ determinations of the 
copper content were made as before, and the results were identical with those 
obtained for the No. 2 ingot,” th a t is to say of one which showed inyerse 
segregation. Dr. Genders was inclined to disregard that single observation, 
but 1 should prefer to regard it  as a true representation of what takes place; 
that is to say, th a t alloys of this composition, whether they are gas-free or not, 
will be found to show inverse segregation.

Mr. S. L . A r c h b u t t  * (Member) : I  should lilie to refer to the esperiment, 
mentioned by Mr. Bailey, th a t I  made with Dr. Rosenhain some years ago. 
T hat esperiment was made in 1927 after we received preprints of Dr. Genders 
paper on the mechanism of inverse segregation in alloys. We poured an ingot,
3 in. in diameter, of 12 per cent. copper-aluminium alloy, and when the wali 
thickness was J  to  ł  in. thick we poured out the liąuid and on analyzing the 
hollow shell found inyerse segregation in the wali. This appieared serious 
evidence against Dr. Genders’ theory of pressure, due to gases liberated from 
the liąuid near the end of solidifleation of castings, as the cause of iiwerse 
segregation. This further eyidence th a t we now haye from Dr. Slater seems 
to make it  positiye th a t gases in solution can produce inverse segregation. 
I t  is interesting th a t it should be found in the thin shell of the ingot as well 
as in the ingot eompletely soHdified.

The P r e s id e n t  : This httle paper on a big subject has given rise to a most 
interesting diseussion. There is a  strong case for the “ gas ” explanation, but 
it seems difficult to  account for cdi cases of inyerse segregation as due to the 
effect of gas, because in a  number of binary alloys containing only a smali 
percentage of one of the two metals, inverse segregation seems to be the usual 
and ordinary type of segregation, whatever the conditions in which tho alloy 
is cast.

The A tjthok  (in reply): Regarding the ąuestions raised as to the significance 
of gas in the generał phenomena of inyerse segregation, and more partioularly 
the point as to whether gas is the only cause of inyerse segregation, I  should 
like to refer to some work by Masing who summarizes the present position 
regarding the publisbed literaturę on this subject, and classifies the possible

* Principal Scientific Officer, Department of Metallurgy and Metallurgical 
Chcmistry, The National Physical Laboratory, Teddingt-on.



causes of invcrse segregation into four sections ; (1) the pressure in the melt 
due to  gas set free on solidification, or gas pressure; (2) volume contraction 
by solidification of the outside layers; (3) coutraction pressure of the first 
partly  eolidified and hence porous outer region of the ingot; (4) expansion of 
the solidifying outer zone by the mutual pushing apart of the growing primary 
erystals, or pressure of crystallization.

110 Correspondence on Slater’s Paper

C O R R E S P O N D E N C E .

T h e  A tjth o r  (in further reply to the discussion at the meeting) : Referenee 
to the text immediately preceding Tablc I  should make it elear th a t tho 
relationships between tho percentage volume of eavities ohserved, the gas 
content of the melt, and the amount of gas retained in the cavities in in"ots, 
is no more tlian rouglily qualitativc. Dr. Desch has more clearly defined how 
the aetual mechanism of gas evolution on solidification is a determining factor 
in  influencing tho extent and type of segregation. Modifieations In  this 
mechanism produccd by yariatioas of the total amount of gas evolved aro to 
bo espected. In  this conncction, the secondary effect—tho formation of 
cayitiea—is of great importance, and I  am in complete agreement with Dr. 
Allen th a t no satisfactory explanation of segregation phenomena, due to these 
influences can bo satisfactory without adequato esplanation of tho production 
of the cavities.

ingot solidified under an extraneous gaseous pressure
oi 200 lb./in.2, a possible reason for the results obserred is suegested in the 
following

Ezperiments show tha t by hcating the ingot to a temperature above tho 
solidus, but below the liąuidus, cavities appear a t areas eoincident with the 
eutectic a t  grain boundaries. W ith the pressure-east ingot, the normal 
8ro"  ™ . gas-fillcd cavities is inhibited, so th a t there is a decrcased tendency 
towards inverse segregation. A t the same time, due to tho extraneous pres
sure, the values of factors 2 and 3 given in my verbal reply will be inereased, 
resultmg in an inereased tendency towards invcrse segregation. In  the 
present instance, the two causes appear to balance out.
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TH E VISCOUS P R O P E R T IE S  OF EX T R U D E D  
EU TECTIC ALLOYS OF L E A D -T IN  AND 
B ISM U TH -TIN .*

B y C. E. PEARSON.t M .M et., Me m b e r .

S y n o p s i s .

Tho eutectic alloys of lead-tin and bisnmth-tin, when in the extruded 
condition, can bo deformed in a viscous inanncr. Elongations up to 2000 
per cent. havo beon obtained in tcnsilo tests employing prolonged loading.
By tho uso of an apparatus designod to maintain a constant stress on tho 
tost-pioce during oxtonsion, it has been shown that deformation takes 
place at a uniform rato which is greatest in freshly extrudod rods and 
decrcases with ago or on annealing. Tho viscosity possessed by tho 
alloys is not that of simple liquids, but rosembles that shown by somo 
disperse system3 in which the yiscosity coeflicient is a function of tho 
stress causing fłow. Tho loeus of viscous llow is found to bo at tho 
intererystalline boundaries. I t is particularly pronouncod in these 
extruded alloys owing to the persistenco of a very smali grain-sizo after 
recrystallization. Measuromonts have been mado which appear to rolato 
tho decrease in the viscous proporty on ageing or annealing with an 
inereaso in the grain-sizo.

I n t e o d u c t i o n .

D u rin g  th e  course of experim ental w ork on the  extrusion properties of 
eutectic alloys w ith  Iow m elting po in ts, th e  au th o r observed th a t  when 
the  ex truded  rods were loaded slowly in  tension, or stressed continuously 
under a  sm ali load, th e y  showed deform ation, apparen tly  of a viscous 
character, to  an  ex ten t greatly  in  excess of th e ir  norm al p lastic  behaviour 
under rap id ly  applied stress in  either th e  cast o r ex truded  condition. 
One alloy, th e  b ism u th -tin  eutectic , showed alm ost com plete absence of 
ordinary  p lastic ity , an d  pieces dropped on a  hard  floor broke easily 
in a b rittle  m anner, y e t ex truded  rods could be slowly elongated .by 
several hundred  per cent.

The te rn a ry  eu tectic of zinc, alum inium , and  copper, afte r rolling a t  
250° C., th e  properties of which have been described by  E osenhain, 
Iiaugh ton , an d  B ingham , 1 affords a sim ilar instance in  w hich the  
tensile streng th  an d  ductility  are dependent on the  tim e fac to r in  load
ing. These au tho rs considered th e  alloy to  have viscous properties

* Manuscript rocoived October 31, 1933. Presented at the Annual General 
Meeting, London, March 7, 1934. ^
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betw een tliose of glass an d  pitoli, an d  a t tr ib u te d  its  beliaviour to  the  
p a rtia l conversion of th e  m etal, by  rolling, in to  an  am orphous eondition. 
JefEries an d  A rcher,2 com m enting on tliis, suggested th a t  th e  resem blance 
to  am orphous substances m igh t be due to  its  possessing a  sm ali grain- 
size a t  tem peratu res norm ally  in  the  reerystalliza tion  rangę, which would 
accentuate th e  effect of th e  properties of th e  g rain  boundary . Jenk ins 3 
has show n t lia t  rolled eu tectic alloys of cadm ium -zinc an d  le ad -tin  give 
variable tensile te s ts  depending on th e  ra te  an d  du ration  of loading. 
The la tte r  alloy gave an  elongation of 400 per cent. under prolonged 
loading, and  could be slowly stre tched  under a load less th a n  100 lb ./in .2. 
H arg reaves4 and ETargreaves an d  H ills5 have dem onstrated  th a t  th e  
Brinell hardness of eu tectic alloys w ith  Iow m elting p o in t is decreased 
very  g reatly  by  kam m ering. This is due to  th e  capacity  possessed by  
th e  w orked m ateria ł to  undergo time-flow, whicli brings ab o u t rap id  
cnlargcm ent of th e  Brinell im pressions during th e  tim e of application  
of the  load. The change in  d iam eter d w ith  tim e t is given by  th e  
expression d — cts. Of th e  constan ts c an d  s, th e  la tte r  is regarded by  
H argreaves as a m easure of th e  ra te  of flow or creep of th e  m ateriał. 
H e concluded th a t  “  , . . th e  ex trao rd inary  softening is p a rtly  th e  
resu lt of th e  re ten tion  of th e  individual phases in  a  quasi-viscous 
eondition and  p a rtly  in terphase ac tion .”

M a t e r i a l s .

The experim ents described in  th is  paper were carried ou t on the  
eutectic alloys of lead and  tin  (37 per cent. lead) and  b ism u th  an d  tin  (44 
per cent. tin ). The m etals from  w hich these alloys were p repared  were 
of a  high degree of p u rity . B illets for extrusion, 3 in. in  length  and  1-25 in. 
in  diam eter, were m ade by  casting th e  alloys, a t  a tem peratu re  20° C. 
above the ir m elting points, in to  th e  body of the extrusion  press, which 
was first heated  to  60° C. The ends of th e  billets w ere dressed, and  they  
w ere then  ex truded  in to  rods 0-25 in . in  d iam eter by  th e  inverted  m ethod, 
i t  having been shown preyiously 6 th a t  th e  deform ation produced by 
th is  m ethod is extrem ely uniform . As a  fu rth e r precaution  to  ensure 
uniform ity, 10 per cent. was rejected  from  each end of th e  ex truded  rod. 
P relim inary  tests  ind icated  th a t  time-flow under stress took  place m ost 
readily  in  rods ex truded  a t  Iow tem peratures, an d  extrusion  tem peratu res 
of 18° C. for th e  le ad -tin  alloy, and  30° C. for th e  b ism u th -tin  alloy were 
ad o p ted ; th e  la tte r  tem pera tu re  w as th e  low est th a t  could be used 
w ithou t the  occurrcnce of cracking in  th e  ex truded  rod.
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OLITECHNIK!] P l a t e  IV .

Fig. 1.—Tensile Test-Piece of Extrudcd Bismuth-Tin 
Eutectic Alloy. Elongation 1950 per cent. X J. Eutectic Alloy, Deformcd under In 

terna! Pressure of 3001b./in.2. X i -

F ig. 5.—Cast Structure in Bism uth-Tin Alloy. 
Etched with Ferric Chloride. X 100.

F ig. 6.—Longitudinal Seetion from Extruded 
Bism uth-Tin Alloy. Etched with Ferric 
Chloride. X 100.

F ig . 7.—Extrudcd Bism uth-Tin Alloy, slowly 
Elongated by 150 per cent. Etched with 
Ferric Chloride. X 100.

F ig. 8.—Extruded B ism uth-Tin Alloy, slowly 
Elongated by 600 per cent. Etched with 
Ferric Chloride. X 100.

[T o  face p .  1 1 2 .



P l a t ę  V .

Fig. 13.—Extruded Bisrauth-Tin Eutectic F ic. 14.—Extruded Lead-Tin Eutectic Alloy, 
Alloy, Aged i  lir. before Straining. Sub- Annealed 5 hrs. a t 100° C. Strained Rapidly.
sequently Etched with D ilute Ferric Chloride. Unetched. x  1000.
Dark Constituent Tin, x  1000.

F ic. 9.—Extruded Lead-Tin Eutectic, Aged J 
lir. Structure Developed by Straining." 
Elongation about 50 per cent. Unetched. 
X 1000.

i ' i g .  10.—As Fig. 9, but Aged One Day before 
Straining. Unetched. X 1000.

100“ C. before Straining. Unetched. X 1000.
Fig. 12.—As Fig. 9, bu t Annealed 2 hrs, at 

175° C. before Straining. Unetched. X  1000.
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P rolonged Loading Tests.

Koda of th e  ex truded  b ism u th -tin  alloy, b o th  in  th e  freshly extruded 
condition and  also afte r ageing an d  annealing trea tm en ts , were subjected 
to prolonged loading in  tension. Test-pieces for th is , 4 in . in  length, 
were prepared  b y  m achining th e  rod  to  0-2 in . in  d iam eter over a gauge- 
length of 2 in ., screw th reads being provided on th e  ends of th e  test- 
pieces for gripping. F o r com parative purposes, test-pieces in  th e  cast 
condition were m ade from  rods form ed b y  draw ing th e  m olten  alloy in to  
glass tubes. In  add ition  to  th e  long d u ra tion  tests, o rd inary  rap id  
tensile tests  were also carried  out.

Table I.— Prolonged Loading and Rapid  Tensile Tests on B ism u th -T in  
Eutectic A lloy in  the Extruded and Cast Conditions.

Condition. Load,
Lb./m .*.

T im e to  
F ractu re , 

H ours.

E longation , 
P e r  Cent. 
on 2  in.

R em arks.

20 hrs. after ex- 1,075 2-0 652 Long tapering fracture.
trusion. No necking.

7 days after ex- 1,075 3-1 572 i t  »  tł

trusion
Annealcd 3 lirs. 1,075 20-5 400 tf  tt i t

at 100° C.
Caat spocimen. 1,075 1944 18 Nockod in two places.
3 days after ex- 11,150 approx. 35 Ordinary tensilo tost.

trusion. max. 1 minutę
Cast speeimen. 10,300 approx. 5 a  tt tt

m ai. 1 minuto

The figures in  Table I  show th a t,  while th e  ex truded  alloy has a rap id  
te s t streng th  slightly  in  excess of th a t  of th e  cast alloy, i t  possesses far 
greater capacity  for deform ation an d  ex trao rd inary  ductility  under a 
m oderate load. The readiness to  flow and  th e  to ta l elongation are 
reduced b y  ageing a t  room  tem peratu re  or by  annealing. A  catheto- 
m eter was used to  follow th e  progress of th e  extension in  the  prolonged 
loading tests , an d  i t  was found th a t  up  to  150-200 per cent. i t  was 
alm ost uniform ly d istribu ted  along th e  gauge-length; sligh t differences 
in  the  section of th e  test-pieces developed during  fu rth e r elongation, and  
they  eventually  becam e tapered  to  th e  p o in t of fractu re . The ra tę  of 
extension increased during each test, becoming very  rap id  in  the  la te r 
stages owing to  increase in  th e  stress as th e  cross-sectional area 
diminished.

Similar te s ts  to  th e  above m ade on th e  le a d - tin  alloy gave com- 
parable results w hich need n o t be detailed. Some experim ents m ade 
on th is  alloy, in  w hich co n s tan t ra te s  of strain ing  w ith  reference to  th e  
original gauge-length were used, are given in  Table I I .  They are of 
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in te rest as show ing t l ia t  w hen tlie alloy is in  th e  new ly exfcrudcd condi- 
tio n  i t  possesses g rea t ductility  even a t  com paratively  high ra te s  of 
deform ation ; lower ra te s  of stra in ing  are required  to  ob ta in  high 
elongations in  th e  aged o r annealed specimens.

As an  exam ple of th e  elongation a tta inab le  in  th e  alloys under 
su itab le conditions, test-pieces of each w ere loaded in itia lly  a t  250 
lb ./in .2; th e  stress w as th e n  m ain ta ined  approxim ately  co n stan t by

Table I I .— The Influence o f the Ratę o f Straining on the Tensile Propert ies 
o f Extruded L ea d -T in  Eutectic.

R a tę  of S train ing , P e r  Cent. pe r M inuto on 2-in. G auge-Length.

25. 50. 150. 300.

E longa
tion ,
P e r

Cent.

M ax.
Load,

L b ./in .3.

E longa
tion ,
P e r

Max.
Load,

Lb./ta.*.

E longa
tio n ,
P e r

C ent.

M ax.
Load,

Lb./in.*.

E longa
tion ,
P er

Cent.

M ax.
Load,

L b ./in .1.

J hr. after extru- 
s io n

1 day after oxtru- 
s io n

3 daya after extru- 
sion

Annealed 5 hrs. at 
100° C. after ex- 
trusion .

70 days after ex- 
tmsion .

360

25

5630

5980

1122

1025

517

47

25

3270

4370

5440

C340

6000

637

350

128

27

5620

6270

7168

8620

575

110

42

7,620

9,090

10,530

decreasing th e  load a t  in te rvals during stretch ing . Table I I I  shows the 
finał lengths reached b y  each original inch of th e  respective gauge- 
lengths. The broken  test-piece of b ism u th -tin  afte r th is  te s t was coiled 
so th a t  i t  could be photographed  conveniently, an d  is shown in  K g . 1 
(P la tę  IV).

Table I I I .

P inal L eng ths o f E ach  Inch  of 
O riginal Test-Piece. T otal,

Inches.

E longa
tion , P e r  

Cent. 
on 4 in .1. 2 . 3. 4.

Bismuth-tin alloy aged 7 
days after extrusion 

Lead-tin alloy aged 40 
daya after extrusion .

15*2

14*5

21-6

15’S

26-8

14-9

1S-5

19-2

82*1

64-2

1950

1505

The resem blance w hich deform ation in  th e  alloys bears to  the  
viscous flow of substances like glass is exemplified b y  th e  expansion of



tubes under in te rn a l pressure. F ig. 2 (P latę IV) sliows pieces of tube 
extruded from  a b illet of le ad -tin  eu tec tic ; th e  left-hand  tu b e  is as 
extruded, th e  o ther two have been subjected  to  a pressure of 300 lb ./in .2. 
The expansion toolc place a t  first m ore or less uniform ly over th e  whole 
length of th e  tube , as m ay be seen from  th e  eentre specimen in  F ig. 2; 
la ter a bulge form ed, an d  th e  tu b e  eyentually  bu rst, afte r the pressure 
had been applied for 50 m inutes. The cubic capacity  of a  12-in. length 
of the  b u rs t tu b e  was 9-1 tim es th a t  of an  equal leng th  of the  original 
tube.

F low in  the E xtruded  Alloys tjnder Constant Stress.

The s tu d y  of th e  deform ation w hich occurs in  m etals w ith  tim e under 
conditions of prolonged loading, is com plicatcd by  the  inerease in  stress 
which takes place as th e  sectional area of th e  test-piece is reduced.
Wliere th e  deform ation during th e  te s t j ........ — ,
is large, as in  th e  p resen t case, some v
m ethod of stress com pensation becomes |
essential. A n apparatu s has been U
devised on th e  principle of a w atch  
fusee by  m eans of which i t  is possible X
to m ain ta in  constan t stress on a test- 
piece during a to ta l elongation of 150 
per cent. A sketch  of th e  apparatu s is 
shown in F ig. 3. I t  consists of a 
trunca ted  hyperbolic cone w ith  a pulley 
a ttach ed  a t  one end, w hich is m ounted 
horizontally on a cen tra l axle supported  
on bali bearings. The test-piece hangs 
vertically from  a fram e, and  is a ttached  
a t  its lower end by  m eans of a fine wire 
cable to  th e  pulley, th e  circum ference of 
which is 4-2 in ., and  is equal to  the  
efiective stretch ing  length  of the  test- 
piece. A trac k  c u t in  the  surface on the cone, of uniform  p itch , extends 
for 1J com plete tu rn s , an d  serves as a guide for a  seeond wire cable, 
which is secured a t  one end to  a s tu d  on th e  narrow  end of th e  cone, 
and  a t  th e  o ther to  a  weiglit. This w eight hangs a t  th e  beginning of a 
te s t from  th e  end of th e  trac k  a t  th e  wide end of th e  cone, and  exerts 
stress on th e  test-piece. As th e  test-piece elongates, th e  cone revolves 
on its  axis an d  causes the  cable bearing th e  w eight to  become unw ound 
from its  track , th u s  causing a reduction  in  th e  m om ent of th e  load which 
is proportional to  th e  reduction  in  cross-sectional area of the  test-piece.

Eutectic Alloys o f Lead-T in  and B ism uth-T in  115



A series of w eights w as used to  give various stresses. Tliis m ethod  of 
com pensation is dependent on th e  elongation tak ing  place uniform ly 
along th e  test-piece. T h a t th is  is  so w ith in  narrow  lim its is show n by  
th e  following figurcs, -which zepresent th e  finał lengths of individual 
inches of a  test-piece a fte r i t  had  undergone considerable e lo n g a tio n : 
2 4 1 , 2-42, 2-39, 2-36 in . The ap p ara tu s  proved entirely  sa tisfactory  
in  use. Some difficulty was experienced in  finding a suitable 
form  of test-piece and  m ethod  of securing it.  I t  is necessary w ith 
th is  apparatu s to  ensure th a t  th e  extension is confined to  a  definite 
gauge-length, and  for th is  th e  o rd inary  form  of test-piece w ith  reduced 
cen tral po rtion  in  unsuitable, sińce in  these alloys some deform ation 
alw ays oceurs in  th e  shoulders. In  addition , accurate m aeliining in  the 
ease of th e  le ad -tin  alloy was very  difficult, owing to  its  softness— the  
Brinell hardness of th e  ex truded  rod  is ju s t over 1. The m ethod finally 
adop ted  was to  use unm achined lengths of th e  ex truded  rods, which 
were screw -threaded a t  th e  ends and  screwed in to  ligh t b rass liolders. 
To preven t failure a t  th e  ends of the  screw th reads, th e  holders were 
hea ted  to  75° C. and  p artly  filled w ith  m olten W ood’s alloy, before insert- 
ing th e  test-piece, w hich th u s  becam e firm ly soldered in. P revious tests  
have shown th a t  th e  properties of the  alloys are changed by  heating , and 
there was a possibility th a t  the  portions of th e  test-piece nearest to  the  
holders m ight be affected b y  th is  m ethod  of securing. I t  took  a  few 
seconds only to  screw in  th e  test-piece, afte r w hich i t  w as im m ersed in  
w ater, and  in  practice no trouble arose as th e  resu lt of th e  sligh t local 
heating . The holders h ad  a eerta in  supporting  effect on  th e  test-piece 
over a leng th  of approxim ately  0-2 in . a t  each end, an d  i t  was found th a t  
a length  of rod  4-4 in. betw een th e  holders w as necessary to  provide an  
effective stretch ing  length  of 4-2 in . corresponding w ith  th e  circum ference 
of th e  pulley on the  hyperbolic cone. Test-pieces were m arked  off in  
inches over a  gauge-length of 4 in . b y  m eans of finely scra tched  lines. 
M easurem ents of leng th  were m ade w ith a ca the tom eter reading directly  
to  0-01 in .

A l a T g e  num ber of te s ts  has been m ade on bo th  alloys w ith  th is  
apparatu s. The stresses used in  the  ease of th e  le a d -tin  alloy were from  
200 to  1600 lb ./in .2, an d  for th e  b ism u th -tin  alloy from  400 to  2400 
lb ./ in .2. I t  was n o t possible, w ith in  th e  lim its of aceuracy of m easure
m en t used, to  d e tec t any  im m ediate change in  leng th  on applying th e  
load. W ith  th e  exception of those te sted  w ith in  a few hours afte r 
extrusion, all th e  test-pieces stre tched  a t  a uniform  ra te  per u n it length  
from  th e  beginning of th e  te st. Typical series of m easurem ents are 
g iven in  Table IV.

I t  will be observed th a t  the  length  does n o t inerease by  th e  sam e
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T a b l e  IV .

Time,
Minutcs.

Lengtb,
Incbes.

Time,
Tloursi.

Length,
Incliea.

L oad-tin  outeefcic, 0 4'02 L ead -tin  eutectic 0 4-01
21 hrs. aftor ox- 10 4-G3 annoaled 5 lira. 4 4-47
trusion. Strossod 20 5-3G a t 100° C. 8 4-96
a t  1000 lb ./in .2. 30 6-12 Strossod a t  400 12 5'53

40 7-04 lb ./in .2. 16
50 8-05 20 G-78
CO 9-18 24 7-50

am ount a fte r each tim e in te rva l. This is obviously b ro u g h t ab o u t by  
th e  inerease w ith  tim e in  th e  leng th  of rod  w hich is flowing a t  any  
m om ent. F o r th e  flow to  be viscous in  character, th e  lengths observed 
a t  regular tim e in te rvals  should  be in  geom etrical progression, and  th is 
is ae tua lly  th e  case. The expression fo r flow of th is  k ind  is given by  
l =  l0 . e . kt, w here l0 is th e  original length , l th e  new  length  a fte r tim e 
t, and  k  is a co n stan t giving a m easure of the  viscosity.

The above resu lt is strik ing ly  sim ilar to  th a t  ob ta ined  for pure  m etals 
b y  A ndrade,7 who found th a t  th e  flow occurring w ith  tim e under con
s ta n t stress is given by  th e  equation  Z =  Z0 (1 +  p£ł) . e . u , w here p and 
k  are constan ts, l is th e  length  a fte r  tim e t, and  l0 is th e  length  
im m ediately a fte r th e  application  of th e  stress. The tim e flow 
is of tw o k in d s : a n  in itia l flow w hich decreases an d  finally dis- 
appears, th e  expression for w hich is l =  l0 (1 +  Pił)> designated  th e  p 
flow, an d  a  purely  viscous flow, ta k in g  place a t  co n s tan t ra te  th roughou t 
th e  extension, given b y  l =  l0 . e . **. In  “ fuse w ire,” a le a d -tin  alloy, 
close to  th e  eu tectic  com position also used by  A ndrade, th e  p flow was 
negligible, an d  th e  viscous flow occurred  w ith  g rea t readiness. I t  d id 
no t, however, fit th e  equation  for viscous flow given above."

The ra tes  of flęw for d iS eren t stresses, in  rods of le a d - tin  alloy afte r 
various trea tm en ts , are given in  Table V.

T a b l e  V —  Rates o f Flow o f  Extruded L ea d -T in  Eutectic at Constant
Stress.

S tress, L b ./in .’.

B a te  of E xtension , In c h  per in c h  per m inutę.

A ged 1 day  
a f te r  E s tru s io n .

Aged 7 days 
a f te r  E i tru s io n ,

A nneaied 5 h rs . 
a t  100° O.

Aged 37 days 
a fte r  E x tru sion .

200 0-00007 0-00005
400 00ÓÓ75 0-00045 0-00035
600 0-0040 0-0024 0-0013 ...

1000 0-0148 0-0071 0-0040 000235
1200 0-0235 0-0105 0-0059 0-0034
1600 0-0202 0-0108 0-0064
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I n  th e  m ajo rity  of tests  th e  ra tes  were m easured during a n  extension 
of 120-150 per cen t., b u t th is  was reduced to  50 per cen t. w here th e  ra tes  
were very  Iow. The ra te  of flow rem ained constan t w hether th e  te s t 
occupied |  h r. o r several days. No p articu ia r eS o rt was m ade to  m ain- 
ta in  a constan t tem peratu re  during  th e  tests , w hich were carried  o u t a t  
21° C. i  2°. There was one exception to  th e  generał behaviour. R ods 
te sted  w ith in  a  few hours afte r extrusion  stre tched  a t  a decreasing ra te . 
This was n o t very  m arked w hen, \ising a high stress, th e  te s t  w as com-

5 T R E S S .L 8 . P E R  S Q . / N .

F lO . 4.
*

p le ted  quickly, b u t  becam e m ore ap p a ren t in  lengthier te s ts  a t  Iow 
stresses. The decrease was found  to  be due to  a change in  th e  viscous 
properties of th e  alloys on  stand ing  a fte r ex trusion, w hich is very  rap id  
a t  first. The curves in  F ig. 4 show th is  ageing effect an d  th e  influence of 
annealing. I t  will also be seen th a t  th e  ra te  of flow is n o t proportional 
to  the  stress, b u t inereases m ore rapidly . The significance of th is  is 
discussed in  a  la te r  section.

A ccurate determ inations of th e  ra tes  of flow a t  stresses less th a n  
200 lb ./in .2 have n o t been a ttem p ted . I t  can  be asserted, however, 
th a t  continuous deform ation occurs in  test-pieces of th e  le ad -tin  alloy 
a t  stresses as Iow as 20 lb ./in .2.
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The Microstructure of the E xtruded  Alloys.

The m echanism  of deform ation  in  th e  alloys has been studied  micro- 
scopically. Some exam ples of th e  s tru c tu res  found in  th e  b ism u th -tin  
alloy in  th e  cast an d  ex truded  conditions, an d  in  th e  ex truded  rods afte r 
elongation under prolonged loading, are show n in  F igs. 5 -8  (P la tę  IV). 
The photom icrographs of th e  w orked specim ens w ere all taken  from  
longitudinal sections. In  th e  cast alloy (Fig. 5) po rtions of idiom orphic 
crystals can  be seen in  add ition  to  th e  eu tectic  s tru c tu re . These were 
invariab ly  p resen t in  b illets of th is  alloy, p robab ly  as th e  resu lt of super- 
cooling during  freezing. On ez trusion , th e  constituen ts have becom e 
elongated parallel to  th e  axis of th e  ex truded  rod  (Fig. 6). D uring  th e  
subsequent stre tch ing  of th e  rod  th e re  is no fu rth e r  elongation of the  
constituen ts; on th e  con tra ry , afte r an  elongation of 600 per cent. the  
s tru c tu re  has ceased to  show d irectional features (Figs. 7 and  8, P la to  IV ). 
D uring th is  stage, th e  rem nan ts of th e  idiom orphic crystals, afte r 
separation  in to  sm aller pieces, becom e com pletely dispersed. I t  is 
obvious th a t  th e  m odes of deform ation  during  ex trusion  an d  slow 
stretch ing  have been <juite difEerent. The elongation of th e  constituen ts 
during ex trusion  suggests th a t  deform ation  h as been largely b y  ord inary  
p lastic  flow in  each phase of th e  alloy, p robab ly  accom panied by  
recrystalliza tion , sińce a t  30° C. b o th  m etals recrystallize readily . On 
earlier consideration, i t  h ad  appeared  possible th a t  th e  flow in  th e  alloys 
under prolonged loading m igh t be explained b y  a  process of slip w ith  
sim ultaneous recrystalliza tion  in  each phase of th e  eu tectic , b u t  such a 
process would cause th e  areas of each constituen t to  be draw n dow n still 
fu rth e r in  th e  d irection  of flow.

New lig h t on th e  problem  w as ob ta ined  b y  observing th e  progress of 
stretch ing  under stress b y  m eans of th e  s tra in  effects produced on sm ooth 
surfaces of th e  ex truded  alloys. E xcellen t surfaces for th e  purpose were 
prepared  by  pressing rods im m ediate ly  a fte r ex trusion  betw een two 
polished steel p la tes so as to  form  narrow  fiat areas on th e  rods. I t  
appeared  unlikely  th a t  th e  sligh t add itiona l deform ation which th is  
involved would a lte r appreciab ly  th e  s tru c tu re  or p roperties of th e  
ex truded  m ateriał, an d  th is  h as  been confirm ed b y  te s ts  in  w hich th e  
ra te  of flow of rod  so tre a te d  was found to  be th e  sam e as th a t  in  th e  
p la in  rod . Test-pieces of b o th  alloys, p repared  in  th is  w ay, w ere allowed 
to  s ta n d  for periods from  \  h r. to  30 days, an d  o thers were annealed a t  
various tem peratu res. They w ere th e n  loaded in  th e  co n s tan t stress 
apparatu s, being rem oved a t  in te rv a ls  during  th e ir  elongation for 
m icroscopic exam ination . In  each case th e re  developed gradually  a 
g ranu lar appearance w hich w as ex trem ely  fine an d  could be resolved



only under high m agm fication. The size of th e  g rains was n o t sim ilar in  
th e  different specim ens, being sm allest in  th e  freshly ex truded  rod  and  
becom ing larger th e  longer th e  period of stand ing  or th e  higher the  
annealing tem p era tu re  used p rio r to  th e  strain ing . E xam ples of these 
struc tu res are  shown in F ig s. 9-12 (P la tę  V). W ith  continued strain ing  
th e  boundaries becam e m ore m arked  and , using oblique illum ination, i t  
could be seen th a t  th e y  represented  difierences in  the  level of ad jaeen t 
grains. F inally , w hen th e  elongation exceeded 100 p er cen t., simul- 
taneous focussing of th e  grains becam e difficult, an d  some of tkem  
appeared to  have become tilted  to  th e  orig inal surface. I t  is im p o rtan t 
to  no te th a t  even afte r th is  am oun t of deform ation, th e  shape 
of th e  grains w as apparen tly  unchanged, an d  th e y  were free from  
slip-bands.

I t  seems reasonable to  conclude th a t  th e  g ranu lar boundaries b rough t 
up  b y  stra in ing  are those of the  c rysta l g ra in  constitu ting  th e  alloy afte r 
recrystalliza tion  following extrusion, an d  th a t  the  increase in  th e  size of 
th e  grains which takes place a fte r standing  a t  room  tem peratu re , o r afte r 
annealing, is th e  norm al process of grain-grow th. The grains are m uch 
sm aller th a n  those usually  found in  recrystallized m etals, possibly owing 
to  th e  obstruction  to  grain-grow th ofiered b y  two closely interm ingled 
phases. The rela tion  w hich th e  g ranu lar s tru c tu re  bears to  th e  distri- 
bu tion  of the  tw o phases p resen t in  each alloy was revealed b y  etching a 
previously stra ined  surface. F ig. 13 (P latę V) is taken  from  a  specim en 
of th e  b ism uth—tin  alloy tre a te d  in  th is  way. A  uniform, fine-grained 
s truc tu re  resem bling th a t  seen in  F ig . 9 (P latę V) was first p roduced by 
stra in ing  a sm ooth  surface of th e  alloy 30 m inutes a fte r i t  h ad  been 
extruded. The stra ined  surface w as th e n  etched  w ith  d ilu te ferric 
chloride, w hich darkened th e  tin  constituen t. A fter th is  trea tm e n t th e  
g ranu lar stru c tu re  can still be seen in  th e  b ism u th  areas, b u t is ob literated  
in  th e  tin  areas. I t  is ev ident th a t  each phase consists, soon afte r ex- 
trusion , of a large num ber of grains, and  th a t  the re  is oppo rtun ity  for 
grain-grow th to  occur w ith in  th e  individual areas of each. I t  is perhaps 
a  little  surprising th a t  etch ing  should have been necessary to  distinguish 
th e  d istribu tion  of tw o phases, fo r i t  m igh t have been expected t h a t  the  
in te rphase boundaries would have developed m ore prom inently  on 
strain ing  th a n  those betw een sim ilar grains, b u t th is  was n o t th e  case. 
The grain-size w as uniform  over th e  whole of each of th e  strained  
surfaces an d  th e  boundaries were evenly developed.

I t  is in teresting  to  com pare th e  s tra in  structu res ju s t described w ith 
those form ed w hen th e  strain ing  is done rapidly . F ig  14 (P la tę  V) shows 
th e  s tra in  stru c tu re  near to  th e  fractu red  edge of a specim en of le ad -tin  
alloy broken rap id ly  in  tension. The grains are again m ade evident, b u t
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in  th is  case th e y  havo an  clongated appearance which. was never seen in  
tho  slowly stra ined  specim ens. The test-piece becam e elongated by 
29 per cen t., m ost of w hich occurred in  form ing a  w ell-m arked neck. 
The d is to rted  grains d id  n o t show slip-bands, and  i t  m ay  be no ted  th a t  
H anson an d  W h ee le r8 have been able to  produce deform ation  in  fine- 
grained alum inium  w ith o u t th e  appearance of visible slip-bands, 
although  only w hen th e  m eta l w as slowly strained.

The evidence p u t forw ard strong ly  suggests th a t  th e  viscous type  of 
deform ation show n by  th e  alloys under prolonged loading is due solely 
to  flow tak in g  place a t  th e  boundaries of th e  crysta l grains. S upport for 
th is view is to  be found in  th e  constancy  in  th e  ra te  of flow th roughou t a  
p articu la r te s t, an d  in  th e  fac t th a t  th e  ra te  is h ighest w hen th e  grain- 
size is sm allest. There is no reason to  believe th a t  flow is read iest a t  
in terphase boundaries. I t  is well know n th a t  in te rg ranu lar boundaries 
in  m etals m ay be th e  seat of deform ation  occurring in  a viscous m anner, 
and  th a t  re la tive  displacem ent of crysta ls  m ay  occur as th e  resu lt of 
long-continued stress a t  app rop ria te  tem peratures. In  w orked m etals 
as a ru le , how ever, th e  tem p era tu re  a t  w hich such flow can  occur readily 
prom otes th e  fo rm ation  of g rains of com paratively  large size, an d  th e  
to ta l deform ation  w hich can  be b ro u g h t a b o u t in  th is  w ay is thereby  
reduced. On these grounds, th e  readiness an d  e x ten t of deform ation in  
th e  ex truded  eu tec tic  alloys m ay be a t tr ib u te d  to  th e  persistence of 
extrem ely sm ali g rains a t  a tem p era tu re  sufficiently h igh fo r in te r
g ranular llow.

T h e  R e la t io n  b e tw e e n  Gkain-Size and V isc o sity .

The rela tion  betw een th e  ra te  of flow under co n stan t stress and  the  
grain-size, a lready  observed in  a generał w ay in  preceding tests , has been 
m ade th e  sub ject of a few careful determ inations. R ods of th e  lead -tin  
alloy, from  one extrusion , w ere m ade up  in to  test-pieces hav ing  sm ooth 
flats extending over a  gauge length  of 4 in ., so th a t  ra te s  of flow could 
be m easured an d  th e  g ranu lar s tru c tu res  developed on specim ens which 
had  received iden tical trea tm e n t. These were tre a te d  in  pa irs  as 
follows, so as to  produce d ifferent grain-sizes : (a) aged one d a y ; 
(Ł) annealed 5 hrs. a t  100° C .; (c) annealed 2 hrs. a t  175° C. One of cach 
pair w as th e n  stressed a t  1000 lb ./in .2 and the  ra te s  of flow were deter
m ined ; th e  rem ainder were elongated b y  30 per cent. under th e  sam e 
stress, an d  th e ir  s tra in  struc tu res were photographcd a t  a  magnifica- 
tio n  of 1000 diam eters. G rain counts were m ade in  th e  usual m anner 
from  th e  num ber of grains enclosed and  cu t b y  a  circle 1 in . in  diam eter. 
F rom  these, assum ing th e  grains to  be cubic in  shape, there has been 
calculated th e  num ber of g rains per u n it volum e an d  the  to ta l grain
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surface p er u n it volum e in  th e  alloy. A Ithough th is  m ethod  involves 
eerta in  errors, i t  is sa tisfac to ry  for com parative purposes.

I t  will be seen from  K g . 15 th a t  th e  ra te  of flow dim inishes very  
rap id ly  as th e  num ber of grains, or th e  to ta l g ra in  surface, becomes less. 
Tlie re la tion  is n o t linear in  either ease. A Ithough only  th ree  points 
have been obta ined  in  p lo tting  each of these curves, th e  resu lts have 
been confm ned b y  a duplicate series of esperim ents on ano ther se t of 
test-pieces.

I t  is in teresting  to  observe w ith  reference to  F ig . 15 th a t  whereas 
a  norm al w orked m etal in  th e  recrystallized condition rare ly  contains

T O T A L  O R A / N  S U R F A C E  I N  l / V 2 P E R  I N 3

F ig. 15.—Lead-Tin Alloy. Comparison of Ratos of Flow at 1000 lb./in.2 and
Grain-Sizo.

m ore th a n  109 grains p e r in .3, in  th e  le ad -tin  alloy, one d ay  afte r 
extrusion, the re  are ab o u t 5000 tim es as m any. The d isparity  is m uch 
g rea ter w ith  cast m etals.

General Considerations regarding the V iscosity of the Alloys.

The viscous properties show n b y  solid m etals do n o t Iend them selves 
as a ru le to  com parison w ith  th e  y iscosity  of o the r m ateria ls, although 
th e ir  behaviour in  th is  respect is som etim es considered to  resem ble th a t  
of glass o r p itch . In  m ost cases w here yiscous effects are well m arked, as 
for esam ple in  experim ents on creep, i t  is difficult to  dissociate th e  purely 
yiscous flow from  deform ation occurring in  o ther ways. I t  is n o t the  
in ten tion  of the  au th o r to  a tte m p t an y  generał discussion of th e  pheno-
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m enon of viscosity , b u t  i t  appears to  be w orth  while, in  view of tho  
m agnitude of th e  yiscous deform ation  show n by  th e  alloys and  thc  
ap p aren t absence of m asking eflects, to  p u t  fo rw ard  a  few relevant 
considerations.

In  liquids w hich conform  to  N ew ton’s law, th e  resistance to  shearing 
stress tend ing  to  se t up  re la tiv e  m otion  a n d  ezpressed b y  ■>) thecoeffi- 
cien t of yiscosity  is constan t, so t l ia t  flow tak es place uniforinly a t  a ra te  
w hich is d ircctly  p roportional to  th e  stress. This does n o t hołd good in 
th e  case of th e  ex truded  eu tec tic  alloys, as m ay be seen from  Pig. 4- 
Their behaviour resem bles th a t  of m any  colloidal solutions an d  coarser 
disperse system s, such as suspensions of particles of microscopic size 
w hich have been found to  have anom alous viscous properties.® In  such 
cases th e  ra te  of flow is n o t p roportional to  th e  stress, b u t  inereases m ore 
rapidly , a  resn lt w hich w ould be produced  if 7) were n o t constan t, b u t  de- 
creased w ith  inereasing stress. Some d o u b t has been expressed w hether 
a  resistance to  deform ation w hich is a function  of th e  stress can properly 
be regarded  as a  viscosity , an d  a num ber of a lte rn a tiv e  te rm s have been 
suggested, none of w hich has y e t found acceptance. I t  m ay  be pointed 
o u t th a t  th e  conclusion th a t  Yiscous deform ation in  m etals does n o t 
conform  to  th e  o rd inary  laws of y iscosity  is in  accordance w ith  th e  resu lts 
ob ta ined  from  to rsion  te s ts  on copper and  steel a t  high tem peratu res by  
H enry ,10 who found th a t  a  co n s tan t ra te  of deform ation w as.soon  
a tta in ed  a t  any  stress, b u t th a t  th e  re la tion  betw een th e  ra te  of deform a
tio n  an d  th e  stress w as n o t linear.
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A D D E N D U M .

S ince this paper was submittcd, Dr. 0 ’Neill has very kindly made an 
X-ray examination of rods of the lead-tin  eutectic. There appearcd to be 
some possibility th a t preferrcd orientation might bo present in  the extruded 
rod, and th a t the effect on this of subseąuent straining might throw some 
light on the mechanism of tho viscous flow. Tests were mado on [a] rod as 
estruded ; (6) rod extruded and slowly elongated by 400 per cent. in tension. 
Dr. O Neill reports th a t there is no evidenco in either case of preferred orienta
tion. The metals appear to have reerystallized.
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A N O TE ON SOME F O R M U L E  CONCERNING 
VISCOUS AND PLA STIC FLO W  IN  SOFT 
METALS.*

By E. W. FELL,f Dr.-Ing., M .Sc., Mem ber .

Sy n o psis .

The note deals with a certain typo of flow observed in soft metals, 
eutectics included. In particular, the flow of the metal in a. prolonged 
hall-hardness test is eompared with the flow in tensile test-pieces under 
a constant stress per unit area of cross-section. _ . , -

A formuła concerning the continuous penetration into the metal ot 
a bali under a constant applied load is discussed with particular reference 
to tho constants in tho formuła. A result is given of the assumption 
that the change in tho diameter of the ball-impression with time is a 
function of the flow of the metal. A formuła concerning the inerease in 
length with time of tensile test-pieces under constant stress is dis
cussed regarding constants. The applicability of the bali ancl tensile 
metliods is considered, and constants eompared. One formuła relates to 
the change in rate of ęstension with stress and a comparison is mado with 
yiscosity.

T h is  no te was w ritten  as a  resu lt of conversation on th e  m eaning of some 
constan ts m entioned in  a  series of papers, one of w hich was entitled  
“  The B all-H ardness an d  th e  Cold-W orking of Soft M etals and  E u te c t
ics.” J  In  th e  diseussion on these papers, little  w as said ab o u t the  
m eaning of th e  constan ts c an d  s in  th e  form uła described,

d =  et* .......................................... (1)

where d =  diam eter of impression, and  t —  du ration  of loading afte r 
th e  load on th e  machinę had  reached its  m axim um . The values 
obtained for these constants varied  according to  th e  s ta te  of th e  m etal 
and  th e  m odę of carrying o u t th e  te st. I t  is hoped th a t  th is  no te  m ay 
be of value in  attem pting  to  discuss the  m eaning of these constants and 
in  com paring them  w ith  some recent w ork concerąing a sim ilar ty p e  of 
flow in  m etal a t  room tem peratures.

* Manuscript received Docember 29, 1933. Presented at tho Annual General 
Meeting, London, March 7, 1934.

+ Recently at St. John’s College, Cambridge.
t  F. Hargreaves, J. Inst. Metals, 1928, 39, 301-327; further papers, ibid., 

1928,40,41-54; 1929,41,257-283; 1930, 4 4, 149-107.



F orm uła (1) fits th e  in terestiug  cxperiinental results w hich were 
obtained,* sińce tlie po in ts representing  a  single se t of observations 
lie n ea r a straig łit line w hen p lo tted  w itli log t as abseissa an d  log d as 
ordinate. I t  is scen from  tlie form uła th a t  a t  a  spccified tim e, the  
d iam eter of th e  im pression is dependent on th e  coefScient c and the  
index s. The value of log c is th e  “  additive co n stan t ” in  th e  eguation  
of the  log f-log d curve, and  s is the  gradient, c and  s are found to  be 
constan ts  for a  particu la r m etal in  a definite s ta te  and  for prescribed 
conditions of testing.

I t  will be no ted  th a t  form uła (1) is determ ined for a  constan t load 
only. S trictly , therefore, i t  does n o t seem elear w hy the  ra tę  of appli- 
cation of th e  load should have little  effect on th e  resu lts ob ta ined  wlien 
s has a  negligible value (see p . 308 of H argreaves’s paper), or th a t  its  
effect will v ary  a t  different stages of th e  operation  of loading w hen s is 
n o t constan t for different loads {ibid., p . 309). In  passing, i t  m ay 
be no ted  th a t  the  form uła does n o t hołd in  an  in te rval of tim e including 
t — 0  and values of t above £ =  0 : the re  is little  to  show when d begins 
to  fit th e  form uła. I t  is possible th a t, con tra ry  to  th e  form uła, the 
d iam eter of th e  im pression is n o t equal to  c when l — 1. The d iam eter 
of the im pression when t =  0 depends on th e  m etal and  on tho conditions 
of testing  prior to  th is  tim e.

The form uła shows th a t  th e  d iam eter of the  impression, which is 
indireetły  a m easure of th e  ease w ith  which th e  bali p en e tra tes  the  
m etal, is dependent on bo th  c and  s. F or, suppose th a t  the  change in  
th e  diam eter of th e  im pression w ith  tim e is a  function  of the  flow of the 
m etal, then  th e  inerease in  d in  a sm ali in te rval of tim e, 8t, is from  
form uła (1) found to  be esi^1 . Si, to  th e  first order. Thus the inerease 
in  d is p a r tly  dependent on c an d  s, or, briefly, on the  constan t (es). 
B o th  c and  s appear to  vary  differently in  th e  esperim ents, an d  th e  
influence of c is considerable, as is shown b y  tak ing , for esam płe, the  
le ad -tin  eutectic, worked, referred to  on p. 322 of H argreaves’s 
paper, Table X , as M ateriał No. 8, where approxim ateIy  c =  1-92 
s =  0-143.

126 F e li: A Note on Some Formułce Concerning

t . t s . c l \

30 1-62 3-11
270 2-23 4-28
540 2-46 4-72

In  a fu rther p ap e r,f  m ention is m ade of th e  “ creep factor s,” b u t sińce 

* F. Hargreaves, loc. cii. f J. hisl. Metals, 1930, 44, 151.
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c sliould be tak en  in to  account, th is  te n n  w ould n o t appear permissible. 
M eyer’s form uła,

L  — acln ...........................................(2)
where L  =  m axim um  load on  th e  bali, d =  d iam eter of im pression 
after a  s tan d ard  tim e, and  a  an d  n  are constants, scarcely shows w hat 
is tak ing  place as th e  load is inereased from  zero to  m axim um  in a  test, 
sińce stric tly  th e  tim e required  for th is  to  happen  is generally less th a n  
th e  s tan d ard  tim e em ployed.

The au th o r of th e  p resen t pap e r is indeb ted  to  Mr. C. E . Pearson, 
M.Met., for k ind ly  supplying details of a  paper on  “ The Yiscous 
P roperties of E x tru d ed  E u tec tic  A lloys of L ead -T in  an d  B ism u th - 
T in.” * In  th a t  paper, ra tes of extension in  tensile te s ts  a t  constan t 
stress p er u n it area  of cross-section are given, an d  provided sufficient 
tim e afte r extrusion w as allowed for, ra te  of extension w as found to  be 
uniform ; Table IV  show ed th e  change in  original gauge-length w ith  
tim e a t  constan t stress (in passing, i t  m ay be m entioned th a t  th e  relation 
log10 (tim e)-log10 (length) is n o t linear for the  two cases described). In  
th e  form uła m entioned,

........................................... (3)
where l =  length  afte r tim e t, l0 =  original gauge-length, th e  constan t 
k  will be found in  Table IV  to  have th e  following approxiinate values in 
in ./m inu tę : for le ad -tin  eutectic, 24 h rs . after extrusion and  stressed 
a t  1000 lb ./in .2, k  —  0-0140; for lead -tin  eutectic, annealed 5 hrs. a t  
100° C., and  stressed a t  400 lb ./in .2, k  =  0-00044.

I t  is in teresting to  eom pare, as far as is possible, the  results of 
H argreaves an d  Pearson wTith  regard  to  th e  flow of th e  m etal. The 
lead -tin  eutectic, 75 per cent. reduction b y  ham m ering, in Table X V I 
of H argreaves’s paper, m ay be com pared w ith  the  le a d -tin  eutectic, 
severely w orked by  extrusion a t  room  tem peratures, in Table V of 
Pearson’s paper. On diflerentiating in  (3) w ith  regard  to  th e  tim e and

p u ttin g  l0 =  1, t — 0, th e  ra te  of extension wid be found to  be k.

R esults for k, together w ith  th e  yalues for c and s tak en  from  Table 
X V I, are given in  Eig. 1. I t  will be seen th a t  only c varies in  accordance 
w ith  th e  curve representing k, w hilst s has practically  th e  same value 
for th e  th ree  determ inations m ade in  th e  first four days of ageing after 
working. E rom  these few results i t  m ay  be deduced th a t  k  and  s are 
n o t com parable.

W hy should n o t th e  bali m ethod be convenient for m easuring th is 
ty p e  of flow, provided th e  m etal be more or less isotropic and  th e  points 
of support of th e  specimen be a t  such a distanee th a t  reaction  effects

* This Volume, pp. 111-124.
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th e rea t have negligible influence in  tlie ncighbourhood of tlie bali ? 
I t  m ight be expected th a t  th e  two m ethods should give com parable 
values for these constan ts in  liomogeneous m aterials like p itch . Com
parab le yalues fo r th e  flow in  m etals m ay n o t be obtainable, because 
th ey  are n o t in  th is  sense homogeneous, in  addition  to  th e  a lte ra tion  of 
the ir p roperties on working. In  th e  bali m ethod  th e  m ateria ł is pushed 
aw ay by  th e  penetra ting  bali, in  th e  tensile m ethod  i t  is pulled  ou t.

TC C S

Eig. 1.—Lead-Tin Eutectic. Comparison of tho Constants h, c, and s ( i  for 
1000 lb./in.2, c and s for 6‘35 mm. ball/40'3 kg.).

In  the first m ethod, the  con tac t pressure a t  a fixed p o in t on th e  bali 
varies in  m agnitude an d  possibly also in  d irection w ith  t im e ; in  the  
seeond m ethod, th e  puli across a transverse section w ithin th e  gauge- 
leng th  m ay be yisualized as constan t in  m agnitude and direction w ith  
th e  passage of tim e. The experim ental conditions are th u s  sim pler in  
th e  second m ethod. Such differences as these m ay aecount for any  
yaria tion  of results between th e  tw o m ethods, assum ing th a t  the  m etal is 
initially  in  th e  sam e condition.

Table V has also been used to  exam ine th e  relationship betw een th e  
applied stress and  th e  ra te  of extension k, and  K g . 2 shows log (stress)- 
log k  curves for ex truded le ad -tin  eutectic in  th e  four sta tes m entioned 
in  the  table. The curves are n o t s tra ig h t lines, th e y  m ay  cease to  be 
s tra ig h t above a  stress of ab o u t 600 lb ./in .2, and  in  th e  absence of 
system atic experim ental error th is m ay  suggest th a t  a change occurs 
in  th e  m ode of flow as th e  stress is increased.

Accordingly, in  th e  rangę 200-600 lb ./in .2, Iet

k  =  Ir1])™ . . . . . .  (4)

where k  —  ra te  of extension, p  =  stress, b an d  m  are constan ts. b will
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be scen to  depend on th e  s ta te  of tłie  m etal an d  possibly on th e  kind of 
m etal, w hilst m  ( =  2-72 in  c.g.s. units) has th e  sam e value for th e  four 
curves, sińce th ey  are parallel, as shown in  K g . 2, and  so is p ractically  
unaffected by  th e  different s ta tes of th e  m eta l considered in  th e  figurę.

2  2 - 5  3  3 - 5

L O G .  C S T A Z S S )

Fia. 2.—Extruded Lead-Tin Eutectic. Variation of h with Stress. (1) Aged 
1 Day after Extrusion; (2) Aged 7 Days after Estrusion; (3) Annealed 
5 Hrs. a t 100° C.; (4) Aged 37 Days after Extrusion.

I t  will be found in  th is  rangę th a t  for th e  ex truded le ad -tin  eu tectic th e  
following values for h are ob ta ined  :

Aged 1 day after estrusion . . . b =  4-46 x  1018 c.g.s. units
Aged 7 days after extrusion . . . b =  7-94 x  1016 ,, „
Annealed 5 hrs. a t 100° C. . . . b =  1-41 x  1017 ,, ,,
Aged 37 days after estrusion . . b =  2-24 x  1017 approx.

The tests  were m ade a t  21° C. ±  2°. In  th e  figurę, th e  curves have 
therefore been assum ed to  consist each of tw o stra ig h t portions, for a 
lower and  a higher rangę of stress, which have been m ade clearer by  
drawing th e  broken lines. F o r th e  higher rangę of stress above abou t 
1000 lb ./in .2, th e  values for b and  m  behave as above, being som ew hat 
smaller in  m agnitude. The only reason for introducing form uła (4) is 
to  show th a t  b is roughly of th e  same order of m agnitude as th e  
viscosities for some solids.

VOL. L IV . I
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C o n c l u s io n .

The constan ts c an d  s reąu irc  careful u se ; com plex conditions— for 
exam ple, in  th e  bali m ethod—have been m entioned. I t  is suggested 
th a t  the  use of th e  p roduct cs would remoYe some irregularities, in  th a t  
i t  would com bine th e  efiect of each c o n s ta n t : for exam ple, i t  will be 
found from  Fig. 1 th a t  th e  curve for (cs) has  a  dow nw ard slope (being 
th u s  m ore in  agreem ent w ith  h) an d  possibly a  p o in t of inflexion. W ith  
regard  to  th e  te s ts  a t  co n stan t stress, th e  co n stan t k  in  form uła (3) is 
th e  ra te  of extension a t  an y  tim e during th e  te s t per u n it length . Some 
com parison, of an  em pirical n a tu rę , of th e  constan ts (cs) an d  k  should be 
possible. There is an  indication  th a t  a  change m ay occur in  th e  m ode 
of flow as th e  stress is increased (see Fig. 2). F orm uła (4), concerning 
th e  stress d a ta , shows th a t  th e  co n stan t b has roughly  the  sam e order of 
m agnitude as th e  viscosities- for some solids. I t  is considered th a t  
Y isc o u s  flow an d  plastic  flow are  present.
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J O I N T  D IS C U S S IO N  O N  P E A R S O N ’S A N D  F E L L ’S 
P A P E R S .

Dr . E . W. F eli,, a t  tlio reąuest of tho President, presented Ilia paper as 
the first contribution to tho diseussion of the paper by Mr. C. E . Pearson, 
on which his (Dr. Fell’s) paper was partly based (see pp. 127-130).

Mr. R. Ch a d w ic k ,* B.A. (Member): Mr. Pearson’s investigation adds 
some further interesting observations on tho eold-working of highly dispersed 
two-phase systems. Tho work on lead-tin  alloys I  found especially interesting, 
and I  much admired the photo-mierographs in Figs. 9-12, in which aetual 
grain-growth is shown, similar to, but much slower than, th a t produced in 
tho annealing of uniform solid solutions.

The properties of heavily deformed eutectics must bo a resultant of the 
properties of the constituent solid solutions, and it is to be regretted th a t 
Mr. Pearson has, by confining himself to the consideration of eutectic alloys, 
rather suggested th a t these peeuliar viscous properties are essentially linked 
up with the eutectic structure. I  found similar properties in heavily deformed 
zinc which I  described in a paper presented to the Institu te.f The recrystal
lization of the zinc took place very much more rapidly, but the same decreaso 
in the property of viseous flow oecurred with recrystallization. In  the testing 
of this highly deformed zinc, an elongation of only about 70 per cent. was 
shown in a normal tensile test, but in the creep tests, under smaller loads, 
elongations of 300 to 400 per cent. were freąuently obtained.

In  my investigations into the naturę of these creep properties, I  related 
elongation of a loaded test-piece to  two factors : (1) viscous elongation, 
which below tho yield-point was proportional to the time of testing, and 
(2) plastie deformation, which was independent of time. For this reason I  
regarded the determination of yield-point as of very great importance, and 
determinations were made with as nearly as possible instantaneous loading. 
The mechanism of elongation ean most easily bo explained by the presenco of 
two phases. Below the instantaneous yield-point I  suggested th a t purely 
yiscous elongation oecurred in the amorphous phase (I notice tha t Mr. Pearson 
is very careful to avoid using the word amorphous), whilst with greater loads 
plastie deformation of tho lattice structure of the remaining crystallitos took 
place. The dual naturo of tho elongation is eloarly shown in Fig. A, similar 
conditions in estrudcd lead-tin being shown in Fig. B. This analysis is 
confirmed by the observation of Dr. Feli th a t in  plotting log k  against log 
stress a straight lino wras obtained below 600 lb./in.2. The determination of 
the instantaneous yield-point of freshly extruded solder placed it a t about 
800 lb./in.2, but i t  was difficult to get a sufficiently short loading period for 
an accurate value.

This account of the mechanism of elongation applies necessarily only to 
smali elongations. A short experiment will show this. A test-sample of 
estruded solder was loaded instantaneously a t 1500 lb./in.2 and gave 0'7 per 
cent. elongation. I t  was then allowed to elongate 20 per cent. under a load 
of 500 lb./in.2—almost eertainly below the instantaneous yield-point—and on 
again loading with 1500 lb ./in .2, a  further elongation of 0-5 per cent. was

* Research Metallurgist, I.C.I. Metals, Ltd., Birmingham, 
f  J. Insi. Metals, 1933, 51, 93.
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T I M E  M I N U T E S

Eia. A, Elongation of Loaded Tost-Piecos of Rolled Electrolytic Zinc Strip.

L B ./IN 2

2 3
.  T I M E ,  M I N U T E S  

Fig. B. —Elongation of Loaded Test-Piccos of Estruded Lead-Tin Euteetic.



Joint Discussion on Pearson’s and Fell’s Paper s 133
obtained, which indicated tliat thero had been some re-orientation of tho 
crystallites allowing a further distortion with instantaneous loading. _ In  
Fig. 14 Mr. Pearson sliows elongated grains produced in rapidly strained 
extruded lead-tin eutectic. I  should like to know whether ho suggests tha t 
in slow straining tlie grains would simply roli over each otlier w ithout any 
distortion. I  tbink th a t ho said th a t he did not find any distortion, 
but my own observations on sections from slowly elongated extruded 
strip eertainly gayo yisible grain distortion with more than  50 por
cent. elongation. I  would relate only the initial rate of elongation ^  a t Iow
loads to  purely viscous flow in the boundary materiał, high elongation 
involving distortion in  both phases.

Finally, I  would point out th a t extrusion is by no means tho best method 
to obtain a highly cold-worked yiseous condition. The heat evolved in

Fio. C. —Effect of Ageing on Yiseous Elongation.

extruding a eold billefc was found to be yery considerable, the product being 
a t over 100° C. on leaving the die-mouth. I t  appeared probable th a t some 
recrystallization had taken place immediately after the extrusion even when 
a ąucncbing batli of iced water was employed. A sample of cast solder was 
carefully cold-rolled to 97 per cent. reduetion in  thickness * avoiding any 
apprcciable inereaso of temperature. The strip prepared gave three times 
tho rato of extension and a similar ratio of total extension when compared 
with extruded strip under the same load. The rato of ereep of highly deformed 
zine was found to  decrease very rapidly immediately after rolling and then 
a t a diminishing rate. Tliis is” shown with a similar euryo for lead-tin in 
Fig. C. Under better conditions of cold-working, I  think th a t the lead-tin 
curve would have eommenced from a yery much higher ereep rate, the short

* I t  was found that a deformation of well over 90 per cent. was ncccssary to 
give materiał in a similar physical state to the extruded product. I t  appears 
doubtful whether tho hammered solder dcalt with by Dr. ie ll on p. 127, was in a 
condition at all comparable ■with that of Mr. Pearson s extruded solder.
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interyal a t  a high temperature causing as great a ehangc as a much longer 
period a t room temperature.

Professor G i l b e r t  C o o k  : * The meehanical properties of the lead-tin 
alloys are most interesting. I  do not speak as a metallurgist, but I  am keenly 
interested in the meehanical properties of metals and tho laws which govern 
their flow. I t  is obvious that the viscosity to which Mr. Pearson and Dr. Feli 
refer is of a  type quite different from th a t met with in liquida. Like Dr. Feli, 
I  have spent some time in studying Table V of Mr. Pearson’s paper, and I, 
too, have plotted the rates of stress against the rates of flow logarithmically, 
but I  reach quite different conclusions from those of Dr. Feli. I  disagree 
with the way in which Dr. Feli has drawn lines through the points in Fig. 2 
of his paper. Dr. Feli says th a t the curres are not straight lines, but of course

LOG S.
F i g . D .

a straight linę can be drawn through any two points, and I  think that he has 
drawn a straight hne through the Iowest two points, found th a t it does not 
go through the others, and then proceeded to  reach what I  consider to  be 
rather an improper conelusion. A t the bottom of p. 128 he says th a t the 
curves eease to be straight above a  stress of about 600 lb ./in .2, and tha t 
therefore a change oceurs in the mode of flow as tho stress is inereased. 
In  -D the observations are replotted to the same scales as in Fig. 2, 
p. 1-9, and it  is evident th a t if a linear relation be assumed, it is a t  the lower 
yalues of the stress th a t the deviation oceurs, and not a t the upper. This 
is very significant, and it seems to  me to indicate the esistence of plastieity 
as well as viscosity. A plastic body as distinct from a  purely Yiscous body is 
01J? r i f h Posscsses a flow lim it; th a t is to say, a shear stress exists below 
which flow will not take place, and the relation between stress and flow 
velocity could be expressed by an equation of the type : s =  sa +  U (v) 
I  have esamined the data ghren in Table V carefully on the assumption tha t

* Professor of Meehanical Engineering, Unireraity of London (King’s College).
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this eąuation holds, and th a t s -  sa =  cv". In  this form it is an® abJ® 
logarithmic plotting, although somewhat troublcsome because s0 bas to bo

f° UT h o 're su h is  shown in Fig. E. I t  will bo secn th a t a senes of .parallel 
straight lines pass almost identically tlirough the po in ts, a nfw
interesting to note tlia t the slope of these straight lines sh o w sth a tth e in d e^  
of V in all cases is exaetly l .  I  liave heard i t  sa id th a t n a t u r o  abho isanythm 
except very simple indices, and when I  see vanables related in tlns way 1 ieel 
th a t there must be something more in it  than a mere empirical relation.

W ith regard to tho plastic lim it which seems to exist; in  each case I  am 
in a difficulty, because Mr. Pearson has pointed out th a t flow waslobscawed 
a t stresses as Iow as 20 lb./in.*. The lowest yalue of s0 m  the above cciuation 
was 64 lb./in.2. I t  would be most mterestmg, I  think, to have more data

2 8 3-0 3-2 3-*
L O G  ( S - S q )
P i g .  E.

with regard to tho flow under very Iow stresses._ There must bo some sort of 
limit, or the metal would flow under its own weight like pitch, and I  presume
th a t th a t does not occur.

As to tho physical significance of the square root, I  am not preparcu a t 
tho moment to give an opinion, but it does show definitely th a t the Yiscosity 
is not of the same type as th a t of a liąuid. If  this law is the right one, the 
coefficient c in this eąuation must have the dimensions M L -  2-4, and I  
havc not discovered any satisfactory way of correlating th a t with such 
properties of tho materiał as are likely to  have any effect. I t  would be most 
interesting to know whether this law would hołd for other types of stressmg, 
say in torsion, and whether fluid pressure might affect it. Such pressure, we 
know, has practieally no effect on plastic flow in solids; in tho case of soit 
copper, for instance, a  fluid pressure as high as 2500 atmospheres has only a 
slight effect in impeding tho plastic flow. We know, howeyer, th a t high 
pressure does inerease notably the viscosity of liąuids, and it  would bo ot 
interest to  know whether this type of yiscosity is susceptible to the same 
effect.
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Mr. F. H aroreaves,* A.R.S.M., D.I.C. (Member): Tho real ouestion 

wlneh concerns us with regard to the m atter dealt w ith in theso two papers 
is this : do soft eutectics behave differently, in any fundamenta! rcspect, 
from pure metals and solid solutions ? A superficial survey suggests tliat they 
do, and m certam ways, particularly with regard to reerystallization after 
cold-work, they show a great difference. I  suggested some years ago th a t 
there was a great difference between soft eutectics and pure metals or solid 
solutions in the duration of the phenomena observed, but neither my own 
tests nor those of Mr. Pearson touch th a t particular point. After h ea w  
working these soft eutectics undergo such rapid changes th a t tbe Brinell test 
cannot follow them, and the tensile test certainly eannot. I t  seems to me, 
therefore, th a t to get Information on this point testing must bo carried out 
a t the same time as the working of tho alloys; in other words, no time should 
be allowed to elapse between aetual working and testing. That can be done 
by means of an extrusion press. For investigating the lead-tin eutectic tho 
materials rcquircd would be solid solutions of tin  and lead, each saturated 
with regard to the other a t  air temperature, and tin-lead eutectic in equi- 
librium a t  air temperature. The crystal structure and mode of deformation 
oi the latter in the cast State aro quite different from those in the worked and 
tests recrystallized alloy, and this would have to be considered in such

The testing of each of theso materials in the extrusion press a t  different 
rates of extrusion, with observations of the pressure, should provide Informa
tion on the effect of inter-phaso boundaries. Different rates of extrusion 
would represent the different rates of working. Other conditions, of eourse, 
would nave to be standardized.

There is evidently a difference of opinion as to the meaning of some of the 
:°r  “ Stance, in Table V. I  notice, incidentally, th a t a Brinell 

hardness of about 1 has been obtained by this method of working. T hat is 
smaller than any ralue wliich I  obtained in the case of hammering. W ith 
S i  f f  test recorded m Table IV, it is to be remembered th a t the actual 
process of stńgching softens the alloy. In  one case herc it has been estended 
rather more than 100 per cent. m  an hour, and I  submit, therefore, th a t tho 
test-piece was m quite a different state a t the end of the test from th a t which

al?d one would not expect any simple law to hołd. 
In  the case of Table V, there is not enough experimental detail given to enablo 
ono to  form any opmion about the degree of softening which must take płaco 
on extcnsions under stress. I  suggest th a t some of the departure from a
test11 aS 1)011 out D r- is due t(> softening during the

=„ ^ gard to inter-phaso boundaries, it is not right, I  think, to
say tha t there is no eyidence th a t flow is rcadiest there, as is stated by Mr. 
rearson. The deyelopment of the eutectic structure by straining is well 
Jtnown, and in  my investigation on strain methods it was“freely used. I t  is 
of eourse, rcahzed th a t the extruded structure is a  very different structure’ 
Irom th a t of the cast alloy.

I  do not agree with the suggestion th a t the rato of flow and tho pressuro 
TMlnet  7 g,rain1'K17;0; t0 suSSest th a t is to  ignore previous obsen^a- 

tions. I t  has been clearly shown, of eourse, th a t there is a conncction between 
them , but a t the same time I  do not think tha t one is the cause of the other • 
it is moro nearly tn ie to say th a t they are both results of the same cause. I t  
has been shown m some of my previous work th a t it is possible to inerease the 
rato of flow under pressure without any smali grain formation. In  the 
average lead-tin eutectic sample the tin crystals aro relatively very big. Of

* Chemist, Southern Railway, Eastleigh.



course on recrystallization they are very smali, as sliown by Mr. Pearson, 
but i t  is very difficult to make a fine-grained eutectic recrystallize completely. 
If it is hammered to  the extcnt of reducing i t  75 per cent.,_anncaling a t within 
8° C. of the melting point will often fail to recrystallize it completely.

W ith regard to Dr. EelTs paper and tho factors s and c, he points out tha t 
the product of these would bo a better representation of the flow phenomena. 
He has plotted c and it  corresponds somewhat to Mr. Pearson s * ; but
in working eutectics the s factor always increases whilst as in tho ease of tho 
sflver-tin eutectic, log c may decrease.

Professor B. P . H a i g h , *  M.B.E., D.Sc. (Member): This paper
illustrates elearly how complex is tho problem of plastic strain m metals, a t 
any rate in some cases and probably generally. We can recogmze, I  believe, 
four distinct actions producing strain in metals, the first of these being the 
elastic action th a t affords such a yaluablo basis for theoretical study. Putting 
th a t aside, there appear to  be a t least three other actions th a t produce plastic 
strain. There is the process which, involving slip-bands, work-hardens the 
m etal; and there is tho action about which 
Mr. Pearson has spoken so interestingly, 
recrystallization, whieb must have many oifects, 
espccially when the recrystallization product is 
smaller than the amorphous or other matter 
from which it  forms. Lastly, there is the 
effect of yiscosity. I  have sometimes been 
inclined to doubt whether there is such a thing 
as yiscosity in solid hodies, or whether the 
apparent efleet is not simply a combination of 
slip and recrystallization; and yet it is Yery 
difficult to belieye that, especially in the light 
of such considerations as Professor Cook has 
just pu t forward.

I  should like to  show by means of a F ig . F .
diagram how measurements may be taken to
illustrate the kind of efEect th a t is attributed to yiscosity. We will think 
of an ordinary tensile test, where the force which is applied to the test- 
piece is shown vertically and the inerease of length, l l, horizontally. Ih e  
simplest type of diagram, obtained with a constant rate of straining, is as 
sketched in Fig. F ; but if the rate of straining is inereased, we get a step 
as in Fig. G, and can return to  the original graph a t A  by returnmg to the 
initial rato of straining. The eonsistent manner in which the graph returns 
is vcry difficult to explain unless we assume th a t there is something which 
may fairly be deseribed by the name of yiscosity.

W ith tho alloys such as tho author has deseribed and with many others, 
e.g. tin alloys, this may be dono repeatedly, and several intermediatc rates of 
straining may be used to draw intermediatc graplis, beeause the long lange 
of extension available before fracture is amply sufficicnt to enable the ehanges 
to be made repeatedly. Tlius tho efleet of yiscosity can be ascertamed by 
tests on a single test-piece. .

If th a t is translated into terms of the diagram wlnch I  pu t before you a 
year ago, in which one plots not the applied force, but the force divided by 
tho reduced area of the piece on a base representing the reduced area a changmg 
from the initial value A  down to zero, interesting results are obtained which 
esplain why some of the pieces elongate so tremendously and others only very 
much less. Great elongation is found to depend—not necessarily on abnorm-

* Professor of Applied Mechanics, Royal Naval College, Greenwicli.
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ally eyident viscosity—but rather, on tlio work-hardening properties of the 
metal, being obtained \vlienever the graph G rises gradually to approach the 
hyperbolie profile represented by tho dotted line H. As faster rates of 
loading tend to raise the graph without grcatly ehanging its profile, the 
modified graph O runs tangent to a higher hyperbola II a t an earlior stage,

giying less distributed elonga
tion before necking leads 
eventual!y to fracture.

Dr. N . P. A llen ,*  M.Met. 
(Member): Mr. Pearson’s very 
interesting ,piece of work has 
demonstrated some very re- 
markable phenomena. The 
most remarkablo feature is the 
great uniformity of the rato of 
exten.sion in the alloys. In  the 
ordinary way, yiscous flow in 
any metal or alloy becomes 
uniform with time eyentually, 
but there is a  “ qualifying ” 
period in most eases character- 
ized by an abnormal rate of 
flow before uniform flowbegins.

. , , , . , That is seen in the easo of
steel a t high temperaturo, where tho rato of extension is a t first rela- 
tively rapid and yaries with time, and afterwards becomes uniform. In  
Mr. i  earson s previous paper he showed the same sort of thing occurring in 
the case of extrusion, in which with some metals there was an initial slower 
rate of deformation, and in others an initial faster rate of deformation, but 
eyentually a condifcion which was reproducible with constant rates of flow 
was established. The present alloys are immediately in a  condition to undergo 
umform flow with time. Mr. Pearson seems to relate th a t diiference to  tho 
veiy smali gram size in these 
to the moyement of the crystals 
overeach other. In  thateonnection 
I  should like to raise two points 
which do not appear to bereferred 
to in the paper. The first is 
whether he noticed any diiference 
in size between the grains as 
they appeared in the alloy a t the 
beginning of the deformation and 
their appearance a t the end, and 
whether ho established by any 
cxperiments th a t tlie grains seen 
a t the beginning of his tests 
were the same indiyiduals as the 
grains seen a t  the end of his test; th a t is to say, whether lio has established 
th a t i t  is not possible th a t tho grains which were seen a t  first have broken 
down, recrystallized and been replaeed during the progress of the experiment 
by another coniplete set.

Even if the grains a t the end of the test are established to be the same 
ones as existed a t  the beginning, I  think th a t it is doubtful whether we ought

* Leeturer in Metallurgy, The Uniyersity, Birmingham.

138 Joint Diseussion on Pearson’s and Fell's Papers



Joint Discussion on Pearson’s and Fell’s Papers 139
to conclude th a t in all cases of yiseous flow tho movement is duo to translation 
a t tho crystal boundary. I  romcniber th a t in some experiments I  was carrying 
out on somo zino-base dic-castings I  found yiseous deformation oceurrmg in 
alloys in tho cast S tate; and wliereas it is quite easy to yisualize the grains 
moying ovor each other when there aro an esceedingly large number of 
uniform grains, i t  is not ąuite so easy to visualize th a t movement when the 
grains are comparatively large and dendritic in form, so th a t they interlock 
with each other and would apparently be prevented by their shape from any 
movement relatiyely to each other, like the yarious pieces in a jigsaw puzzle.

Another point which bears on th a t C[UGStion is the fact established by 
Professor Hanson and Mr. Wheeler th a t viscous flow can occur in a single 
grain. Although Mr. Pearson has' placed it  beyond doubt th a t the size of 
the grain is a Tery im portant faotor, yet, in view of the fact th a t yiseous 
flow is such a generał phenomenon in metals, and of the generał similarities 
th a t metals of all kinds show in their behayiour, I  think th a t i t  is time we 
recognized th a t the capaeity for yiseous flow is a property of the metallic 
crystal and, jn st as the crystal is able to flow in a plastic manner, i t  is also 
capable of undergoing a difierent kind of deformation which we cali for the 
present yiseous flow, although i t  certainly seems not to  be tho same thmg 
as the viscous flow which occurs in liąuids.

Professor T. T u r n e r ,*  M.Sc., A.R.S.M. (Past-President): I  hayo been 
very interested in the unexpected flow of these eutectic alloys. I t  is remark- 
able to sce the very great diilerence between the materiał which has been 
allowed to stand for a short time, to age, and th a t which has been tested 
immediately after being extruded. I f  the author s object in these exporimeiits 
were theoretical i t  was natura! for him to proceed as he has done with tho 
purest materials, to obtain a eutectic, and to study it. I f  th a t were the 
object, tho present research is only the first step towards a further series of 
experiments. There are metals a t  either end of a series, the eutectic in the 
middle, and interrening solid solutions. Haying shown the unexpected 
properties of the eutectic, it would be interesting to see whether they difier 
from those of the solid solutions. T hat would be a very interesting mquiry, 
but it would be a wide one. tt

Prom the more practical point of view, these a l l o y s  are referred to as eutectic 
solders ” ; they are extroded on a fairly considerable scalę, I  believe, and are 
artieles of commeree; bu t the eutectic solder which would be employed m 
tlie ordinary way would contain some antimony, amounting to something 
like one-fiftieth part of its weight. The alloys studied were of antimony-free 
materiał. One wonders why in smali rods and tubes the antimony is omitted. 
Is it because the materiał flows more readily during the process of extrusion, 
or is it because the alloys are used for electrical purposes and th a t the antimony 
makes a difference to the conductiyity 1 Another ąuestion arising from the 
practical point of view is : why is it th a t in the smaller sizes of rods of solder 
no antimony is added or permitted, wliilst in the case of ordinary solders the 
presence of some antimony is definitely beneficial ? In  practice tlie mixture 
generally contains sufRcient antimony, so th a t it is not necessary to  make any 
addition.

Mr. E. H. BucKNAT.T.,t M.Sc. (Member): I  am particularly interested in 
the ageing beliaviour of tho alloys, particularly in th a t 5  lirs.’ a n n e a l in g  a t 
100° C. has more effect than 7 days a t room temperature bu t less than 37 days

* Leatherhead. . .
f Junior Scientific Officer, Department of Metallurgy and MetaUurgical 
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a t  room temperaturo in deereasing tlie rate of flow, włiilst 2 hrs. a t  175° C. 
has niore effect than even 37 days a t  room temperature.

The results given in Table V for tlie lead-tin eutectic aged a t  room tem
peraturo after estrusion aro plotted in Fig. I  below.

I  he experimental points fali on a series of curves which might woli eonyerge 
a t some point on the time-scale between 1000 and 10,000 hrs. I t  would be 
\  ery interesting if the autlior, should ho continue the work, would inyestigate 
the rato of creep after ageing for such periods.

F ic. I.

Dr. O. H. Desch,* F.R.S. (Vice-President) : I  have followed with very 
great interest tho work which Mr. Pearson has carried out on these extruded 
metals on account of the novel methods which he haa adopted. I  should like 
to refer here to the work of Andrade, which has been strangely overIooked by 
so many writers on deformation, but which is aetually fundamental. Although 
many people had carried out experiments on the stretoh of spccimcns under 
constant load, Andrade was the first to use constant stress, which he achieved 
by using a hyperbolic weight immersed in water. Mr. Pearson has adopted 
tho very similar plan of using a hyperbolic drum over which his cord is wound.

W ith regard to the mechanism of the flow, we are dealing here with soft 
substanccs, made soft by tho process of extrusion, and, although i t  has been 
pointed out th a t the bism uth-tin eutectic is brittle in the cast eondition, yet

* Superintcndent, Department of Metallurgy and Metallurgical Chomistry, 
National Physical Laboratory, Tcddington.
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when i t  is extruded thero is this extraordinary amount of ductility. I t  is yery 
interesting to compare a substanoe of th a t ldnd, which is cvidently cjuite 
different from a hard metal a t the ordiiiary temperaturę, w ith a  soft substance 
of crystalline structure, bu t yet showing no crystal grains. Tho substance to 
which I  am referring is baker’s dougk. In  some recent papers by Dra. 
Schofield * and Blair, of Rothamsted, tho mechamcal properties of baker s 
dour'h  haye been very carefully studied; and when you find th a t the work- 
hardening curves are just like those of metals, and tho hysteresis loops 
are much the same in form, you begin to  think tha t you must be caretui 
about constructing theories of deformation of metals which depend 011 slip 
layers, beeause in baker’s dough, altliough the materiał is crystalline, the 
crystals are in the naturę of yery long fibres, entangled and holding a network 
of starcli crystals between them. I f  we are to get a theory of plastic viscous 
flow, we shall have to  take into aceount those materials as w ellas tho metals

theAndrade’s distinction between th a t flow, which he calls tho [3 flow, which 
comes to rest after a short time, and the viscous flow, which continues with 
time, is extremely im portant and sometimes overlooked. One would not 
expect, of course, to get perfect agreement w ith a formuła for yiscous flow in 
the ease of metals, beeause of the recrystallization which oceurs; so one must 
not be too disappointed if a mathematical formuła when applied fails to lit 
all the results; but the work th a t has been done by the author, and some ot 
the things which haye come out in  the discussion have, I  think, helpcci 
enormously in the study of this particular problem.

Mr. P e a r s o k  (in reply) ■ Timo will not perm it me to deal with all tho points 
which haye been raised; I  will merely try  to  indieate the replies to some of 
the main ones, and deal with other points in writing. Referring first of all to 
Professor Turner’s query regarding the objcct of this work, it arose really in 
following up work by Dr. Smytho and myself on the extrusion of pure metals. 
During some experiments on tho extrusion of eutectics I  camo aeross this 
remarkable flow property, and the deformation occurring bemg not of tho 
usual type, it appeared to be worth investigating.^

The auestion of an initial flow has been mentioned. I  should point out 
th a t the total elongations are yery great, and the cathetometer used did not 
record yery smali ehanges in  length; but I  think th a t i t  is true, probably, 
th a t thero is a yery smali initial flow in some cases.

Tuming to Andrade’s work, in addition to work on pure metals, he did 
some experiments on solder wire, which might be taken to haye been extruded, 
although th a t is not dofinitely indicated, and found a very high degree of 
yiscous flow and a yery smali initial p flow; and th a t seems to  agree with
what I  have observed. . , , , ,

With regard to  the auestion of size of gram a t  beginnmg and end of a giyen 
stretching experiment, so far as it was possible to tell, tho indm dual grąms 
were the same a t  the beginning and the end of the process, although I  nave 
not actually made any tests with marked grains. The size is certamly the 
same, I  wiU not say from the beginning, beeause they are not yisible until a 
eertain amount of elongation has occurred, but they remam the same throug i 
the wholo of the stretching so far as one can tell, and I  think th a t they are the 
same individuals; th a t is to say, there is no continuous recrystallization and 
reformation. T hat would certainly be indicated by a  change m the gram- 
size. I t  is possible, for esample, to take a pieee of rod which has been anneałed 
a t  100° C., and which has therefore reached a eertain gram-size and is com- 
paratiyely frec from ageing effect, and to determme the rato of flow during

* Proc. Boy. Soc.t 1932, [A], 138, 707; 1933, [A], 141, 1 -■
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40 per cent. or so elongation, and tlicn to subject th a t sijccimen to a further 
annealing for some hours a t  100° C. and again tako the rato of flow, which is 
found to be almost the same. There is a very smali variation in rato soine- 
times a little more and sometimes a little less. Tho grain-size is unchanged: 
in fact, the gram structure developed by the first stretching goes on deyeloping.
I tm nk th a t ]s elear eyidenee th a t there is no recrystallization.

C O R R E S P O N D E N C E
, . ,D®- Ff L]; (m  rep1y) : Concerning Professor Gilbert Cook’s welcomo con- 
tnbution to the diseussion, it is my opinion th a t further experimental observa- 
tions, withrn and without tho rangę of stress given in Table V of Mr. Pearson’s 
paper, are necessary before the naturę of anyeonnection between the indiyidual

k  (C S)

D A Y S  A F T E R  W O P K / N O
F i g .  J.—-Lead-Tin Eutectic. Comparison of the Constants k and (cs), makin<* 

use of the Results in Fig. 1, p. 128.

esperimental observations may be understood. Thus the purpose in pre- 
sentmg Fig. 2 {p. 129) was to suggest th a t a  change occurs in the modo of 
flow of the metal m  the rango of stress given in Table V ; this was supported 
by the fact th a t tho curves were not linear : the curves are not of the simplest 
lorin. A t present, it seems this is all tha t can be said concerning any chance 
lf it exists. On pp. 128 and 129, the curves in Fig. 2 were assumed, for 
purposes of illustration, to  consist each of two straight portions, and in Fig. D 
Frofcssor Cook has considered a straight portion corresponding with an upper 
rangę of stress. Both the latter method and my own seem admissible, and 
aceordmg to Fig. D, the linear portion for the upper rangę of stress eeases to 
lit the points of espenmental observation a t  a  lower value of the stress than 
as m  the method adopted in Fig. 2. I t  is not elear how an indication of the 
existence of plasticity as well as viscosity may occur as a result of the deviation 
a t the lower values of the stress, and not a t  the upper, as mentioned by Pro- 
fessor Cook, bccause all the experimental observations of Table V, from 
which Figs. 2 and D are prepared, represent flow of the metal according to 
the formuła l =  l0el‘. b
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In  conneetion witK Mr. Hargreaves’s referenees to my paper, the curve 

for (cs), prepared from the results of Kg- 1, p. 128, is shown in K g. J, 
including the eurvo for Jc for purposo of eomparison, and tho same generał 
slope of these two euryes will he seen.

The eonstants c and s have in themselves no striet physical meaning, they 
merely form part of formuła (1) on p. 125, and in th a t way serve a useful 
purpose. Refercnce may be made to Figs. 4 and 5 of Mr. Hargreaves’s paper 
“ The Ball-Hardness and the Cold-Working of Soft Metals and Eutectics,” *

where it  will be seen th a t as the reduetion per cent. of the lead-tin and ead- 
mium-tin eutectics inereases, the yalue of c appears to deerease to  a minimum, 
and then inereases, whilst the value for s eontinually inereases; this is mterest- 
ing. The presence of this minimum may suggest a smaller diameter of the 
impression near the sta rt of the test than occurs in the case of the neighbouring 
reduetions given in the two Figures, although it would appear impossible to be 
more precise, sińce the yalues of the diameters of tho impressions when t =  1, 
and for some scconds after, are lacking. . ,.

As a further examplc of the (cs) method of plotting, the minima in the 
values for c, indieated in Figs. 4 and 5, become removed on multiplying

* J. Im t. Metals, 1928, 39, 310, 316.
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the yaluc of c by tho corresponding value of s, which in the case of Fig. 4 (for 
lead-tin eutectic) is shown in Fig. K . This figuro rcveals a correspondence 
between tho curve for Brinell hardness (30 seconds duration of loading) and 
tho curye for (es) ; the yariation of c and s is shown in tho figuro by curyes in 
the form of broken lines. The eurve for (cs) shows a point of inflesion, and 
the causo of this is probably related to the greater slope and uneyenness (oecur- 
ring between 0 and roughly 40 per cent. reduetion, and during which tho 
original eutectic structure is being remoyed) in the curves for log c, s, and Brinell 
hardness in Figs. 4 and 5. Tiius the flow of the metal may be more affected 
by the original structure for the smaller reductions only, and as the reductions 
become greater, th a t type of yiseous behayiour may be approaclied, which 
forms tho subject of Mr. Pearson’s paper and of my own.

Mr. P e a r s o n  (in further reply to the discussion at the meeting) : The dis
cussion has provoked some interesting views on the yiseous flow of these 
worked eutectic alloys under moderate loads. Mr. Chadwiek regards it  as 
arising in an amorphous phaso generated during the preyious working of the 
metal, so th a t as rccrystallization occurs 011 ageing the yiseous effect deereases. 
Both chemical etehing and strain etching, howeyer, show th a t the alloys when 
examined half an hour after extrusion are already completely recrystallized, 
although the grain-sizo is excessively smali. Ageing or annealing leads to an 
inerease in  gi'ain-size, which continues to be relatiyely smali. I t  is this 
recrystallized materiał which exhibits the marked yiseous flow. Incidentally, 
Mr. Chadwiek’s criticism of the preliminaiy produetion of the worked eon- 
dition by estrusion is not justified, sineo the extrusions were carried out in 
the cold a t a Iow rate, insuffieient to causo heating a t the die entry.

Dr. Allen suggests th a t the condition of yiseous flow may possibly be 
simulated by a process of slip and reerystallization going on continuously. 
The fact tha t a definite rate of flow occurs and is maintained for a particular 
initial grain-size is eyidence against this view, as also is the continuous deyelop- 
ment of a single set of granular boundaries on the surface during straining, 
If one adopts the view th a t yiseous flow occurs in these alloys by intergranular 
displacement, ono is met by the fact, as Dr. Allen points out, th a t there is 
some eyidence th a t yiseous flow is not solely a boundary phenomenon, haying 
been obseryed in single crystals, in  which, howeyer, tho eilect is estremely 
smali. In  generał, it is reeognized th a t worked metals of smali grain-size flow 
more readily under ereep conditions than do cast, eoarsely crystalline metals.

Mr. Chadwiek’s comparison of tho properties of the present alloys with 
his own careful examination of rolled zinc is very welcome, and I  agree th a t 
the phenomena obseryed in the two cases are the same. The yiseous^ effect 
is more eyident in the eutectic alloys, due, I  consider, to the smali grain-size 
in  the latter owing to obstruction to grain growth offered by the presence of 
two closely intermingled phases. I t  would be of great importance if a limiting 
stress for flow, as suggested by Professor Cook’s examination of the data, 
could be established. A.t present I  can only affirm th a t flow is continuous a t 
stresses below 64 lb./in.2, which he has deduced as a possible lim it. Dr. 
Desch’s reference to the similarity in the behayiour of baker’s dough and 
metals is of great interest, and seryes to remind ono th a t many difiieulties 
haye yet to be overcome in proyiding a complete explanation which must 
coyer the process of deformation of such diyerse substances.
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T H E  M A LLEA B ILITY  OF N IC K E L  AND OF 
M ONEL METAL.*

The paper concludes with a deseription of expenments: (i) on tne eneci 
of annealing normal samples of tho 1-in. materiał on lta malleabihty at 
800°, 900°, and 1000° 0., and (2) on tho malleabihty of Monel metal.

T h e  effects of tem peratu re  on th e  m echanical properties of m ckel and 
of Monel m eta l have been th e  sub ject of considerable investigation. 
As Crawford an d  W o rth in g to n 1 have so com pletely covered th e  
lite ra tu re  in  th e ir  recen t paper, “ N iekel and Niekel Alloys o ther th a n  
th e  N ickel-C hrom ium -Iron  G roup,” i t  is unnecessary to  review  i t  here. 
Some reference, however, should be m ade to  papers b y  S au erw ald 2 
on  th e  dependence on tem peratu re  of th e  drop-hardness of niekel, and  
by  R ob in  3 on th e  resistance of steels to  p lastic  deform ation, w hich are 
b o th  missing from  th e  b ib liography given by  Crawford an d  W orth ington  
a t  th e  end of th e ir  paper, and  w hich are bo th  of im portance to  those 
in te rested  in  th e  m alleability  of niekel, if n o t of Monel m etal. A tten tion  
should also be d irected  to  th e  recen t w ork of R ansley  an d  Sm ithells.4

SauerwahTs paper, w hich dea lt w ith  th e  w ork of Frischnich and  
N euendorfi on th e  drop-hardness of pu re  niekel (Reinnickel), m ay  well 
be referred  to  first. The niekel em ployed in  th e ir  experim ents w as of 
u n s ta te d  com position. I t  h ad  a Brinell hardness num ber of 87 (applied 
load n o t m entioned) an d  h ad  been rolled an d  fully annealed. The

* Manuscript received August 3. Prcsentod at the Annual General Meeting,

By OWEN W. ELLIS, M.Sc.,t M e m b e r .

S y n o p s i s .
_ . . .  >  ̂ 11 1 1 ł l ł  A rtffrt/łł*.

I . — I n t r o d u c t i o n .

London, Mar cli 8, 1934
f  Director of Metallurgical Research, Ontario Research Foundation, Toronto,

Canada,
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sam ples used in  the  drop hardness te s t were cylinders 13 m m . high and  
13 m m . in  diam eter. They were heated  in d m d u a lly , toge ther w ith  a 
sm ali anvil, in  a furnaee placed near th e  testing  m achinę. "When sam ple 
an d  anvil had  reached a desired tem peratu re , th e y  were rem oved 
together from  th e  furnaee and placed in  th e  m achinę, where th e  sam ple 
was tested  for hardness by  m eans of a 10-mm. bali in tegral w ith  a tu p  
which, together w ith  th e  bali, weighed 1377 kg. Tup an d  bali were 
allowed to  fali th rough  a heigh t of 444-445 mm. The resu lts of the  
F rischnich and  Neueiulorfl te s ts  are given in  Table I . F rom  these

Table I.— Drop-Hardness o f N ickel at Yarious Temperatures. 
(Sauerwald, loc. cii.)

T em pęrature, ° 0 . D rop-H ardness. T em perature, ° O. D rop-H ardncss.

20 202 449 218
113 250 529 208
201 250 GI0 203
289 245 711 170
329 220 812 175
388 204 914 143

Sauerw ald concluded th a t  tlie sharp  fali in  th e  hardness of nickel 
betw een 300° an d  400° C. was due to  the  m agnetic transform ation , 
w hilst the  m a iim u m  a t  450° C. was a phenom enon sim ilar to  th e  blue 
brittleness of iron. The cause of th e  increase in  hardness a t  812° C., 
Sauerw ald considered, was uncertain .

E ansley  an d  Smithells, in  the ir w ork on th e  tensile s treng th  of nickel 
wires of various com positions a t  different tem peratures, found th a t,  no 
m a tte r  w hat was th e  com position of th e  nickel, th e  tensile s tre n g th -  
tem peratu re  curve showed an  infłection a t  300°-450° C. The inflection 
was m uch less pronounced in  th e  curve for some nickel of exceptional 
p u rity , which they  had  prepared. In  the ir paper they  suggest th a t  the  
inversion is p ractically  absen t from  th is  curve, although  careful esam ina- 
tio n  of the  curve itself m akes i t  difficult to  accept the ir view. In  none 
of th e ir  curves do inversions appear corresponding w ith  those reported  
b y  Sauerwald as occurring a t  812° C.

R obin’s erperim en ts were carried o u t on norm al sam ples * c u t from  
15-mm. (0-591-in.) bars. These sam ples were forged under a ham m er 
which fell from  a height of 2 m. (6-56 ft.). By in terpo lation  R obin  
estim ated  th e  am ount of energy required to  reduce th e  sam ple by  
20 per cent. of its  in itia l height. The results of his te s ts  on th ree types 
of nickel (rcferred to  respectively as “ forgeable nickel,” “ com m ercial 
nickel w orked,” an d  “ com m ercial nickel annealed ” ) are given in

* Samples of which the heights and diameters are equal.
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Table I I .  I t  will be seen tb a t  R ob in ’s experim ents were relatively  few ; 
nevertlieless, the re  is sufficient evidence to  show th a t  an  inversion occurs 
in  th e  m alleab ility -tem peratu re  relationship  of nickel in  th e  region 
300°-450° C.

T a b l e  I I .— M alleability o f NicJcel o f Various Types.
(Samples tested, 15 mm. x  15 mm.) 

(Robin, loc. cit.)

Forging
Temperature,

°C.

Energy of BIow in Ft.-lb. Rcquired to Produee a 20 Per 
Cent. Iteduction in ńeight of Samplc.

A. B. 0.

15 290 234
20 500

100 257
200 234 21G 445
300 210 209 432
500 198 187 335
700 158 189
900 144 ' 130

A. Forgeable nickel.
B. Commercial nickel annealed.
C. Commercial nickel worked.

The m axim um  tem pera tu re  used by  R obin  in  his experim ents was 
900° C., a tem pera tu re  som ew hat below th a t  ordinarily  em ployed in  
the forging of nickel, hence, th e  au th o r considered th a t  i t  m igh t be of 
in te rest to  determ ine th e  m alleability  of nickel a t  som ew hat higher 
tem peratu res th a n  those used by  R obin , an d  for th is  purpose i- in . and  
1-in. rods of cold-draw n nickel were ob tained, which were te s ted  by 
m ethods described in  some detail Iater in  th is  paper. Chemical analyses, 
m ade b y  Mr. J .  R . Gordon, of the  O ntario Research F oundation , showed 
th e  com position of these rods to  be as follows :

J -In . B ar 
P e r  Cent.

1-In . B ar, 
P e r  Cent.

Cobalt . . . . . 0-46 0 '44
Manganeso . . . . 0-20 0-12
Carbon . . . . . 0-16 0-1G
T r n n 0-18
Copper . . . . . 0’02 003
Silicon . . . . . o - o i 0-01
N ic k e l....................................... difference difference

I I .— E f f e c t  o f  A n k e a l i n g  T e m p e r a t u r e  o n  H a r d n e s s  o f  C o l d -  

D r a w n  N i c k e l  R o d .

To determ ine the  effect of annealing on th e  hardness of th e  cold- 
d raw n nickel rod  used in  th e  m alleability  experim ents, norm al sam ples
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were cu t from  tlie ^-in. and 1-in. bars. rlh e  ł- in . sam ples were hea ted  
to , an d  held a t, th e  yarious annealing tem peratu res during  periods of 
10 m inutes, a t  tlie end of wliich th ey  were quenched in  w ater a t  ab o n t

T a b l e  I I I .— Yickers Hardness Numbers o f Annealed Sam ples o f \- in . 
Diameter Cold-Draum Nickel Rod.

(Original Hardness Number, 235.)

A nnealing 
Tem peraturę, ° 0 .

YicŁers Harflness 
Numbor.

Annealing 
Temperaturo, ° 0.

Yickers Hardness 
Kumber,

263 244 803 150
326 241 822 138

232 842 137
523 229 87 S 128
603 228 904 122
629 219 936 123
654 226 946 126
666 227 972 122
705 219 1000 120
728 208 1019 118
750 204 1048 122
772 198 1075 116
790 194 1094 111

(Time of anneal, 10 minutes.)

T a b le  IY .— Brinell Hardness Numbers o f Annealed Samples o f 1-in. 
Diameter Cold-Drawn Nickel Rod.

(Original Hardness Number, 215.)

Annealing 
Temperature, ° 0.

Brinell ITardnesa 
Kumber.

265 224
358 226
412 216
505 214
541 198
577 206
668 206
692 • 202
800 163
900 113

1000 108

(Time of anneal, 30 minutes.)

22° C. The 1-in. sam ples were sim ilarly trea ted  afte r a  30-m inute 
anneal (30 m inutes from  the  tim e of in troduction  in to  th e  furnace 
to  th e  tim e of quenching). The |- in .  samples were trea ted  simul- 
taneously  w ith  those of the  same dim ensions used in  the  forging te s ts ; 
th e  1-in. sam ples were trea ted  independently . A fter the  sam ples had  
been annealed , th ey  were tested  for hardness. The te s ts  on th e  |- in .
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sam ples were m ade in  a  Y ickers m achinę, a load of 50 kg. and  a 136° 
d iam ond py ram id  being used. Those on th e  1-in. sam ples were carried 
o u t in  a B rinell m achinę, using a  load of 3000 kg. and a 10-mm. 
Carboloy bali. The resu lts of th e  hardness te s ts  are g iven  in  Tables I I I  
an d  IV  an d  are show n graphically  in  F ig. 1.
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U nder th e  conditions im posed in  these experim ents, th e  tem peratu re  
rangę of softening was m uch th e  sam e for bo th  sizes of b ar, th e  upper 
lim it of th e  rangę being ab o u t 860° C., bo th  fo r th e  |- in .  b a r  (initial 
hardness, 235; annealing  tim e, 10 m inutes) an d  for th e  1-in. b a r  
(initial hardness, 215; annealing tim e, 30 m inutes). The upper lim it 
of th e  rangę was, if any th ing , slightly  higher for th e  1-in. bar.

I I I .— M a l l e a b i l i t y  o f  C o l d - D r a w n  N i c k e l  B o d  a t  V a r i o u s

T e m p e r a t u r e s .

T he m alleability  experim ents were carried  o u t on J-in . and  1-in. 
norm al samples. In  m ost cases, th e  te s ts  on th e  ł- in . sam ples were 
m ade sim ultaneously w ith  th e  ąuenching operation  deseribed in 
Section I I .  To m ake th is  possible the  following procedure was adop ted  : 
th e  sam ples were h ea ted  for forging an d  ąuenching in  a  horizontal 
G lobar tu b e  furnace fltted  w ith  a 1'5-in. I.D . silica tu b e  closed a t  one 
end. They were supported , side b y  side, on th e  d iam etrical section of a 
1-in. hem icylindrical Monel m etal błock, w hich fitted  snugly an d  was 
firm ly secured to  one end of a  leng th  of stainless steel of sem i-annular 
cross section (a 1-in. I.D . tu b e  bisected  along its  axis). The o ther end
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of th c  half-tube of stainlcss steel, supported  011  a  stand  outside th e  
furnace, was so arranged  th a t  thc  furnace conld be m oved baekw ards and 
forw ards parallel to  th e  axis of th e  Monel m etal błock on w hich th e  
sam ples were placed w ith  the ir axes a t  rig h t angles to  th a t  of the  
furnace.

The tem peratu re  of the  furnace was regulated  by  a controller con- 
nected  to  a p la tinum -p la tinum /rhod ium  tlierm ocouple p laced in  a 
p ro tection  tube th a t  alm ost m ade co n tac t w ith  one of th e  four Globars 
by  w hich th e  furnace was heated . The tem peratu re  of th e  sam ples 
was taken  as th a t  recorded by a Chrom el-Alum el therm ocouple inserted , 
w hen required , in  a  hole drilled parallel to  th e  axis of th e  błock on 
which th e  sam ples were placed. The drilled hole was so located  th a t  
th e  therm ocouple was w ith in  in. of th e  bases of th e  sam ples w hen they  
were placed on th e  błock.

The furnace having been m oved so th a t  th e  błock w as a t  its  m iddle, 
th e  controller was ad ju sted  and  the  furnace allowed to  reach a  co n stan t 
tem perature . This tem pera tu re  w as determ ined by m eans of th e  
therm ocouple in  th e  Monel m etal błock. A bout 10 m inutes a fte r th e  
desired tem peratu re  (or one in  its  im m ediate v icinity) h ad  been reached, 
the  furnace w as pushed back an d  tw o i- in . sam ples were placed on  th e  
błock, and th e  furnace re tu rn ed  to  its  form er position  as quickly as 
possible. Ten m inutes la te r, i t  w as pushed back  once m ore, and , while 
ono operator quenched one of th e  sam ples, ano ther a t  th e  sam e tim e 
forged th e  second sam ple under th e  drop ham m er. The heigh t of th e  
drop in  th e  experim ents on th e  ł- in . sam ples was 8 |  in., th e  energy of 
th e  blow being 80 ft.-lb.

F o r th e  1-in. sam ples, a  1-in. norm al Monel m etal cylinder was drilled 
axially  to  a dep th  of l  in ., and  was so secured to  th e  stainless steel half- 
tube  already  described th a t  th e  sam ple to  be h ea ted  for annealing or 
forging could be dropped in to  th e  space form erly occupied by  th e  hem i- 
cylindrical Monel m etal błock used to  support th e  |- in .  samples. In  
the  hole in  the  Monel m etal cylinder was placed, w hen required, th e  
Chrom el-Alum el tkerm ocouple used for determ ining th e  tem peratu re  
of th e  sam ple, one end of which was w ith in  ab o u t -J in. of th e  cylinder 
containing th e  therm ocouple. The axis of th e  sam ple was, of course, 
in  line w ith  th a t  of th e  cylinder. P rovision was m ade for th e  sm ali 
tongs used in  lifting th e  sam ple from  th e  furnace to  th e  anvil to  grip  i t  
w ithou t difficulty when heated .

The sequence of operations for th e  1-in. sam ples w as as follows : 
(1) the  controller was set to  th e  desired tem p era tu re ; (2) th e  furnace 
was allowed to  reach th e  desired tem peratu re  an d  held the re  for 10 
m in u te s ; (3) th e  furnace was pushed back  as rap id ly  as possible;
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(4) tlie  sam ple was placed in  position nex t to  th e  Monel m etal cylinder 
containing th e  recording therm ocoup le; (5) th e  furnace was pnshed 
forw ard as rap id ly  as possible un til th e  sam ple was a t  th e  centre of th e  
fu rnace ; (6) afte r 30 m inutes, th e  furnace was pushed baclc, th e  sam ple 
ąuickly  rem oved, an d  quenched or forged; (7) w hen th e  sam ple had  
cooled, i t s  heigh t was m easured.

The resu lts of th e  forging experim ents on th e  i- in , an d  1-in. sam ples 
are given in  Tables V and  V I, respectively. The m alleab ility -tem -

T a b l e  V .— M alleability o f \- in . Norm al Samples Cul fro m  Cold-Drawn
Nickel Rod.

(M alleability of R od as Received, 5-4 per Cent.)

Forging  
T em perature, ° 0 .

R edue tion  in  
H eigh t, P e r  Cent.

Forging 
Tem peraturo , ° 0 .

Iteduction  in  
H eigh t, P e r  Cent.

263 6-2 822 17-0
326 6-8 836 17-6
459 7-2 842 17'0
523 8-0 868 17'6
603 8-4 878 17-2
629 8-4 896 1S-2
654 9-0 904 190
666 9-2 936 19-8
705 9-6 946 2 0 0
728 10-6 972 20-4
750 11-4 1000 2 1 0
772 12-0 1019 21-6
790 12-C 1045 22-0
803 13-4 1075 23-2
821 15-6 1094 23-8

T a b l e  V I .— M alleability o f 1-in. Normal Samples C u tfrom  Cold-Drawn
Nickel Rod.

Forging R eduction  in
T em peratu re, 0 C. H eigh t, P e r  Cent.

633 7-0
666 7-1
690 7-6
718 8-2
744 8-7
764 9-3
792 10-4
817 13-4
842 15-2
S67 15-8
903 16-6
963 18-5
993 19-0

1050 2 0 9
1106 22-4
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p era tu re  lelationsłiips for bo tli series are shown in  K g . 2. P robab ly  
th e  m ost in teresting  features of th e  curyes in  K g . 2 are th e  sharp  
infiections w hich correspond closely w ith  th e  upper lim its of th e  tem 
p era tu re  ranges of softening for bo th  sizes of b a r  under th e  conditions 
im posed on them  in  these experim ents.

Less definite is th e  Iower lim it of th e  tem peratu re  rangę of w hat 
m igh t be te rm ed  “ rap id  softening ” for th e  |- in .  bar. This is a t  ab o u t 
500° C., w here th e  linear and curved p a rts  of th e  g raph  m eet.

The esperim ents carried o u t w ith in  th e  rangę 20°--600o C. were
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insufficient to  determ ine th e  effect of th e  300°-450° C. inversion in 
m echanical properties on th e  m alleability  of th e  m etal, which, however, 
for all p rac tica l purposes m ay be assum ed to  inerease in  d irect proportion  
to  tem peratu re  from  20° to  600° C., as shown in  K g . 2.

I V .— R e l a t i o n s h i p  b e t w e e n  E n e r g y  o f  B l o w  a n d  P e r c e n t a g e  

R e d u c t i o n  i n  H e i g h t  o f  S a m f l e  a t  V a r io u s  T e m p e r a t u r e s .

A  series of experim ents was carried ou t, a t  six different tem peratu res, 
on norm al sam ples cu t from  th e  §-in. rod. These sam ples were subjected 
to  blows of different energy conten t, th e  energy being yaried  by  altering

12004 0 0  600 800
T E M P E R A T U R E  O F F O R O IN C , °C 

F i g .  2 .

1000
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the keigh t of fali of tlie  ham m er. Tlie results of tliese experim ents a re  
given in  Table V II  an d  are show n grapliically  in  Fig. 3.

T a b le  V I I .— Relation between Energy o f Blow and Percenlage Reduction  
in  Heiglit o f \- in . Nornial Samples o f Cold-Drawn Nickel Rod 
Forged at D ifferent Temperatures.

T em perature,
Perccntage R eduction in  H cigh t of Samplo.

“0.
80 F t.- lb . 193 F t.- lb . 30G F t.-Ib . 419 F t.- lb . 532 F t.- lb .

603 8-4 20-2 30-0 36-8 44-4
705 9-6 22-8 33-6 41-8 49-2
790 12-6 27-2 39-2 48-0 556
904 19-0 34-6 4G-6 550 61-2

1000 21-0 38-4 51-2 58-4 65’2
1094 23-8 42-8 55-2 64-2 69-2

Fia. 3.

The au th o r h as  up to  now been unable to  fm d a satisfactory  eąuation  
for th e  g raphs in  K g . 3—such, for exam ple, as he found to  apply  to  a  
som ew hat sim ilar series of curves for s tra ig h t carbon steels.5 There 
is a d is tin c t difierence, however, betw een th e  slopes of th e  curves for 
th e  sam ples forged (a) a t  tem peratu res below, an d  (b) a t  tem peratu res
above, th e  softening rangę.

A ccord ing  to  T resca ’s th eo rem , th e  en erg y  req u ired  to  red u ce  th e
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height of a  1-in. norm al sam ple by  a definite percentage a t  a given 
tem pera tu re  should be eight tim es th a t  required to  deform  a  i- in . 
norm al sam ple under th e  same conditions. T h a t th is is tru e  of tlie 
samples investigated  b y  the  au th o r ean be shown b y  com paring values 
presented in  Figs. 2 and  3. To produce, for exam ple, a 22 per cent. 
reduction in  the  height of a 1-in. norm al sam ple a t  a tem peratu re  of 
approsim ate ly  1095° C. rcquires 532 ft.-lb. (see E g .  2). To produce 
the sam e reduction in  th e  heigh t of a f-in . norm al sam ple should require, 
according to  Tresca, 532/8 =  66£ ft.-lb . Eeference to  Fig. 3 will show 
th a t  68 ft.-lb ., a|>proximately, were required  to  reduce a |- in .  norm al 
sam ple by  22 per cent. in  heigh t a t  1094° C. One is led to  assume, then , 
th a t  nickel obeys Tresca’s law, viz., th e  energy required to  deform  
sim ilarly-shaped bodies by a certain  percentage yaries as th e  volum es 
of th e  bodies concerned.

V.— E f f e c t  o f  I n i t i a l  H a r d n e s s  o n  M a l l e a b i l i t y  o f  N i c k e l  

F o r g e d  a t  750° C.

The -ł-in. norm al sam ples w hich had  been used in  th e  annealing 
experim ents referred to  in  Section I I  of th is  paper were em ployed in  a 
series of m alleability  tests  a t  750° C., which is w ith in  the  softening rangę 
for th is  m ateriał. The object of these te s ts  was to  determ ine th e  effect 
of th e  previous annealing trea tm e n t on  th e  m alleability  of th e  m ateria ł 
a t  th is tem perature , an d  th e  results are given in  Table V II I  an d  are 
shown graphically  in  Fig. 4.

T a b l e  V III .— Effect o f In itia l Hardness on M alleability o f \ - in . Normal 
NicJcel Sam ples Forged at 750° C.

A nnealing
Tem perature,

°C .

T ickers
H ardness
N um ber.

lleduction  
in  H eight, 
P e r  Cent.

A nnealing
T em peraturę,

“ O.

Y iekers
n a rd n e ss
N um ber.

R eduction  
in  H eight, 
T er Cent.

G03 228 9-8 842 137 15-6
629 219 10-8 878 128 15-6
654 226 10-8 911 122 15-6
6 6 6 227 10-8 936 123 15-8
696 219 10-8 946 126 15-8
728 208 11-0 972 122 16-0
750 204 11-2 1000 120 16-1
772 198 11-6 1019 11S 16-0
790 194 120 1048 122 16-2
803 150 13-9 1075 116 16-4
S22 138 16-2 1094 111 16-4

(Time of heating to and holding at 750° C. prior to forging, 10 minutes.)

I t  appears th a t  th e  annealing of i-in . norm al sam ples for 10 m inutes 
(cf. section II)  a t  tem peratu res below 750° C. (the forging tem perature)
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has little  or no effect on th e  m alleability  of the  m etal at 750° C. W hen 
th e  annealing tem peratu re  is raised above 750° C., th e  m alleability  of th e  
m etal at 750° C. is profoundly affec ted ; i t  becomes increasingly m alleable 
as th e  annealing tem pera tu re  is increased from  ab o u t 750° C. to  abou t 
820° C. This tem pera tu re  (820° C.) is ab o u t 40° C. below th e  upper lim it 
of th e  softening rangę. I t  is th e  tem pera tu re  a t  w hich th e  precipitous 
change in  hardness due to  annealing (represented b y  th e  alm ost vertical 
portions of th e  hardness-tem pera tu re  curves in  F ig. 1) is com plcted.

Annealing a t  tem peratu res betw een 820° an d  860° C. increases the  
resistance of the  m eta l to  p la stic  deform ation  a t  750° C., so th a t  sam ples 
w hich have been annealed a t  860° C. a re  m ore resis tan t to  deform ation 
a t  750° C. th a n  sam ples which have been annealed  a t  tem peratu res 
betw een 820° and 860° C.

T E M P E R A T U R E  T O  W H I C H  M A T E R I A Ł  W A S  H E A T E D  B E F O R E  BEING  
FORGED A T  7 5 0 ° C.

PercenŁage Deformation ofsample forqedat 
750°C. w i th o u t  previous treatment{cfFig.2.)

F ig . 4.

Since th e  tem pera tu re  of 750° C. is w ith in , an d  n o t above, the  soften
ing rangę of th e  m ateria ł, th e  forging of sam ples a t  th is  tem peratu re  h as 
an  effect on th e ir  s tru c tu re  sim ilar to , b u t n o t so profound as, th a t  of 
forging a t  tem peratu res below th e  softening rangę (cold-work). The 
stru c tu re  of sam ples annealed  w ith in  th e  rangę 750°-820° C. changes 
apparen tly  w ith  increasing annealing tem pera tu re  in  such a  w ay  th a t  
hardening due to  cold-work during forging a t  750° C. does n o t 
affect th e  con tinu ity  of th e  m alleab ility -annealing  tem pera tu re  curve 
w ith in  th is  rangę. The stru c tu re  of sam ples annealed w ith in  th e  rangę 
820°-860° C., however, changes relatively  so little  w ith  increasing 
tem pera tu re  th a t  hardening of such sam ples due to  cold-work during 
forging a t  750° C. reduces th e ir  m alleability  below w h at m ight be 
expected, an d  gives rise, therefore, to  th e  sharp  inversion in  th e  
m alleab ility -annealing  tem peratu re  curve a t  820° C.
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V I .— E f f e c t  o f  A n n e a l i n g  C o l d - D r a w n  N i c k e l  o n  it s  
M a l l e a b i l i t y  a t  V a r io u s  T e m p e r a t u r e s .

Sam ples out from  tlie 1-in. rod were annealed  for i  h r. a t  800° C., 
900° C., an d  1000° C., respeetively, and  w ere afterw ards forged a t  a 
series of tem peratures. The resu lts of th e  te s ts  on these sam ples are 
given in  Tables IX , X , an d  X I, an d  are shown graphically  in  Fig. 5.

T a b l e  I X .— M alleability o f 1 -in . Normal Samples o f N ickel Annealed
at 800° O.

(Time of Annealing, 30 minutes.)

Forging  
Tem perature, "O.

R eduction  in  H eigh t, 
P e r  Cent.

667 9-3
70S 9-5
701 10-4
798 11-4
817 13-0

T a b l e  X .— M alleability o f 1 -in. Normal Samples o f N ickel Annealed
at 900° G.

(Time of Annealing, 30 minutes.)

Forging  
T em perature, ° O.

R eduction  in  H eight, 
P e r  Cent.

667 13-7
692 14-0
722 14-4
749 14-7
778 14-9
806 15-2
838 15-8
868 16-1
902 16-S
919 17-4

T a b l e  X I .— M alleability o f 1-in. Normal Samples o f N ickel Annealed
at 1000° G.

(Tirns of Annealing, 30 minutes.)

Forging 
T em peraturę, •  C.

R eduction  in  H eight, 
P e r  Cent.

676 14-7
724 14-9
774 15-4
826 160
S65 16-7
922 17-9
971 1S-7



Nickel and of Monel Metal 157

In  F ig. 5, tlie  continuous, heavy  b lack line is tlie m alleab ility - 
tem peratu re  relationship  for th e  cold-draw n rod  (cf. Fig. 2). Tlie results 
of th e  forging tes ts  are  ind icated  by  closed an d  open circles.

I t  will be noticed from  Fig. 5 th a t  annealing a t  800° C. for ■?? hr. 
increases th e  m alleability  of th e  m eta l a t  all tem peratu res up  to  ab o u t 
800° C., above w hich th e  m alleab ility -tem peratu re  relationship  for 
b o th  th e  cold-draw n an d  tb e  annealed  m aterials is th e  sam e. Annealing 
a t  900° C. for i  h r. increases th e  m alleability  of th e  m ateria ł a t  all 
tem peratu res up  to  ab o u t 900° C., above w hich th e  m alleab ility -tem -

Fio. 5.

p era tu re  relationship  for bo th  th e  cold-draw n an d  th e  annealed  m aterials 
is th e  same. A nnealing of th e  m eta l a t  1000° C. for i  h r. is generally 
sim ilar in  its  efiects to  annealing a t  lower tem peratures.

I t  appears th a t  annealing a t  any  tem peratu re  above th e  lower lim it 
of th e  softcning rangę increases th e  m alleability  of th e  m etal a t  all 
forging tem peratu res up  to  th e  tem pera tu re  of annealing, beyond which 
th e  m alleab ility -tem peratu re  relationship  for bo th  th e  cold-draw n and  
th e  annealed  m aterials is th e  same.

V II.— M a l l e a b i l i t y  o f  M o n e l  M e t a l .

The forging experim ents on th e  Monel m etal w ere m ade on 1-in. 
round  sam ples of cold-draw n stock, having a Brinell hardness num ber
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of 231. The m ethods of heating , forging, &c., were those adop ted  for 
th e  1-in. nickel samples. The m ateria ł was of th e  following com position :

Per Cent.
N i c k e l ........................................................ 67-59
Manganese . . . . . .  1-26
Iron  . . . . . . .  1-05
S i l i c o n ........................................................ 0-05
Copper . . . . .  difference

T a b le  X II .— Malleability and Hardness after Forging o f 1-in. Normal 
Samples o f Cold-Drawn Monel M etal Rod.

Forging
Tem peraturo,

”0.
B eduetion 
in H eiglit, 
P e r  Cent.

Brinell
H ardness
N um ber.

Forging
Tem perature,

■o.
B eduetion 
in  H eight, 
P e r  Cent.

Brinell
H ardness
N um ber.

648 8-G 181 818 14-1 155
670 8-6 181 848 14-5 152
690 9-3 173 850 14-0 152
723 10-9 171 865 14-8 157
745 11-8 169 880 15-0 153
753 12-7 101 890 15-2 152
758 13-1 103 909 15-1 151
701 12-6 163 942 16-2 152
7 08 13-2 1G3 979 17-0 140
772 13-5 IGI 993 17-6 146
785 13-5 155 1038 1S-8 137
791 13-8 160 1076 20-0 134
802 13-9 157 1087 20-2 130

T a b le  X II I .— M alleability and Hardness after Forging o f 1-in. Samples 
o f Monel M etal Annealed at 900° C.

(Time of Annealing, 30 minutes.)

F orging Tem perature, 
°C .

E eduetion in  H eight, 
P e r  Cent.

Brinell H ardness 
N um ber.

652 12-5 171
702 12-7 1G8
730 13-3 160
753 13-4 156
778 13-0 163
801 13-9 162
812 14-1 164
845 14-8 1G3
853 14-9 154
S92 15-6 161
921 15-S 161
945 16-0 151
967 1G-5 161
993 17-2 146

1046 18-S 147
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Tho resu lts of th e  m alleability  te s ts  are given in  Table X II , together 
w ith th e  Brinell hardness num bers of th e  sam ples afte r forging a t  various 
tem peratures. The au th o r is n o t satisfied th a t  these hardness num bers 
can  be considered as representing  th e  hardness of the  sam ples as a  whole, 
b u t th e  values are given for w h a t th e y  are w orth.

T able X I I I  shows th e  results of th e  m alleability  and  hardness tests  
on sam ples which h ad  been annealed a t  900° C. for i  h r. before forging.

All these resu lts a re  shown graphically  in  F ig. 6, in  which the  con
tinuous curves are th e  m alleab ility -tem peratu re  an d  hardness-after-
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F ig . 0.

fo rg ing -tem pera tu re  relationships for th e  alloy, w hilst th e  closed and  
open circles represen t the  ind iv idual results of th e  m alleability  and  
hardness te s ts  on sam ples which h ad  been annealed  a t  900° C. before 
forging.

The upper lim it of tlie softening rangę is as clearly defined in  the  
m alleab ility -tem peratu re  curve for Monel m etal as in  th a t  for com- 
m ercial nickel, the  p o in t being som ew liat higher for th e  Monel m etal.

I t  is of in te rest to  no te th a t  th e  m alleability  of cold-draw n nickel 
over th e  rangę 600°-825° C. is som ewliat less th a n  th a t  of cold-drawn 
Monel m etal, b u t  is appreciably  g rea ter th a n  th a t  of Monel m etal a t  
tem peratu res above th e  upper lim it of the  softening rangę for the  
rela tiyely  pu re  m ateriał.
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SUMMARY.

1. The m alleability of sam ples c u t from  tw o cold-draw n nickel rods 
has been determ ined over th e  tem peratu re  rangę 600°-1100° C.

2. The m alleab ility -tem peratu re  relationship  for th e  cold-draw n
-?,-in. m ateria ł w as found to  consist of th ree  portions : (a) a  practically  
linear relationship over th e  tem pera tu re  rangę 20°-500° C .; (6) a
curved relationship  over th e  tem p era tu re  rangę 500°-840° C .; (c) a 
linear relationship over th e  rangę 840°-1100° C.

3. The poin ts of in tersection  of th e  linear portions of th e  m alleab ility - 
tem peratu re  curves w ith  th e  eurved portions appear to  coincide w ith  
th e  tem peratu res a t  w hich “ rap id  softening ” of th e  cold-draw n m ateria ł 
com mences (500° C.) an d  ends (840° C.). These tem peratu res m ay be 
referred to  as th e  upper an d  lower lim its, respectively, of th e  softening 
rangę.

4. Curves showing th e  relationship betw een energy of blow and  
percentage reduction  in  heigh t of sam ple a t  various tem peratu res have 
been prepared, b u t no sim ple relationship  betw een energy of blow and  
percentage reduction  in  heigh t has  y e t been discovered.

5. The effect of in itia l hardness on th e  m alleability  of nickel forged 
a t  750° C. has been determ ined.

6. The effect of annealing cold-draw n nickel a t  yarious tem peratu res, 
before forging a t  various tem peratu res, has been investigated . I t  
appears th a t  annealing a t  any  tem peratu re  above th e  lower lim it of the 
softening rangę increases th e  m alleability  of th e  m etal a t  all forging 
tem peratu res up  to  th e  tem pera tu re  of annealing, beyond  which th e  
m alleab ility -tem peratu re  relationship for bo th  cold-draw n an d  annealed 
m ateria ls is the  same.

7. The m alleab ility -tem peratu re  relationship for Monel m etal has 
been determ ined, an d  i t  has  been shown th a t  m alleab ility -tem peratu re  
curves exist of the  sam e ty p e  as those found for nickel.
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ALLOYS OF SIL V E R  AND B ER Y LLIU M .*

By H. A. SLOMAN,f M.A., M e m b e r .

S y n o p s i s .

The constitution of the whole rangę of alloys in the silver-beryllium 
system has been redetermined by thermal and micrographic analyses, and 
the results are reeorded. Modifications and amplifications of Oesterheld’s 
original eonstitutional diagram are proposed.

A description is given of new tarnish-resisting silver alloys obtained 
by the addition to silyer and to some “ standard ” silvers of very smali 
ąuantities of beryllium.

I n t k o d u c t io n .

A n investigation  of th e  effects of tlie add ition  of beryllium  to  silver 
an d  its  alloys was undertaken  in  th e  M etallurgy D ep a rtm en t of the  
N ational Physical L abo rato ry  as p a r t  of the  w ork on beryllium  an d  its 
alloys w hich has been carried  o u t for th e  Minor M etals Com m ittee of 
th e  M etallurgy E esearch  B oard, D ep a rtm en t of Scientific and  Industria l 
Research. The investigation  was to  include th e  add ition  of beryllium  
to  high- an d  low-grade silver alloys, partieu la rly  those containing 
copper.

The resu lts of th e  w ork on high-grade alloys are described in  P a r t  I I  
of th e  presen t paper.

In- th e  case of low-grade silver alloys contain ing copper, no 
advan tages were found b y  th e  in troduction  of beryllium , b u t  i t  was 
observed th a t  w ith in  certa in  ranges of com position separation  in to  two 
liąu id  layers occurred. This im m iscibility d isappeared on th e  add ition  
of nickel.

These observations, which are collected in  Table I, led to  an  inves- 
tiga tion  of th e  constitu tion  of th e  silver-beryllium  system , th e  results 
being described in  P a r t  I  of th e  p resen t paper.

* Mauuscript received Oetober 26, 1933. Presentcd a t the Annual General 
Meeting, London, March 8, 1934.

t  Scientific Officer, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.
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T a b l e  I .

Numbcr of Alloy.
C om position, by  W eight.

Colour.

A g .0 Cu. Be. N i.

ABCl .

ABC2 .
rTop layer 

fABC3 1
[Bottom laycr 

. i Top layer 
1AH04 { lo ttom  Jayer 
ABCN4 .

ABCN7 .

50-07
49-83
33-03

01-20
19-63
70-52
49-63
49-88

48-91
48-62
04-50

37-91
75-00
22-81
42-42
41-28

0-98
1-50
2-51

0-92
5-33
0-72
1-60 
2-57

6-29
6-31

Yellow 
Light yellow 
Yellow (about same 

as ABCl)
Pale yellow 
Dark yellow 
Very pale yellow 

i t  f> 

t f  i i

* AU alloys were made up to contain approximately 50 per cent. by woight 
silver.

t  la  ABC3 the Yolumes of the two layers were approsimately equal. In 
ABCl tho Yolume of tho top layer was approximately twice that of the bottom 
layer.

Yarious attempts were made to obtain horuogeneous castings from ABC3 and 
ABG4, but without suecess. The sharpness of demarcation between the two layers 
is iliustrated in Fig. 4 (Platę VI), which shows a typical “ meniseus.”

P a r t  I .— The Constitution o f the S iher-B ery llium  System.

T he unexpected  im m iscibility found in  th e  ease of eertain  of the  
te rn a ry  alloys of silver, copper, an d  beryllium  led to  a critical exam ina- 
tion  of th e  constitu tions of th e  th ree  b inary  system s, silver-copper, 
copper-bery lhum , an d  silver-beryllium . The following cjuestion 
n a tu ra lly  presented  itself. Does th is  im m iscibility occur in  one or 
o ther of th e  b inary  system s, or is i t  confined to  a rangę of com positions 
in  th e  te rn a ry  series?

The constitu tion  of th e  silver-copper system  has been investigated  
an d  confirmed b y  m any  w orkers, w hilst Masing and D a h l1 have 
recen tly  re-determ ined th e  constitu tion  of th e  copper-beryllium  series, 
p articu larly  in  th e  copper-ricli rangę. Their proposed ecjuilibrium 
diagram  differs from  th a t  given by  O esterheld,2 b u t th e  evidence is 
undoubted ly  in  favour of th e  la te r w ork of Masing an d  D ahl,

W ith  regard  to  th e  silyer-beryllium  system , i t  w ill be noticed th a t,  
in  th e  te rn a ry  alloys shown in Table I  w hich exhibited im m iscibility, 
th e  beryllium  con ten t in  th e  silver-rich layers was always very  smali, 
suggesting th a t  a pecuharity  m igh t exist in  th e  silver-beryllium  series. 
The only availablc inform ation ab o u t th is  system  was contained in  
th e  paper b y  O esterheld, referred to  above, whose w ork was carried 
o u t in  1916 on very  sm ali specimens, owing to  th e  scarcity  of beryllium  
a t  th a t  tim e. O cstcrheld 's d iagram  is reproduced in  K g . 1.

In  the  region 40-70 atom ie per cent. beryllium , th e  liąu idus is



Sloman : Alloys of Silver and Beryllium  163

a \ \ \ < S x ^

eom paratively  fiat. I t  appeared possible t l ia t  in  tliis region th e  tru e  
liguidus m igh t be as suggested in  F ig. 2, ind icating  im m iscibility in 
th e  liquid  s ta te , which m igh t persist in  th e  presence of a th ird  m etal. 
M oreover, a  m ore accurate knowledge of th e  silver-rich alloys of the

series w as desirable in  view of th e  investigation  described in  P a r t  I I  
of th e  p resen t paper.

The constitu tion  of th e  whole system  w as accordingly investigated 
b y  the rm al an d  m icrographic analyses. Owing to  th e  enormous 
diiference in  th e  atom ie w eights of th e  tw o m etals (silver, 108; 
beryllium , 9), a ll percentages are  given as atom ie, as these give a 
m uch clearer idea of th e  tru e  com position of a  p articu la r alloy th a n  do

1 0 ' 20  30  4 0  50  6 0  70  8 0  9 0  100 
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th e  w eight pereentages. The following formuła; are included to  
fac ilita te  eonversion of one to  th e  o ther.

31 — 12 — 0-11 y ’ y  1 +  0-lla; and  x  —  w eight per cent. beryllium .

Three “  m aster ” alloys, hav ing  th e  com positions silver 90, 
beryllium  10; silver 40, bery lbum  60; an d  silver 10, berylhum  90 per 
cen t., were prepared  by  m elting together th e  tw o m etals in  berylhum  
oxide crucibles in  vacuo, using a high-frequency induetion  furnaee. 
A fter cooling, in  silu , esam ination  revealed considerable differences in  
com position betw een various p a r ts  of th e  sam e ingot, owing to  th e  
large difierence in  th e  densities of th e  two m etals (silver, 10-5; berylhum ,
1-8). This is a d irec t contrad iction  of th e  fm dings of Oesterheld, who 
repo rted  th a t  no segregation oceurred in  an y  of his alloys despite th e  
fac t th a t  stirring  w as n o t em ployed during either th e  p rep ara tio n  or 
th e  subsequent the rm al analysis of th e  alloys. This m ay have been 
due to  th e  very  sm ali size of his specimens (10 grm . for alloys containing 
from  0 to  70 atom ie per cent. beryllium  and  2-5 grm . for those containing 
70-90 atom ie per cent. beryllium ).

In  th e  p resen t case, th e  following m ethod  was adop ted  to  overcome 
segregation. The “ m aster ” alloys w ere rem elted, stirred , an d  cast in to  
cold moulds, th e  alloy containing 10 atom ie per cent. bery lhum  being 
held  in  a  graphite  crucible under graphite , w hilst tbe  o ther tw o alloys 
were contained in  beryllia crucibles under a sodium  fluoride-beryllium  
fluoride £Lux. The diffieulty was, in  th is  w ay, alm ost com pletely over- 
come, chem ical analysis revealing only negligible differences in  
com position in  different p a rts  of ind iv idual castings,

The above procedure w as adopted  for th e  p repara tion  from  the  
“  m aste r ” alloys of a  series eovering th e  whole com position rangę, the  
silver-rich alloys being m elted  in  g raph ite  crucibles under graphite , 
w hilst beryllia crucibles and  th e  flux were em ployed for those rich  in

y 12:?; w here y  =  atom ie per cent. beryllium .

Preparation o j tlie A lloys.

The m ateria ls employed were 
fine silver (99-99 per cent. p u rity ) 
an d  berylhum , prepared  b y  th e  
au th o r,3 of th e  following com 
position :

P e r  Cent.
Beryllium 99-7

0-2
0-01
0-05
0-005

t r a c c

B C R Y LU U H , ATffftS  PER C£NT

Fic. 2.

Oxygen 
Iron . 
Carbon 
Nitrogen
Silicon and aluminium
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beryllium . The alloys were ca st in  th e  form  of cylinders ab o u t 2 cm. 
in  d iam eter an d  2 cm. in  heigh t, th e  w eights vary ing  from  ab o u t 80 grm . 
(silver-rich) to  ab o u t 10 grm . (berylhum -rich).

Thermal A nalysis o f Alloys.

In  generał, th e  relationships in  th e  system  are simple. The addition  
of beryllium  to  silver causes a very  m arked  depression of th e  freezing 
po in t, th e  liąu idus curve falling steeply u n til a beryllium  co n ten t of 
1 0 4 9  atom ie per cent. is reached. This is th e  com position of th e  eutectic 
alloy, an d  its  m elting po in t is 881° C. W ith  inereasing beryllium , th e  
liąu idus first rises very  sharply , th e n  flattens ou t, and  afterw ards again 
rises rap id ly  to  th e  m elting p o in t of beryllium .

T he eutectic horizontal (solidus) a t  881° C. can  be traced  on the  
bery llium  side to  ab o u t 85 atom ie p e r cent. beryllium , where th e  a rrest 
becom es v ery  feeble an d  occurs a t  a  lower tem peratu re . I t  disappears 
altogether above 90 atom ie per cent. beryllium . On th e  silver side, i t  
w as followed dow n to  a beryllium  co n ten t of ab o u t 3 atom ie per cen t., 
below w hich th e  a rres t becomes ill-defined and  occurs a t  a  higher 
tem peratu re .

A n in teresting  observation  no ted  b y  O esterheld w as confirmed. 
T his is th e  occurrence in  th e  beryllium -rich alloys of an  a rres t p o in t 
a t  a  tem pera tu re  of 750° C. As one proceeds tow ards th e  silver end of 
th e  system , th is  p o in t becomes m ore an d  m ore feeble, and  canno t be 
found experim entally , in  sp ite of m any  a ttem p ts , in  alloys eontaining 
less th a n  50 atom ie p e r cent. beryllium  (Oesterheld traced  i t  down to 
65 atom ie per cent. beryllium ). In  alloys in  th e  rangę 92-98 atom ie 
per cent. beryllium , th is  a rres t occurs a t  lower tem peratu res. I t  is 
undoubted ly  due to  a  solid transfo rm ation , and  will be discussed Iater.

A tten tio n  m ay be direeted  to  th e  p rac tica l difficulties which were 
encountered. These were en tirely  due to  th e  serious effects of segrega
tion . The ac tua l analyses were carried  o u t in  vacuo, an d  in  m ost cases 
i t  was impossible to  ob ta in  consistent resu lts for th e  liąuidus te m 
pera tu res afte r th e  alloys h ad  been tw ice m elted. A  very  sharp  a rrest 
was alw ays given b y  th e  first heating  curve, an d  a som ew hat diffuse 
one by  th e  first cooling an d  second hea ting  curves. B y  th is  tim e 
segregation h ad  h a d  sufficient opportun ity  to  occur, and  th e  results 
of th e  second cooling curve were qu ite  inconsistent. U sually  two 
arrests  m erging in to  each o ther occurred, which corresponded m ore or 
less w ith  the  tru e  liąuidus points of tw o alloys th e  com positions of which 
were one on each side of th e  p articu la r alloy under consideration. The 
liąu idus tem peratu res were therefore based on th e  results given by  th e  
first heating  and cooling curves. In  m ost cases confirm ation was
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P la tę  V I .

[To face p. 1CG.



P la tę  V II .

Fig. 6.—AB 3 (2-45 a to m ic -%  Be). x  100. Fig. 7.—AB 5 (3-47 a to m ic -%  Bc). x  100.

F ig . 8.— AD 10 (10-49 a to m ic -%  Be). X 50. Fig. 9.— AB 10 (10-49 a to m ic -%  Be). X 75



ig. 12.—AB 21 (75-26 atomic-% Bc). X 75. F ic . 13.— AB 24 (86-79 atomic-% Be). X 75.

P l a t ę  VIII.

' ig .  10.—AB 13 (19-94 a t o m i c - %  Bc). X 75. F ig . 11.— AB 19 (65-97 atomic-% Be). X 75.



P l a t ę  IX.

-IC.  14.—AB 27 (93-37 atomic-% Be). X 75. Fic. 15.—-AB 3 (2-45 atomic-% Be). Anneale< 
at 810° C. Quenched. x 100.
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obta ined  by using o ther specimens of th e  sam e com position w ith  which 
the rm al analysis h ad  n o t up  to  th a t  tim e been carried out.

In  order to  ensure th a t  th e  incip ien t segregation, which occurs even 
on once m elting, should n o t stu ltify  th e  subsequcnt chem ical analyses, 
th e  specim ens were sectioned vertically  th rough  th e  centre, and  millings 
were taken  from  th e  whole surfacc th u s  cxposed.

Table I I  gives th e  com positions of th e  alloys investigated , together 
w ith  th e  tem peratu res a t  which the rm al arrests occur. F ig. 3 shows 
the  proposed constitu tional diagram .

M icrographic A nalysis in  tlie Solid State.

The silver-rich alloys contain ing less th a n  10 atom ie per cent. 
beryllium  were exam ined in  order to  determ ine th e  lim it of solid solu-

T a b le  I I .

K um bcr 
o l Alloy.

Percentage, by  W eiglit.
A tom ie

Percentage
Be.

T em peraturo of

Ag. Bc.
P rim ary

Solidiflcation,
"O .

E u tec tic
Solidification,

"O .

Solid 
Transfartna- 

tio n , 0 O.

AB 1 100-00 0-00 0-00 961 ...
2 99-83 0-13 1-53 955
3 99-76 0-21 2-45 948
4 99-72 0-24 2-80 946 890
5 99-68 0-30 3-47 941 882
G 99-43 0-54 6-10 922 883
7 99-32 0-63 7-05 914 881
8 99-20 0-77 8-49 900 881
9 99-01 0-93 10-09 886 882*

10 98-99 0-97 10-49 881
11 98-96 1-02 10-97 899 882
12 98-47 1-49 15-32 971 881
13 97-93 2-04 19-94 1003 880
14 97-39 2-59 24-13 1017 881
15 95-90 4-07 33-66 1025 881
16 94-34 5-65 41-73 1028 883
17 92-06 7-91 50-67 1033 881 750
18 88-94 11-03 59-72 1040 880 750
19 86-03 13-95 65-97 1050 880 751
20 83-21 16-76 70-66 1061 882 750
21 79-68 20-28 75-26 1076 880 752
22 78-60 21-37 76-47 1081 881 750
23 68-51 31-47 84-60 1128 880 750
24 64-52 35-46 S6-79 1145 878 751
25 60-71 39-26 88-55 1160 873 750
26 51-97 48-00 91-69 1189 750
27 45-92 54-06 93-37 1206 736
28 26-95 73-03 97-00 1246 696
29 24-18 75-80 97-40 1251 690
30 0-00 100-00 100-00 1282

* This point was somewhat vague, oyerlapping with the initial thermal arrest.
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F ig . 5.

decreases slowly w ith  decreasing tem perature , w hich was confirmed by 
slight age-hardening w hieh could be obtained by  suitable hea t-trea tm en t 

‘ of these alloys. Investigation  of th e  lim it of solubility was n o t carried 
o u t a t  tem peratures below 750° C.

Fig. 5 shows th is  portion  of the  diagram  on a larger scalę, w hilst 
Table I I I  gives th e  results on w hich Fig. 5 is based. The a-phase is a 
sa tu ra ted  solid solution of beryllium  in  silver an d  th e  p-phase is a 
corresponding solution of silver in  beryllium.

bility  of beryllium  in  silver a t  various tem peratures. The specimens 
were held a t  875° C. for 24 hrs. The tem peratu re  was th en  altered  to 
th a t  required, and  m aintained for 24 or 48 hrs., afte r which th e  speci
mens were quenehed. The m axim um  solid solubility was th e n  es tab 
lished by  m icrographic analysis to  be 3-5 atom ie per cent. beryllium  a t  
th e  tem peratu re  of th e  freezing po in t of th e  eutectic. The solubility
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A t th e  berylhum  end of th e  series, 
th e  relationships in  th e  sohd s ta te  
were n o t so exhaustively  investi- 
gated , as i t  was considered th a t  such 
alloys w ere unlikely  to  possess o ther 
th a n  a  purely  academ ic in terest. I t  
was found, however, th a t  in  alloys 
containing m ore th a n  90 atom ie per 
cent. berylhum , h ea t- trea tm en t a t  
tem peratu res u p  to  900° C. followed 
by  quenching led to  th e  production  
of a single-phase alloy ((i), an d  in  
th e  absence of o ther evidence i t  is 
suggested th a t  th e  solidus curve in  
th is  portion  of th e  constitu tional 
d iagram  is as ind icated  by th e  do tted  
line in  F ig . 3.

There still rem ains, however, the  
consideration of th e  a rres t po in t 
found a t  750° C. during th e  the rm al ^  
analysis of certa in  alloys in  th e  K  
series. In  spite of several a ttem p ts , ja 
no m icrographic, X -ray , or o ther ^  
evidence could be found to  confirm E-1 
or disprove its  existence. The au tho r 
is forced to  conclude, w ith  Oesterheld, 
th a t  i t  is due to  a  polym orphio 
change in  th e  p-phase, and  sińce th e  
therm al effect of th e  h e a t of trans- 
fo rm ation  is smali, i t  canno t be 
d etee ted  in  th e  silver-rich alloys of 
th e  series containing th is  phase.

If  th is  explanation  be accepted, 
th e  logical conseąuence is th a t  pure 
beryllium  itself m u st possess a  change 
p o in t occurring a t  a tem peratu re  
below 750° C. (In  view of th e  fact 
th a t  th e  therm al arrests occur below 
750° C. in  th e  rangę 92-98 atom ie per 
cent. beryllium , i t  is reasonable to  
suppose th a t  th e  transfo rm ation  te m 
p era tu re  in  pure beryllium  is below
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and  n o t above 750° C.) This consideration again  raises th e  question 
of a llo tropy  in  pure beryllium , a  question which has already  been dis- 
cussed in  a  previous publication ,4 in  w hich i t  w as po in ted  o u t th a t  
although  th e  au th o r an d  o ther investigators h ad  found considerable 
evidence in  favour of the  existencc of allo tropy  in  beryllium , no con- 
firm ation could be ob ta ined  over th e  tem pera tu re  rangę in  question 
by  th e  use of th e  m ost sensitive form  of the rm al analysis of th e  pure  
m etal, using a  differential therm o-couple. I t  w as s ta ted  th a t  “ an  
allotropic change m igh t be m ore readily  found in  beryllium -rich alloys 
th a n  in  th e  pu re  m eta l.” The p resen t investigation  strongly  suggests 
th a t  allo tropy  does exist in  beryllium , b u t  th a t  i t  is of th e  ty p e  w hich is 
largely inh ib ited  in  th e  pure m etal, and  can th u s  be detected  only by  
m ethods which are m ore sensitive th a n  the rm al analysis, and th a t  i t  is 
only in  the presence of ano ther m etal th a t  tho  transfo rm ation  proceeds 
to  com pletion and  perm its of its  ready  detection.

The sim plest constitu tion  w hich accords w ith  th e  ascertained facts 
is shown in  Fig. 3 b y  th e  d o tted  lines w hich continue a t  bo th  ends of 
th e  horizontal continuous line a t  750° C. A llotropy in  beryllium  is 
accepted. This is supported  by  the  m ost recen t w ork of Jaeg e r,5 who 
gives the  transition  tem peraturo  as betw een 600° an d  700° C.

Structure o f Alloys.

E xcep t for special purposes, th e  m icrostructures of th e  alloys are 
qu ite  clearly visible w itliou t etching. Figs. 6-14 (P la tes V II - IX )  
illu stra te  th e  s tru c tu re  of alloys represen tative of the  whole series. The 
eutectic alloy, Figs. 8 an d  9 (P la te  V II) is of in terest, as i t  contains only 
10-49 atom ie per cent. beryllium , an d  its stru c tu re  is typ ica l of eutectics 
w ith  a large preponderance of one m etal over th e  other.

Figs. 6 (P la te  V II) and 15 (P la te  IX ) are typ ica l of th e  structu res 
ob tained during th e  determ ination  of the  lim it of solid solubility  of 
beryllium  in  silver.

On th e  beryllium  side of the  eutectic, i t  will be seen (Fig. 12, P la te  V III)  
th a t  th e  ground m ass consists largely, n o t of th e  eutectic, b u t of th e  
pure a-phase. This im poverishm ent of th e  eu tectic of one of its  
com ponents is n o t uncom m on. Again, th e  prim ary  beryllium  solid 
solution (p-phasc) is qu ite  different in  appearance, depending on the 
tem pera tu re  of in itia l solidification and  on the solidification rangę. In  
Fig. 10 (P late V III) , which shows th e  s truc tu re  of the  alloy in  which 
solidification begins a t  1003° C., th e  crysta l boundaries are s tra igh t- 
lined polyhedra. A t higher tem peratu res th e  surfaces begin to  round 
off as shown in  Fig. 11, wliilst Fig. 12 illustrates the  com plete 
rounding.
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The hardness of th e  alloys increases w ith  th e  beryllium  conten t, 
w hilst th e  colour ranges from  th e  w hite of pure silver to  th e  steel grey 
of beryllium .

CONCLUSIONS.

In  th e  liąu id  s ta te , all th e  alloys of the  series are com pletely miscible, 
so th a t  th e  im m iscibility no ted  in  th e  in troduetion  above in  eertain  
te rn a ry  silver-copper-bery llium  alloys canno t be definitely accounted 
for by  peculiarities in  an y  one of th e  th ree  b inary  system s involved. I t  
appears probable, liowever, th a t  th e  alm ost horizontal cen tra l portion  
of th e  liquidus curvo in  th e  silver-bery lhum  series is an  indication  th a t ,  
in  these alloys, th e  m axim um  tem peratu re  a t  which liquid im m iscibility 
can  ex ist is only slightly  lower th a n  th e  tem peratu re  a t  w hich they  
becom e solid; th a t  is to  say, were i t  possible to  supercool them , liquid 
im m iscibility would occur. This canno t be achieved d ireetly , b u t its  
effects can  be ob ta ined  b y  th e  add ition  of a  th ird  m etal w hich lowers 
th e  solidification tem pera tu re  to  an  ex ten t such th a t  th ey  rem ain  liquid 
below th e  m axim um  tem pera tu re  a t  w hich im m iscibility  can ex is t; 
th u s  th e  add ition  of copper leads to  th e  phenom enon no ted  above. 
S im ilar reasoning explains w hy the  add ition  of a  fou rth  m etal, nickel, 
w hich raises th e  solidification tem peraturo  again, results in  the  
reappearance of hom ogeneous alloys.*

I n  generał, th e  constitu tional diagram  proposed by  O esterheld was 
confirmed an d  am plified except in th e  following particu lars :

(a) There is a definite solid solubility  of beryllium  in  silver, which 
reaehes a  m axim um  of 3-5 atom ie per cent. a t  th e  tem peratu re  
of the  freezing p o in t of th e  eu tectic alloy.

(b) The com position of th e  eu tectic alloy is 1049  atom ie per cent.
and  n o t 15-3 atom ie per cent. beryllium .

(c) The freezing p o in t of th e  eutectic alloy is 881° C., an d  n o t 
878° C.

The la tte r  tw o differences m ay be accounted for by  th e  use in  the  
p resen t w ork of pu rer m ateria ls an d  larger specimens.

The constitu tional diagram  has been com pletcd except for th e  alloys 
containing m ore th a n  90 atom ie per cent. beryllium , on w hich fu rthe r 
w ork is desirable in  o rder to  determ ine tho  exact shape of the  solidus 
curve an d  transfo rm ation  in  th is  region.

* A ease analogous to tho above is cited by Roozeboom : “ Dio heterogenen 
Gleichgewichte,” Vol. 3, Part 2, pp. 6 and 12, in connection with tho com- 
ponents, water-phenol-acetone. Below 68° C. water and phenol are only partly 
miscible. Above G8° C. they aro miscible in all proportions. The systema acetone- 
phenol and acetone-water are completely miscible at all temperatures. In the 
ternary system, howeyer, immiscibility occurs at temperatures well aboye 68° C.
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P a r t  2.— Tarnish-Resisting S ih er-B ery lliu m  Alloys.*

The tarnish-resisting  properties of beryllium  w hich are  due to  th e  
form ation  of a  very  tenacious self-healing surface oxide film had  a lready  
led some previous w orkers to  consider th e  possibility of its  application  
to  silver and  its  alloys in  order to  render them  stainless. The available 
d a ta  were, however, very  contradictory . Jo rd an  and  his co llaborators,6 
who investiga tea  th e  effects of th e  additions of various m etals to  silver, 
s ta ted  th a t  beryllium  actua lly  seems to  decrease th e  ta rn ish  resistance 
of silver. E a y  and  B aker 7 found th a t  “ beryllium  m ade silver alloys 
containing m ore th a n  90 per cent. b y  w eight of silver hard  and  b rittle , 
an d  decreased th e  ta rn ish  resistance.” Cooper,8 on th e  contrary , found 
th a t  alloys contain ing m ore th a n  90 p er cent. b y  w eight of silver and 
from  3 to  5 p er cent. b y  w eight of beryllium  were im m une to  th e  action  
of su lphur an d  its  com pounds. Such alloys were said to  be b rittle  in  
th e  chill-cast s ta te , b u t, b y  su itab le h ea t-trea tm en t, could be rendered 
alm ost as ductile as silver itself.

The chief application  of tarn ish-resisting  silver alloys is to  th e  silver- 
w are industry , in  w hich a t  p resen t th e  alloy chiefly in  use is s tan d ard  
o r “ hall-m arked ” silver containing 92-5 per cent. b y  w eight silver and 
7-5 per cent. by  w eight copper. Investigation  w as accordingly confined 
to  those alloys which con tain  90-100 p er cent. by  w eight silver, and 
p articu larly  to  those containing 92-5 per cent. by  w eight silver. The 
chief considerations which had  to  bo borne in  m ind were th a t  if ta rnish- 
resisting alloys could be produced by  th e  in troduction  of beryllium , 
such alloys should differ as little  as possible in  m elting  an d  casting 
tem peratu res, in  w orking properties, an d  in  appearance, from  the  
m aterials a lready  in  use an d  for w hich a  w ell-established technique has 
arisen.

P relim inary  exam ination  of th e  alloys advocated  b y  Cooper 
confirm ed his results, b u t th e  alloys w ere unsatisfactory  owing to  
th e  com paratively  high beryllium  conten t. They were n o t only b rittle , 
b u t were also very  d iiferent from  pure or “  s tan d ard  ” silyer in  appear
ance. Reference to  Fig. 3 will show th a t  in  these alloys th e  p rim ary  
constituen t is a  h a rd  beryllium  solid solution. I f  th e  surface of such 
a n  alloy be polished, th is  hard  p rim ary  stands in  relief an d  gives the 
surface an  alm ost m acro-etched structu re , w hich is very  undesirable 
in  m ost polished silver-ware. This is tru e  n o t only in  th e  b inary  silvcr- 
beryllium  alloys, b u t  also in  te rn a ry  alloys containing m ore th a n  90 per 
cent. b y  w eight silver, 3 -5  per cent. by  w eight beryllium , the  rem ainder 
being copper, in  which th e  lim it of solid solubility of th e  beryllium  and

* The alloys describcd below form the subicet of British Patent, No. 399,261, 
1933.
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th e  pereentage above which beryllium  or a beryllium -rieh solid solution 
begins to  separate  as a p rim ary  constituen t are n o t m ateria lly  different 
from  th e  values found in  the  b inary  system  silver-beryllium . Moreover, 
these alloys have a very  long solidification rangę, which leads to  serious 
inhom ogeneity  an d  to  a coarse structu re .

These considerations im posed a  fu rth e r lim ita tion  to  th e  useful 
rangę w hich could be inyestigated , an d  th e  beryllium  con ten t was 
accordingly k ep t below 1-2 p er cent. b y  w eight th roughou t. I t  soon 
becam e ap p a ren t th a t  considerably less th a n  th e  3 per cent. by  w eight 
beryllium  advocated  b y  Cooper was recjuired to  produce im m unity  to  
th e  action  of su lphur com pounds.

The first alloy p repared  h ad  an  ap p ro sim ate  com position silver 
92-5, copper G• 5, an d  beryllium  1*0 per cent. A  com parison was m ade 
betw een th e  effect of su lphur com pounds on th is  alloy and on s tan 
d ard  ”  silver. A  very  rem arkable difierence w as found. W hereas the  
“ s tan d ard  ” silyer specim en becam e coated  w ith  a dark  violet ta rn ish  
film, th e  new  alloy was practically  unchanged in  colour.

The ac tu a l te s t used th ro u g h o u t th is  w ork w as as fo llow s: The 
specim ens were rolled an d  c u t to  a  s ta n d a rd  size, 1 in . square an d
0-02 in. th ick . A fter being annealed, th ey  were polished, weighed, and  
suspended, for periods up to  72 h rs., in  a n  air th e rm o sta t m ain ta ined  
a t  25° C., in  an  atm osphere of purified air contain ing a  co n s tan t concen- 
tra tio n  of hydrogen sulphide an d  m oisture. In  d ifierent experim ents 
the  hydrogen sulphide co n ten t an d  hum id ity  of th e  atm osphere could 
be varied  w ith in  wide lim its. The increases in  w eight of th e  specimens 
w ere no ted  together w ith  th e  colours of th e  ta rn ish  films.

A series of alloys ranging in  com position from  90 to  100 p er cen t. 
silver, 0 to  1-2 per cent. beryllium , and  0 to  10 per cen t. copper was 
th en  subjected  to  th is  te s t. E xam ination  of th e  resu lts revealed th a t  
tw o opposing factors were in  operation. Inerease in  th e  beryllium  
con ten t led to  m ore com pletc im m unity , w hilst decreasing the  silyer or, 
ra th e r, inereasing th e  copper, led to  less com plete pro tection . In  all 
cases th e  m axim um  im m unity  was ob ta ined  w hen th e  beryllium  con ten t 
had  reached ab o u t 0 4  per cent. by  w eight. F u rth e r  additions of 
beryllium  seemed to  have very  little  effect. I t  is to  be no ted  th a t  th e  
solid solubility  of beryllium  in  alloys of th is  ty p e  is approxim ately
0 4  per cent. by  w eight, an d  i t  appears th a t  once th e  alloy is sa tu ra ted  
w ith  beryllium  in  th e  form  of a solid solution, th a t  is to  say, once the  
beryllium  is uniform ly an d  finely dispersed th roughou t th e  whole mass, 
an y  excess, p resen t either in  the  eu tectic ground m ass or as a  p rim ary  
constituen t, has no fu rth e r influence on th e  tarn ish-resisting  properties 
of the  alloy.



Three alloys of th e  series were finally selected for m ore exhaustive 
tests . Their com positions a re  given in  Table IV, an d  a  com parison 
of th e ir  behaviours under th e  above te s t conditions, in  Table V. Yalues 
for “  s tan d ard  ”  silver specim ens are also included.

174 Sloman : Alloys o f Silver and Beryllium

Table IV.

Number of Alloy.
Percentage, by Weight.

Silvor. Copper. Beryllium.

SAB 1 . 94-41 5-05 0-52
„ 2 . 92-52 6-56 0-90
„ 3 . 92-46 7-10 0-41

“ Standard ” /S S  1 . 92-5 7-5 0-0
silv er \S S  2 . 92-5 7-5 0-0

I t  will be seen th a t  un d er th e  conditions of th e  experim ents these 
alloys are practically  com pletely im m une to  th e  ta rn ish ing  effects of 
su lphur com pounds.

A p o in t of some in te res t is raised  b y  a consideration of th e  increases 
in  w eight of th e  various specimens. I t  will be seen from  th e  figures 
th a t 'th e  inerease in  w eight is som ew hat larger th a n  m igh t be expected 
to  correspond w ith  the  very  sm ali colour changes assoeiated w ith  the  
films. I t  is suggested th a t  th e  increases in  w eight are largely due to  the  
form ation  of a colourless beryllium  oxide film which p ro tec ts  th e  whole 
surface from  su lphur tarn ish .

The alloys w ere then  subjeeted to  th e  action  of vinegar, f ru it juices, 
a n d  vegetable łicpiors. W hilst n o t com pletely resis tan t, th e  new alloys 
w ithstood these conditions m ore sa tisfactorily  th a n  d id  specim ens of 
“  s tan d ard  ” silver.

I n  appearance and  colour, th e  new alloys are a lm ost indistinguishable 
from  pure or from  “ s tan d ard  ”  silver. In  m elting tem perature , casting, 
an d  generał w orking properties th e y  resem ble “  s tan d ard  ”  silver very  
closely. Sm ali age-hardening efiects can be obtained by  su itab le heat- 
trea tm en ts . M orcover, con tro l of com position, a t  an y  ra te  on the scalę 
of th e  p resen t experim ents, p resents no add itiona l difficulties, w hilst 
scrap  m eta l can  be readily  rem elted.

A  suggested m ethod of p repara tion  is as follows. A bery llium - 
copper alloy containing th e  correct p roportions as required in  the  finał 
te rn a ry  alloy is p repared  d ireetły  b y  electrolytic deposition of beryllium  
on to  a m olten copper cathode. This alloy is then  m elted w ith the  
co rrec t w eight of silver. I t  has been found th a t  g raph ite  crucibles 
an d  graph ite  pro tection  for the  surface of th e  m elt are sa tisfactory  for 
th e  production  of sound castings. This m ethod does n o t necessitate



Słowian : Alloys of Silver and Beryllium  175

T a b le  V.

A tm osphere.

Period 
of Ex* 
posure, 
H ours.

N um ber
.

Alloy.

W eigh
m ent

E z p t . l .

Incre- 
s, Mg.

E x p t. 2.

A ppearance a fte r  E rposu re .

0*005% H ydrogcn  
su lphide .

40%  R ela tive  b u ra id ity  
tem pera tu ro  25° O.

24 SAB 1
2
3

SS 1 

2

0*004
0-017
0*022
0*101

0*095

0*004
0*022
0*018
0*109

0*123

P ractica lly  unaltered . 
u  »i 
i  i u  

Steel-blue film w ith  purp le  edge 
ab o u t 2 m m . w ide.
i i  i » i i  t»

72 SAB 1 

o

3
SS 1

0*028

0*039

0*046
0*133
0*143

P ractica lly  unaltered—pale yel
low edge ab o u t 3 m m . w ide. 

P a le  yellow film e ite n d in g  
nearly  lialfw ay from  edge to  
cen tre .

P ale yellow film.
Purp lo  film.

i i  i i

0*005% H ydrogcn  
su lph ide .

75%  R ela tive  hu m id ity  
tem p era tu re  25° O.

24 SAB 1

2
3

SS 1

o

0*020

0*022
0*036

0-112

0*111

0*019

0*026
0-030

0*111

0*113

P ractica lly  unaltered—sJight 
yellow edge ab o u t 1  m m . 
wide.
i i  i i  i i  i i

P ale  yellow film e ite n d in g  
nea rly  half-w ay from  edge 
to  cen tre.

P u rp le  film w ith  steel-blue 
cen tre.
i i  u  i i  i i

increasing th e  tem pera tu re  of th e  silver very  m uch above its  own m elting 
po in t, as th e  b inary  copper-beryllium  alloys w hich are used have com- 
para tively  Iow m elting po in ts (betw een 950° an d  1000° C.).9 This 
grea tly  facilita tes contro l of com position and p reven ts loss of silver by 
volatilization.

Very little  trouble due to  gassing is experienced, owing to  the  
deoxidizing action  of the  beryllium . The beryllium  oxide so form ed 
rises to  th e  surface. P rom  th e  p o in t of view of control of com position, 
i t  is desirable th a t  as little  oxygen as possible should come in  con tac t 
w ith , o r be contained in , tho  m olten  alloys, in  order to  avoid loss of a 
portion  of the  beryllium  as oxide.

The question of inhom ogeneity in  different portions of a  casting 
w as exam ined, an d  i t  w as found th a t ,  p rovided th e  m elt was stirred  
ju s t before pouring, segregation w as negligible under th e  best con
ditions. The following analyses of th e  to p  an d  bo ttom  of a smali 
casting 1 in . square by  6 in. high are ty p ic a l :

T op, 
Per Cent.

B ottom , 
P e r  Cent.

Silver 92-25 92-27
Copper . , 6-82 6-80
Beryllium 0-90 0-89
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Ifc is hoped th a t,  a t  th is  stage of th e ir  developm ent, these alloys m ay 
be investigated  under production  conditions, so as to  bring  to  ligh t 
difficulties which, so far, have n o t been found, b u t  which m ay occur in  
th e ir  m anipulation  on a  large scalę.
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D IS C U S S IO N .
P r o f e s s o r  R . S. H u t to n ,*  D .Sc., M.A. (Member of C ouncil): N o doubt 

th e  first p a r t of thia paper is the more im portant, and  wo all tru s t th a t  the 
splendid and  sustained work carried ou t a t  the N ational Physical Laboratory  
on beryllium  will finally be crowned w ith success. On th e  second p a r t of the 
paper, howeyer, I  feel th a t  I  m ust be ra th e r critical, and  express a  w arning 
against too m uch optim ism . The subject of the tarnish-resistance of silver is 
of immense im portance to  the world. M any a ttem p ts  have been mado to  
proyide non-tarnishing silyer alloys, and  so fa r all have proved very costly and  
disappointing. I  feel th a t these earlier proposals and  the present one suffer 
from lack of a  sufficiently thorough study  of the properties of tho alloys pro- 
posed.

The requirem ents for a  tam ish-resisting silver destined to replace ordinary 
sterling silver are very  m any, and  one has to rem em ber th a t  they  liavo to  be 
satisfied in  a  m anner which will enable a  branch of industry  lam entably poorly 
eąuipped w ith  scientifle m etallurgical knowlcdge to  apply them . I t  is no t 
simply a  ąuestion of finding some alloy constituen t w hich will confer a  superior-

* Professor of Metallurgy, The University, Cambridge.
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ity  ovor cxisting m aterials so fa r as resistance to  a ttack  by  sulphuretted  
hydrogen is concorned.

The first reąuirem ent which has to  be m et is the ra th er intangible sesthetic 
one of tlie appearance of the silver, on w hich anyone connected witli silver and 
tho silver trade  or who is an  am ateur lover of siłyer will lay enormous stress. 
Tlie exact tono and  eolour of th e  silver are of prim e im portance, and  i t  seoms 
to  me th a t  ono of the first th ings th a t  it  is necessary to  know about a new 
m ateriał of th is sort is its refleetivity in  relation to  th e  whole rango of the 
visible spectrum , in  eomparison w ith ordinary sterling silyer and o ther tam isli- 
resisting siłyers which liave preeeded it.

There are also m any d a ta  on th e  workability of silver on w hich Information 
is rcquired before i t  can be recom mended for use. The silversm ith has^ to  
perform  some difficult operations in shaping and  in finishing his^ m ateriał. 
I  refer, for instance, to  the proeesses of raising, chasing and  spinning metal, 
which are operations requiring a  very  special quality  of w orkability  in the 
m etal which is n o t easy to  satisfy. M any of tho predeeessors of th is  alloy 
have failed beeause of little  difficulties of th a t  sort. Again, the whole story  
of tho subseąuent behayiour of th e  w ork-hardened m etal a t  different tem pera
tures of annealing will p lay an  im portan t p a r t in  the possibility of its  accept- 
anee by th e  silversm ith’s trade.

O ther properties which are alm ost equally im portan t aro those con
corned w ith  th e  finishing and polishing of tho m etal, the capability  of readily 
producing a t  an  eeonomie cost a  sufficiently fine surface finish to  satisfy the 
severe critical assessm ent of th e  experts, and, of course, all th e  questions 
eonnected w ith the jo inting of th e  m etal, soldering and brazing, aro again 
im portan t—no t sim ply w hether the m etal will tako a  brazing alloy, b u t th e  
effect on tho jo in t itself and  on neighbouring parts .

I  havo still to  come, in  these critical rem arks, to  the suprem e im portance of 
th is question of tarnish-resistance, and  I  th ink  th a t  there th e  silyer trade 
m ight natu rally  dem and a  very  completo investigation before they  are asked 
to  do w liat I  take  i t  they  are asked to do here, to  proceed to  te s t the m ateria ł 
under production conditions. A g reat deal lias been done and a v as t am ount 
of money has been expcnded on previous alloys, rig lit up to and  p a s t tho stago 
of production, and then, on exposuro to  ordinary conditions of life, those 
m aterials have been rejected beeause of a  slight b u t obyious inferiority  to  tho 
ideał which th e  silver trade  would like to  seo aehieyed. The silver trade, it  
m ust be rem em bered, is in  ra th er a difficult position in  regard to  adopting 
new alloys, and although eagerly aw aiting the adyent of the ideał non-tarnish- 
ing silyer, cannot afford to  speculate on a series of łialf measures of aehieye- 
m ent. There m ust be very  high values of finished articles in  th e  workshops 
and  in  the retail establishm ents of th is country  and  o ther countries, m ade of 
the ordinary standard  sterling silyer, and  th e  m om ent a  new acceptable alloy 
arriyes i t  renders tho whole of tlia t very valuable stock, if no t absolutely 
obsolete, a t  any  ra te  a  back num ber. I t  is n o t merely a m a tte r of the value of 
th e  m etal, which is high, b u t of the still higher value of th e  w orkm anship p u t 
in to  those articles which makes tłiis particular problem a very  difficult one for 
the trade  to  face. T h a t being so, I  feel th a t  we ouglit to  have a yery much 
more thorough study  of this m ateriał in  tho laboratory from tłie po in t of yicw 
of tarnish-resistance. Silver is a  particularly  difficult m etal to  assess in  this 
way, beeause i t  is quite possible to  endow ordinary  sterling silvcr w ith a  sort 
of passivity  which makes i t  behave in a  superior w ay to  the  product in  its nor
mal condition, b u t th is passivity is, of course, of ra th e r a tem porary value.

W e have in Table V some com parative da ta  of tarnishing no doub t thorough ly 
reliable, and obtained under the conditions specified, b u t we aro only given 
weight inerements, and  in  one single sentence the appearance a fter exposuro. 
One misses any scientific m easurem ent of th e  departure froni tho reflectiyity 
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of the original materiał as esposed. I t  is quitc possiblc—Dr. Vernon did it 
in sonie of his own early work—to nieasure tho progress of tarnishing by the 
loss of reflectivity of the metal, and here, if ever, is surely a case where that 
ouglit to bo done. Perhaps I  know a little more of the other side of tho picture 
than the author does, because I  haye spent so much of my life among silyer 
teapots; but I  know th a t it is a very hard thing to get any materiał of this 
sort even tried out on a production scalę until a reallystrong case, in comparison 
with other materials, has been put before the trade.

There is one question which I  should like to ask the author. As I  under- 
stand it, these now silvcr-beryllium alloys are covered by a British patent, and 
on the other hand there is a  previous British patent by Cooper, who found tha t 
3-5 per cent. by weight of beryllium rendered the silver immune to tho aetion 
of sulphur and its compounds. I  am sorry tha t I  have not had an opportunity 
of seeing the claims of this new British patent, but I  take it th a t tlie essential 
point is to achieve the object required with a much smaller addition of beryl
lium than is eoyered by Cooper’s patent. If  so, it is an adyance which, from 
th a t point of view, will be highly welcome, consklering th a t beryllium is by 110 
means a cheap eonstituent.

I  am sony to have been so critical, but I  feel th a t this is an immensely im- 
portant subject to the scientific side of metallurgy, and particularly to our 
depressed silver industry, and th a t people are looking so eagerly for the solu- 
tion of this problem th a t it is rather hard to put any new discovery before 
them with such tantalizingly limited data on which to base their further work.

Captain R. H. A t k i n s o n  * (Member): For some years I  have been inyestigat- 
ing the palladium and rhodium plating of silver, and I  find, as Professor H utton 
has already stated, th a t the silver manufacturers are yery conservative. In  
tho m atter of tho eolour of silver, their attitude may be appreciated when I 
say tha t some of them describe platinum as “ black ” when it is put on silyer. 
Very careful measurement of tho whiteness of silver, therefore, is a m atter of 
some importance. Ono of the difficulties wliich I  have encountered is tha t 
the silyer manufacturers feel tliat a non-tarnishing standard silyer is due to bo 
discoyered. They have a t the back of their minds, of course, tlie success of 
stainless steel, and they think th a t sooner or later somebody is going to deyelop 
a really non-tarnishing silyer, so tha t there will bo no need for them to consider 
the use of a plate of a platinum metal.

I  congratulate the author on his yaluable work, but I  do not think the 
finish of the silver-beryllium alloys would satisfy the manufaeturing silyer- 
smith. Of course, I  realize th a t these are yery early days in this research.

The hard eonstituent present in Mr, SIoman’s specimens would, in  my 
opinion, make i t  impoasible to produce a finish which would satisfy the silver- 
smith.

Dr. 0. J . S m i t h e l l s  f  (Member): We were asked recently to design a 
furnace for the bright-annealing of silyer, and I  was surprised to learn th a t 
silyer tarnished when annealed in air. One is ap t to think of pure silyer, but 
standard silyer contains so much copper th a t it goes quite black, and it is a 
yery difficult m atter to aimeal silver so th a t it remains bright. I  have won- 
dered whether tlie beryllium-silver is better from th a t point of view and 
whether, for esample, i t  can bo annealed in air witliout tarnishing, and that 
tho problem of bright-annealing is going to bo simplified.

Professor H utton made one remark 011 which I  feel I  must comment when 
he suggested th a t the existence of large stocks of any commodity might really 
preyent the introduction of an improyement. T hat is, of course, the attitude

* Assistant Works Manager, Acton Refinery, Monel Nickel Co., Ltd., London. -
f Research Laboratories, General Electric Co., Ltd., Werabley.
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of a few peoplo in  industry as a rule, but I  do not think th a t it is a serious 
bar to tho introduetion of something which is positivcly an improvement, and 
in any ease these new things are taken up so slowly—there are always poople 
who prefer to sec other manufaeturers bum  their fingers first!—th a t I  think th a t 
existing stocks would bo sold long before all tho silversmiths had taken up 
Mr. Sloman’s production.

I  should like to eongratulate Mr. Sloman not only of his paper, but on all 
the work th a t he has carricd out on beryllium. Members may remember 
previous work of his, when the National Physical Laboratory tried to produoe 
duetile beryllium, unfortunately without suecess. He has gone through all 
the spadowork in th a t eonneetion, and shown exaetly how the problem ean be 
solved, and he has been very generous in plaeing all th a t information a t our 
disposal.

Professor H tjtton : I  should like to give an esplanation of one point to 
which Dr. Smithells has referred. I  do not think th a t tho attitude of the 
silver trado is neeessarily so subject to criticism as might appear from his 
remarks. The position is th a t the silver trade is not so baekward th a t it will 
not aecept a new thing—I  think th a t it is eagerly looking for the solution of 
this problem—but th a t it appreciates th a t it is yery important th a t it should 
not pu t its money on the wrong horse. To vary the metaphor, it cannot 
afford to take two bites a t tho cherry; it must bo ąuite sure th a t the materiał 
i t  adopts to  replace the present silyer, and which would, I  think, very rapidly 
supplant sterling siłver and add enormously to tlie output of the silver trade, 
is capable of doing all th a t is reąuired of it, and is not itself going to be re- 
placed in a brief period by something which will be yery materially better. 
In  other words, i t  wants this work of inyestigation to bo yery tliorough before 
replacement commences. Anyone who knows the trade will bo able to under- 
stand tho real reason for the attitude th a t i t  adopts, namely the very high 
fashioning costs of the finished article in the silversmith’s storę.

Dr. W. H. J . VernÓn * (Member): As both Mr. Sloman and Professor 
H utton liave spoken of the few tests which I  was able to carry out a t Mr. 
Sloman’s recjuest, perhaps I  may refer briefly to several points arising there- 
from.

W ith regard to surface condition, Mr. Sloman’s specimens were, I  belieye, 
prepared by the usual metallographic m ethods; hence, wliilst not possessing 
high polish, they were a t  all events ąuite smooth and represented a standard 
and reproducible surface. The size of tho specimens precluded reflectivity 
measurements, with tho apparatus available, but the deseription of their 
behayiour under tarnishing conditions appeared to  meet the reąuirements of 
a preliminary inyestigation.

I  should like to take the opportunity to emphasize the importance, in 
m atters relating to  comparison of tarnish-resistance, of taking into account 
the influence of surface condition. Perhaps I  may iliustrate this by referring 
to work published some years ago, in which we were comparing the tarnish- 
resistance of fino silyer with th a t of standard silver and standard silyer con- 
taining a smali amount, 1-75 per cent., of cadmium. We were measuring loss 
of reflectiyity, the tarnishing atmosphere being th a t of a domestie kitehen, 
ehosen for tlie purpose, so to speak, of obtaining “  local colour.” If we took 
specimens which had been brightly polished in an industrial operation, giving 
the usual mirror finish by the ordinary mopping proccss, we had estraordinarily 
marked differences, represented by extremely divergent curves when loss of

* Chemical Research Laboratory, Department of Scientific and Industrial 
Research, Teddington.
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rcflectivifcy was plotted against time.* The fine silyer was aetually a dccp 
purple colour whilst tho spocial standard silyer was scarcely affected. If, 
howcver, we used emeried surface, there was notliing to ehoose between the 
results; they fell on overlapping euryes wliich, within the limits of experi- 
mental error, could be replaced by one common curve.

I  mention this to emphasize the cnormous importance of surfaee conditions. 
I t  means this, th a t two sets of workers on tho same materiał might report in 
tho one case no difference, whereas in the other they might report a  tremendous 
diiference, depending simply on tho condition of the surface. This should bo 
borne in mind by those who seek to rcproduce the results of any work in tho 
field of tamish-resistance.

There is one further point which arises. The effects described m ust un- 
doubtedly be connected with ąuestions of surfaee flow. Now, cadmium, 
which we were using, has the effect of inereasing tarnisli-resistance, but it also 
has tho eileet of inereasing the hardness. In  Mr. Sloman’s work, the beryl
lium has the effect of inereasing tamish-resistance to a much greater extent, 
apparently, than cadmium, and also of inereasing tho hardness to a much 
greater extent. This is significant, because both effeets are probably aeting 
in the same direction, and tho argument th a t applies here almost certainly 
applies in the case of tho author’s specimens.

I  hopo th a t Mr. Sloman wrill bo encouraged to go on with this very important 
work. I t  is doubtless a fact th a t beryllium does eonfer stainless properties, 
using the term in its conyentional senso as meaning “ less stain.”

Dr. C. H. DF,scn,t F.R.S. (Vice-President): I  understand th a t the eriticism 
we have heard was directed to the fact th a t comparatively little work had been 
done in the later stages of this researeh. The research was conducted under 
the auspiees of a special committee of the Metallurgy Research Board. The 
work on beryllium has now been going on for a good many years, and the 
results have not giyen very great satisfaction from a technical point of yiew; 
they aro interesting scientifically, but the technical results have been smali. 
We know' th a t in Germany vast sums of money have been spent on the develop- 
ment of beryllium with extremely smali results; in fact, I  belieye th a t the work 
is now being abandoned there also. The Metallurgy Research Board did not 
feel justified in continuing further work on this metal, bu t this last develop- 
ment of stain-resisting silver seemed to have eonsiderable interest, and my 
suggestion is th a t if the silyer trade really takes suffioient interest in tho pro
duction of stain-resisting materiał, it is for them to eontribute towards tlie 
cost of tho investigation. That is the view taken, I  think, by the Research 
Board. The preliminary tests are, I  submit, ąuitc sufficiently satisfactory to 
indicate th a t work undertaken on behalf of the industry might repay itself, 
but it is not for the National Physical Laboratory, without support from 
industry, to pursue the m atter further.

Dr. M a r i e  L. V. G a y l e r  f  (Member): There is one smali point which I  
wish to criticize : I  do so with diffidence, because I  havo not seen the actual 
alloys in ąuestion. At the bottom of p. 170 the author refers to  Pig. 10, 
in which the crystal boundaries of the primary separation aro straight-lined 
polyhedra, and then he says as shown in Figs. 11 and 12, a t higher temperatures 
the surfaces begin to round off. By tha t I  presumo is meant th a t tho separation

* First Report to Atmospheric Corrosion Research Committee (British Non- 
Ferrous Metals Research Association), Trans. Faraday Soc., 1924, 19, 834-.

f  Superintendent, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.

t  Scientific Officer, Department of Metallurgy and Metallurgical Cliemistry, 
National Physical Laboratory, Teddington.
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from the liąuid atato takes place in polyhedral form which becomes rounded as 
the temperature of the melt dcereases. In  the case of the eompouiid Mg2Si, 
the crystallino form of which appears very similar to th a t shown in Fig. 10, 
as the temperature of primary crystallization was increased no indication of 
rounding was observed, and I  would suggest th a t in the au th o rs  case two 
phases may possibly oxist. I  say th a t with diffidence, because I  have not 
seen the specimens, and assume th a t these alloys have not been lieat-treated.. 
Fi". 3 sliows tha t the liąuidus surface tends to  fiatten from somewhere over 
20°atomic per cent. of beryllium, which is approximately tlie composition of 
the alloy shown in Fig. 10, whilst the composition of the others are iii 
tho region of CO per cent., and I  suggest i t  is possible th a t an intermediato 
pliase may exist. I  have never seen primary crystals with a definite crystallmo 
structure change their form as their temperature of crystallization is inereased.

The A u t h o r  (in reply): I  anticipated Professor H utton s remarks, and 
th a t the criticisms ho raiscd would be levelled a t this work. I  fcel, however, 
th a t Dr. Desch has explaincd the situation much better than I  could hayc done. 
The work was definitely discontinued a t a place where it was incomplete, and 
nothing further could bo done bu t to publish tho results alrcady obtained.^

W ith regard to tho refleetivity of tho specimens, wo were not in a position 
to carry out tests a t tho time, because the specimens available were not large 
enou>Th. Later, however, I  produeed some more specimens of rather larger 
size, and these are a t  present being examined. I  do not yet know the results, 
but I  hopo th a t i t  may be possible to give them later in the written reply to 
tho discussion.

Professor H utton suggests th a t the patent was taken out m order to show 
th a t one could produce a much higher rcsistanco to tarnish with a  yery much 
lower percentage of beryllium than was givcn in the provious patent of a few 
years before. As I  said when introdueing this paper, if the beryllium content 
is increased beyond 1 per cent. it is present as a primary, and one can neyer 
hopo to get a mirror finish, which we all know is so desirable.

W ith regard to Dr. Smithells’ ąuestions, I  cannot tell him oflhand whether 
beryllium-silvcr can be annealed in air. All the heat-treatments in tho 
binary system were carried out in  vacuo. With regard to the ternary alloy s, 
i.e. standard silyers containing beryllium, I  do not thm k they can be annealed 
in air and remain completely untarnished.

Dr. Gayler’s remarks bore on something on which I  spent a long time, 
namely tho ąuestion of the rounding of the primary crystals. She may bo 
correct in suggesting th a t there is a second phase, but I  do not think so, 
because as one erosses tho diagram there is a gradual transition from polyhedra 
to completely rounded crystals.

T h e  A tjtu o r  (in further reply): I  much regret th a t tho reflectivity tests to 
which I  referred in my reply to  the discussion are not yet complete. I t  is not 
possible, therefore, to include them hero as I  had lioped. As was pointed out 
by several contributors to tho discussion, the results of these tests are very 
im portant in  assessing the probable yalue of the new alloys to the silver trade.
I  hope, therefore, to be given the opportunity of presenting them in the form 
of a short note a t a  subseąuent meeting of the Institute.
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T H E  D IF F U S IO N  OF ZINC AND IR O N  AT 
TE M PER A TU R ES BELO W  T H E  M ELTIN G  
PO IN T  OF ZINC.*

B y G IL B E R T  R IG G ,f Mem ber .

S y n o p s is .

W lien clean rolled zinc sheet is heated in elose contaet w ith clean iron 
diffusion commcnces a t  below 300° C. and is fairly  rapid  a t  aboye 380 O .; 
i t  procecds by the  form ation of cones o f difTusion products which spread 
ou t from isolated points where th e  eontact between th e  m etals is m ost 
perfect, and gradually  penetratc  in to  th e  zinc and across its  surface. J no 
progress of th e  diffusion is governed to  a  large ex ten t by tho na tu rę  and 
sm oothness of th e  iron surface, and  does no t scem to  be dependent o n  the  
vapour pressure of tho  zinc. Two well-defincd layers o f diflusion products 
are form ed, a  t li in la y e ro f  constant thickness {about 0-08 mm.) contam mg 
about 17 per cent. iron being nex t to  the  iron, and a  th icker laycr con- 
tain ine  0-11 per cent. iron outsidc this. On contm ued heating, th e  th in  
laycr moves tow ards tho zinc, being continuously convcrted in to  the  zinc- 
rich laver • th is would seem to  indicate th a t  th e  prm cipal diffusing con- 
s titu en t is tho  iron. The ra te  o f penctration  depends on tim e and 
tem perature, and is independent of the  grade of zinc, bu t th e  thickness 
of th e  zinc-rich layer is less w ith  elcctrolytic th an  witli pure zinc. The 
mechanism  of the  diffusion process is discussed.

S ome p re lim in a ry  c x p e rim en ts  c a rr ied  o u t a b o u t e ig h teen  y e a rs  ago 
s lio w c d  t h a t  w h en  p ieces of z inc  a n d  Iow c a rb o n  s tee l w ith  sm o o th  
su rfaces w ere  c lam p ed  to g e th e r  a n d  h e a te d  to  a  te m p e ra tu re  so m ew h at 
below  th e  m e ltin g  p o in t  of z inc  fo r a b o u t 48 h rs .,  th e  tw o  m e ta ls  becam e 
s tro n g ly  a d h e re n t to  one  a n o th e r . D u rin g  th e  la s t  tw elve  m o n th s  th e  
p re s e n t a u th o r  h a s  s tu d ied  th e  m a t te r  in  considerab le  d e ta il  in  o rd e r 
to  e lu c id a te  th is  a c tio n , th e  o b je c t o f th e  p re s e n t in v e s tig a tio n  being  
to  s tu d y  th e  d iflusion  of z inc  a n d  iro n  a t  such  te m p e ra tu re s  w ith  
specia l re fe rence  to  th e  s t ru c tu re  a n d  com p o sitio n  o f th e  p ro d u c t of 

d iffusion.
I n  a ll th e se  ex p e rim en ts  th e  su rfaces o f th e  tw o  m e ta ls , m ore  or 

less  po lished , w ere  b ro u g h t to g e th e r  cold , a n d , w ith  few  excep tions, 
w ere  k e p t  in  c o n ta c t  w ith  a  c lam p . T he  h e a tin g  w as ca rried  o u t in

* M anuscript received Septem ber 9, 1933. P rcscn tcd  a t th e  Annual General 
M eeting, London, M areh 7, 1934.
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a n  electrically-heated oven, tlie tem peratu re  of which was controlled 
to  +  10° C. The tem peratu res used varied from  390° to  300° C. A t 
th e  la tte r  tem peratu re , whicli is 119° C. below th e  m elting p o in t of 
zinc, th e  diffusion was sm ali in  am o u n t an d  slow, b u t qu ite recognizable.

The zinc used was niostly  in  th e  form  of rolled sheet. W ith  cast 
zinc th e  action  was usually, b u t n o t invariably , im perfect, an d  soon 
stopped, th e  sam e being tru e  of electrolytic zinc cathode, although 
rolled electrolytic zinc worked well. The thickness of th e  zinc sheet 
varied  from  0-01 to  0-1 in ., an d  th e  area from  1 to  1-5 in .2. The steel 
generally used had  a carbon con ten t of n o t m ore th a n  0-04 p er cent.

V arious degrees of polishing were tr ied  on th e  steel, rang ing  from  
grinding w et w ith  em ery (0-01 in. d iam eter grains) to  a m etallographic 
polish. The degree of sm oothness had  a m arked effect on the  s truc tu re  
of th e  layer of diffusion p roduct. In  generał, a  surface obtained by 
grinding w et w ith  fine em ery (W ellington knife polish) gave good results. 
The zinc was cleaned by  rubbing  w ith  w hitening an d  w ater. The 
surface acquired  during rolling w as sm ooth  enough for th e  purpose.

In  order to  ob ta in  adhesion i t  is essential th a t  th e  m etals should 
be in  perfec t con tac t w ith  one ano ther, e ither over th e  entire surface 
or else a t  po in ts sufficiently close toge ther to  s ta r t  an  action  which can 
spread  laterally  and  so become confluent.

W hen adhesion s ta r ts  from  a  num ber of isolated points, cones of 
diffusion p ro d u ct begin to  form  a t  each een tre from  which grow th 
continucs from  the  steel in to  th e  zinc and  rad ia lly  along th e  surface of 
the  steel. Fig. 1 (P latę X ), tak en  from  a  specim en in  which th e  action 
has ju s t begun, shows a large num ber of sm ali rough cones of diffusion 
product. The background is th e  surface of the  steel p la te  w hich was 
ground w ith  fine em ery and  w ater. The scratclies due to  grinding 
and generał roughness of th e  surface are easily seen in  the  photograph. 
I t  will be noticed th a t  th e  cones have a tendency  to  develop along 
scra tches in  th e  steel. As these scratches w ould be raised a t  the  edges, 
the co n tac t w ith  th e  zinc w ould be good. The zinc surface showed 
p its  corresponding w ith  th e  cones on th e  steel.

Fig. 2 shows th e  resu lt of an  esperim en t in  which th e  developm ent 
of th e  cones has progressed considerably fu rther. In  th is case a 
Belgian com m on spelter, rolled to  0-025 in ., was used. The steel was 
of th e  sam e quality  as used in  th e  preceding experim ent, an d  th e  
surface of th e  m etals w as prepared  in th e  same way. The zinc p la te  
w as sandwiched betw een two steel p la tes and  th e  whole p laced m  a 
clam p an d  hea ted  a t  an  average tem peratu re  of 388° C. for 24 hrs. A 
corner w as saw n off by  two cu ts a t  rig h t angles and  th e  sawn surface 
polished and  etched w ith 5 per cent. concentra ted  n itric  acid in  w ater.



F ig . 1.—Steel P latę Hcated for a Sliort Time a t 
■ 380° C. in  Contact with Zinc. Zinc Platę 

Removcd. x  28, Oblique Illumination.

p 10>2.— Rolled Zinc. Belgian Common Spelter, 
Heated for 24 hrs. a t 388° C.. between Steel 
Plates. X 30, Yertical Illumination. E tched 
with 5% HNOj in W ater.

Fic. 3.—As Fig. 2. Anothcr P art of the Same F ic. 4 .-Z in c  Sheet between Polished Steel 
Speeimcn. Plates. Heated for 71 hrs. a t  354 C. X 21

f To face p . 181.

(POLITECHNIKI] P la tę  X .
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This reagent w as generally used w ith  all polished specimens. The 
m etals were strongly  adheren t an d  showcd no signs of separating  under 
th e  stress of sawing. The w bite  areas a t  the sides of th c  photograph 
are th e  steel, an d  th e  dark  area in  the  m iddle is th e  zinc. A t the  top 
of the  pho tograph  th e  zinc has n o t been a ttack cd  a t  all. On the  left- 
hand  side is a  row  of cones, sharp ly  m arked  ofi from  the  steel on the 
one h and  an d  from  th e  zinc on th e  o ther. I t  will be noticed th a t  the 
bases of th e  cones show a curve convex to  the  steel. On the  riglit-hand 
side th e  action  is less m arked  an d  m ore irregular, probably  owing to  
th e  con tac t being less perfect th a n  on the  left.

K g . 3 shows an o th er p a r t  of th e  sam e specim en, where th e  action  
has progressed m uch fu rthe r th a n  th a t  exliibited in  Fig. 2. The con tac t 
betw een the  difiusion p roduct an d  th e  steel is a  s tra ig h t line, w hich is 
clearly seen on the  le ft side an d  is som ew hat broken on th e  righ t. The 
difiusion p roduct now consistsof two layers separated  by  a nearly  stra ig h t 
line, th e  inner one, which is in  con tac t w ith  th e  zinc, showing a tendency 
to  cone form ation, partieu larly  on  th e  rig lit-hand side of the  specimen.

This fo rm ation  of cones on th e  co n tac t betw een th e  inner layer and 
th e  zinc is n o t b y  an y  m eans of generał occurrcnce. Fig. 4 shows a 
specim en sim ilar in  m ost respects to  th a t  in  Fig. 3, b u t  th e  steel p la tes 
received a  m etallographic polish and  the  specim en was hea ted  for 
71 hrs. a t  a  tem peratu re  of 354° C. This photograph  shows a rem ark- 
able regu larity  in  the  developm ent of th e  two layers. The paralłelism  
of th e  layers of difiusion p ro d u ct and of the  residual zinc is very  m arked.

In  F ig. 5 (P latę X I) the re  is th e  absolute reverse of th is eondition. 
The sam e grades of steel an d  zinc were used and  th e  heating  was carried 
o u t a t  388° C. for 91 hrs. The p repara tion  of th e  steel surfaces, however, 
was done b y  grinding w et w ith  coarse em ery (0-01 in. d iam eter grains). 
The difiusion h ad  taken  place very  irregularly , the  rough irregular cones 
penetra ting  th e  zinc from  opposite sides and  leaving u n attacked  zinc 
betw een them . This resu lt doubtless follows from  th e  rough surface 
of the  steel.

I t  has already  been rem arked  th a t  com plete m etal-to -m etal con tac t 
is essential to  th e  difiusion process. A pparen tly  in  these esperim ents 
th is  con tac t does n o t occur near the  edges of th e  sheets. There is always 
a  selvage of u n attack ed  zinc surrounding th e  area of difiusion product. 
Inside th is  is a zone of m ore o r less isolated cones, an d  inside th is  again 
a  continuous layer of th e  product.

This reduced ac tiv ity  a t  th e  m argin of the  m etal p la tes m ay be due 
to  a slight bevelling of th e  steel p la tes during grinding and  polishing, 
or to  oxidation of the  surfaces owing to  penetra tion  of air, or to  both. 
In  some cases, again, difiusion m ay tak e  place alm ost entirely  from  one
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steel p la te , th e  zinc being subseąuently  a ttac k ed  from  one side only. 
In  these circum stances, in d m d u a l m arginal cones m ay gro w to  such a  
size as to  pass alm ost th rough  th e  zinc p la te . This is shown in  Figs. 6 
an d  7 (P la te  X I).

A  possible explanation  of these s tructu res is as fo llow s:
Diffusion begins a t  a  num ber of po in ts of eo n tac t betw een zinc 

and  steel which are m ore perfect th a n  in  th e  areas between. As 
th e  iron diffuses in to  th e  zinc a  depression is form ed in  th e  steel 
surface, the  diffusion p roduct rem aining adheren t to  i t  an d  draw ing 
down w ith i t  th e  zinc to  which it  also adheres, so th a t  as the  process 
continues the  surface of th e  zinc surrounding th e  original projecting 
p o in t comes into con tac t w ith  th e  steel, an d  th e  iron  begins to  difluse 
in to  it.  The depression, conseąuently , inereases in  area, b u t  is always 
deeper a t  th e  centre, as th e  process of diffusion has been going on longer 
a t  th e  centre th a n  a t  th e  periphery.

In  Fig. 8 tw o cones are shown in  v ertical section, photographed from 
the  sam e speeim en as in  F ig. 2 (P late X ). The m agnification is 140 
diam eters. I t  will be noticed th a t  a t  the  base of th e  cone there is a 
curved depression in  th e  steel, so th a t  th e  cone is stand ing  on th e  surface 
of th e  segm ent of a sphere. In  all specim ens exam ined th is  condition 
is present.

W hen tw o ad jaccn t depressions have come in to  con tac t, th e  ridge 
between them  will soon be eaten aw ay, an d  th e  finał resu lt will be a 
fiat depressed surface which gives th e  s tra ig h t line of con tac t seen in  
the  cross section (Figs. 3 an d  4, P la te  X ).

Zinc vapour does n o t apparen tly  p lay  any  p a r t in  th is  ac tion  betw een 
th e  m etals. A th in  piece of paper la id  betw een th e  steel an d  th e  zinc 
p lates com pletely inh ib its it ,  although th e  paper is reduced to  a  charred  
condition b y  th e  heat.

The s truc tu re  of th e  layers a t  higher m agnifications is illu strated  
in  Figs. 9 an d  10 (P late X II) . In  bo th  of these photographs th e  different 
structu res of the  tw o layers is well shown, an d  in  Fig. 9 th e  dark  band  
of separation  betw een th e  two layers is seen to  have a  g ranular structu re . 
The onter layer shows a  colum nar s truc tu re  oriented  a t  r ig h t angles to  
th e  steel surface, and the  inner layer a finer an d  less regularly  oriented  
one. In  F ig. 10, m agnified 80 diam eters, the  colum nar s truc tu re  of th e  
ou ter layer (here very  th ick  rela tively  to  th e  inner one) is well defined. 
In  th is  speeim en there is an  additional th in  layer p resen t betw een the 
ou ter layer and  th e  steel. This is n o t always shown, p robably  owing 
to  im perfect p repara tion  of th e  polished an d  etched surface (see F ig. 5).

The d ark  band  between th e  ou ter an d  inner layer of diffusion p roduct 
is p robably  due to  the  effect of diffcrence in  hardness of th e  two layers
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affecting tlio polishing and  etching. These differcnces are accen tuated  
by th e  etching, owing to  th e  difference in  solubility of th e  various 
layers in  the  etching reagent.

In  th e  photographs of cross-sections th e  rela tive thickness of the  
two layers of difiusion p roduct shows g rea t variab ility . In  F ig. 9, for 
exam ple, th e  inner layer is slightly  th icker th a n  th e  outer, w hilst in  
F ig. 10 the  inner layer is only ab o u t one-fifth th e  thickness of the  outer. 
I f , however, th e  ac tu a l thickness of the  inner layer in  different specimens 
be com pared, a  considerable degree of un ifo rm ity  is found, as is shown 
in  Table I , w hich shows th a t  in  spite of large differences in  th e  thickness

T able I .

ss, mm.
Fig. No.

Tllicknc
Time, n rs. Temperature, 

0 O.
Gradc of Zinc.

Outer. Inucr.

3 0-15 0-07 24 388 Common.
4 0-19 0-07 71 354 Common.
9 0-07 0-08 40 340 Pure eleetro.

10 0-31 0-06 310 382 Common.

of th e  ou ter layer, in  th e  tim e an d  tem peratu re  of th e  h ea t-trea tm en t, 
an d  in  th e  quality  of the  zinc used, th e  thickness of th e  inner layer varies 
b u t  little .

In  order to  ob ta in  some ligh t on th e  cause of th is  double layer and 
th e  difference in  stru c tu re  betw een th e  ou ter an d  inner layers, i t  was 
decided to  m ake a series of ex tractions w ith  d ilu te hydrochloric acid 
and com pare th e  iron  : zinc ra tio  in  the  series of solutions so obtained.

F o r th is  purpose th e  specim en shown in  F ig. 11 P la te  X I I  ( X 44 
diam eters) w as chosen. In  th is  esperim en t six slieets of com m on zinc 
foil w ere used, sandwiched betw een tw o Iow carbon steel plates. The 
aggregate thickness of th e  zinc sheets w as 1-16 m m . The arrangem ent 
is shown in F ig. 12, w here th e  action  has n o t m ade m uch progress. 
The specim en w as held in  a  clam p. F ig . 11 shows th e  condition of th e  
specim en w hich was used in  th e  ex traction  experim ent. The aggregate 
thickness of th e  layers of diffusion p roduct was 0-61 m m . The specim en 
w as rem oved from  th e  clam p and  th e  p la tes were pulled a p a r t a t  a 
surface of con tac t betw een tw o unattacked  zinc foils. The u n attacked  
zinc foils were peeled off th e  surface of th e  diffusion p roduct, an d  the 
steel w as pa in ted  w ith  acid-proof enamel, th e  enam el covering th e  th in  
layer of diffusion p roduct an d  isolated cones round  the  periphery  of 
th e  area of diffusion product.

F ive es trac tio n s were m ade, th e  acid used being cold d ilu te hydro-
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chloric acid, 5 c.c. of concen tra tcd  acid in  50 c.c. of w atcr. B o th  sides 
of th e  specim en were used, the  first to  w ork o u t a  techn iąue an d  the  
second for th e  finał resu lt. A fter th e  fifth  ex traction  th e  layer had  
becom e so th in  th a t  th e re  w as a  risk of iron  being dissolved from  the  
steel. The six th  ex traction  was m ade, therefore, by  chipping, the  
chips being trea ted  w ith  a m agnet to  rem ove the  steel. The th in  b o ttom  
layer coating  the  steel was n o t rem ovable.

Tlie specim en was exposed to  the cold acid for 10 m inutes on th e  
first ex traction  and for 15 m inutes on th e  four succeeding ones. The 
results ob tained are show n in  Table I I ,  from  which i t  will be seen th a t

T a b l e  II .

F raction . Iro n , mg. Zinc, m g. Iro n , P e r  Cent. Z inc, P e r  Cent.

1 2-1 44-5 4-5 95-52 10-5 118-0 8-2 91-8
3 10-5 102-5 9-3 90-7
4 9-8 S2-5 10-6 89-4
5 17-8 83-0 17-7 82-3
6 (chips) 8-0 42-5 15-8 84-2

58-7 473-0 110 89-0

th e re  is a  steady  inerease in  the  iron  con ten t of th e  difiusion p roduct 
except- in  the  last item . This varia tion  is p robab ly  due to  th c  dissolu- 
tio n  of the  enam el before th e  chipping was done, th u s  exposing some of 
the Iow iron p roduct round  the  m argin, some of w hich no doub t got 
in to  th e  finał sample. There was no sign, under th e  microscope, of 
free zinc on th e  original surface of th e  difiusion product.

In  order to  te s t th e  possibility  of th e  fractions being contam inated  
by  iron  from  the  steel, a specimen of the  la tte r, hav ing  a to ta l surface 
area of 1 in .2, was prepared an d  cleaned w ith  a  file free from  grease. 
A fter exposure to  the  cold 5 per cent. hydrochloric acid for 15 m inutes, 
only 3 mg. of iron  were dissolved. As th is  area is vas tly  g rea ter th a n  
an y  area of exposed steel which could have been p resen t during  th e  
ex tractions (none was visible under th e  m icroscope), con tam ination  
from  th is  source would appear to  be negligible.

The surface exposed b y  th e  first ex traction  was of a  difierent 
character from  th a t  shown in  the  Iater ones. I t  had  a silvery-w hite 
appearance, and  under the  m icroscope the  w bite  m ateria ł showed as 
an  irregularly-corroded surface w ith  here an d  there a sm ooth grey 
surface showing th rough  from  below. A fter the  second ex traction  the  
w hite m ateria ł was in  very  smali am ount. I ts  appearance, however, 
was qu ite d istinct from  th e  underlying layer, which m ain ta ined  a 
uniform  appearance th roughou t th e  subseguent extractions.
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Bearing in  m ind th e  fac t th a t  tho thickness of tho  inner layer was 
only one-fifth th a t  of the  outer, i t  would appear th a t  th e  w hite m ateria ł 
corresponded w ith  th e  inner layer.

In  order to  ob ta in  a  figurę for the  com position of the  layers as a 
whole, four specim ens were chipped an d  the ir iron conten ts determ ined. 
T he results were as follows :—•

I ro n , P e r  Cent.
Specimen A 8-5

„ B . 8-6
G .............................  9-1
D 11-5i i

These figures are of th e  sam e order as those found in  th e  fractions. 
The differences shown probably  depend on the  relative proportions of th e  
ou te r an d  inner layers, wliich vary  w ith  different specim ens, th e  inner 
layer being lower in  iron th a n  the  outer, as shown by  tlie ex traction  test.

So long as th e  iron  con ten t rem ains above a certain  critical figurę 
th e  stru c tu re  is th a t  of th e  ou ter la y e r ; below it, of the  inner layer. 
As long as th e  diffusion continues, th e  boundary  line betw een th e  two 
continually  advances tow ards the  zinc, the  inner being progressively 
eonverted in to  th e  outer.

I t  is possible th a t  the re  is some diffusion of th e  zinc in to  tho inner 
layer, b u t  th e  constancy of th e  thickness of th is  layer suggests th a t  the 
principal diffusing co n stitu en t is the  iron.

F o r th e  grade of steel used, th e  ra te  of penetra tion  depends on tim e 
an d  tem peratu re . The grade of zinc, w hether of high p u rity  as the  
electrolytic, or im pure as the  com m on spelter, seems to  have little  if 
any  effect.

Following A rnem ann,1 th e  alloys of iron  and zinc fali in to  th ree 
groups :—

(a) 0-0-7-3 per cent. iron. Two s tru c tu ra l elem ents: (1) Solid 
solutions of F eZ n7 and zinc, containing a  m asim u m  of 7-3 per cent. 
i r o n ; (2) P u re  zinc.

(Ib) 7-3-11-0 p er cent. iron. H om ogeneous alloys (one s tru c tu ra l 
elem ent) consisting en tirely  of th e  solid solution of F eZ n , and  zinc.

(c) 11-22 per cent. iron. Two s tru c tu ra l elem ents : (1) FeZn3,
(2) F eZ n7,

In  com position th e  inner layer of diffusion p roduct corresponds 
w ith  “  a ” in  th e  above classification; the  inner p a r t of the  ou ter layer 
up  to  11 per cent. iron  w ould correspond w ith  “ b , '  w hilst th e  ou ter 
p a r t  (17 per cent. iron) would correspond w ith  “ c ” ; w hether, however, 
FeZn3 is actua lly  p resen t seems doubtful.

Tam m ann and  R ocha 2 carried o u t experim ents on th e  diffusion 
of electrolytic iron  an d  zinc. In  th is  case, however, the  iron  p lates
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were d ipped in to  m olten  zinc a t  tem peratu res up  to  535° C., an d  afte r 
a  fbced tim e tlie specim ens were ąuickly  cooled, c u t tlirougli a t  r ig h t 
angles to  tlie surface, an d  etched with. alcoholic picric acid. They 
describe two exam ples p repared  in  th is w ay. In  th e  first th e  iron  p la te  
was k ep t in  th e  m olten zinc for 5 m inutes a t  450° C. N ex t to  th e  zinc 
th ey  found a layer of m ixed crysta ls FeZn7 and zinc, an d  n ex t to  th a t  
a  fu rth e r layer which th ey  ascribe to  th e  alloy FeZn3. Betw een th is  
la tte r  and  the iron  there was a th ird  layer m uch th in n e r th a n  th e  o ther 
two an d  of unknow n com position. In  th e  second exam ple th e  duration  
of th e  im m ersion was 10 m inutes an d  th e  tem pera tu re  535° C. The 
seąuence was sim ilar to  th e  first.

The experim ental conditions herc, however, aro very  different from  
those obta in ing  in  th e  p resen t a u th o rs  experim ents. In  th e  la tte r  
th e  diffusion took  place in  the solid m etals a t  tem peratu res never 
exceeding 400° C., an d  in  some cases a t  350° C. or less. F rom  Arne- 
m ann’s diagram  i t  seems scarcely likely th a t  FeZns could form  a t  such 
Iow tem peratures, an d  there is no change in  stru c tu re  in  th e  ou ter layer 
recognizable under th e  m icroscope from  8 per cent. iron  to  17 per cent. 
iron. On th e  o ther hand , in  th e  figures yielded by  th e  fractional 
ex tractions tliere is a sudden b reak  in  th e  con tinu ity  of the  percentages 
of iron  between fractions 4 and  5, th e  figures being 10-6 an d  17-7 per cent. 
This certain ly  suggests th a t  tw o d istinc t com pounds are p resen t in  the 
ou ter layer of diffusion product.

F u rth e r  w ork on a larger scalę is now being com m enced in  order to  
elear up  th is  question.

I t  has been already  s ta ted  th a t  the re  is no evidence of th e  zinc 
diffusing in to  th e  iron  under the  conditions of the  au th o r’s experim ents. 
In  th is connection a recen t paper by  G. von H evesy an d  W . Seith ,3 on 
the  diffusion of m etals in  the  solid sta te , m ay  be m entioned. The 
au tho rs com pare, fo r exam ple, th e  ra te  of diffusion of gold in to  lead 
and  mce versa, th e  diffusion co n stan t of gold in to  lead being given as 
4 x  10-3 cm .2 per day  a t  150° C., and th a t  of lead in to  gold as only 
3 x  10-11 cm .2 p er day  a t  141° C. They say  f u r th e r : “ W hen we 
su b stitu te  in  lead alloys o ther m etals th a n  gold, whose properties 
approxim ate m ore an d  m ore to  those of lead, tlien these elem ents show 
a  continuously dim inishing diffusion ra te . The in te r ra l  between the  
ra te  of diffusion of these elem ents an d  th a t  of lead becomes, therefore, 
less an d  less an d  th e  one-way diffusion becomes less an d  less m arked .” 
I t  would appear, therefore, th a t  w ith  solid iron and zinc one-way 
diSusion takes place a t  th e  iron-zinc an d  iron-diffusion p ro d u ct con tac t, 
b u t  w ith  the  inner layer in con tac t w ith the  zinc, and Iow in  iron, zinc 
m ay diffuse in to  it.
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In  th is  connection the  curved bascs of the  individual cones become 
of in te rest. I f  th e  explanation  of cone form ation which has been p u t 
fo rw ard  earlier in  th is  paper is correct, then  the  volum e of tlie circular 
depression in  th e  steel (see F ig. 8) is equal to  the  volum e of the  iron 
w hich has diffused in to  th e  zinc, an d  the volum e of th e  cone above is 
th a t  of th e  zinc in to  w hich i t  h as  diilused. B y m ultiplying these 
Yolumcs b y  the  specific g ravities of iron  and  zinc, respectively, the 
proportions by  w eight of th e  two m etals can be obtained.

The results are, of course, only approxim ate , as neither cone nor 
segm ent is m athem atically  perfect, b u t th ey  are nevertlieless sufficiently 
close to  be of in te rest. Three cones were tak en  a t  random  and m easured, 
w ith  th e  following resu lt

Per Cent. Cone A. Cone Ii. Cone C.

F e 10-6 13-1 13-5
Zn 89-4 SG-9 86-5

These figures are well w ith in  th e  lim its ob ta ined  in  the various 
analyses a lready  quoted. As th e  inner laycr of difTusion p roduct which 
is Iow in zinc is a t  th e  apcx of tlie cone, an d  therefore sm ali in  am ount, 
th e  percentage of iron  in  th e  cone would be expected to  be on th e  
high side.

In  th e  conditions existing during these experim ents th e  zinc p lates 
show recrystallization , and  w here several are clam ped together they  
becom e m utually  adheren t and  show, w hen pulled ap a rt, b r ig h t streaks 
where welding has tak en  place.

These experim ents are now being extended to  include liigh-carbon 
steels an d  alloy steels, and various classes of cast iron and  also to  
zinc-bearing alloys.

R e f e r e n c e s .

1 P. T. Arnpmann, Melallurgie, 1910, 7, 204.
2 G. Tammaiin and H. J. Rocha, Z. anorg. Cliem., 1931, 199, 299-301.
3 G. von Hevcsy and W. Scith, Z. Eleklrockem., 1931, 37, 528-531.

C O R R E S P O N D E N C E .

D r. W. D. J o n e s ,*  B.Eng. : This work must liave come as a  surprise to 
many people. I t  was searcely to be espeeted th a t reaetion products of iron 
and zinc could bc produced in such large ąuantities a t temperatures below the 
melting point of zinc. Tho author is to bc eongratulated in bringing tho 
m atter to light.

There appears to  bc some doubt whether tho phases produced aro solid

* Sir John Cass Tcchnieal Institute, London.
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solutions or intormetallic cómpounds. TJndoubtcdly tli© lack of an irrcproach- 
ablc iron-zino eąuilibrium diagram is a handicap in tho intcrprotation of the 
results, but w en  so there is littlo doubt th a t if tho author had given rather 
more attention to the polishing and etching of his seotions and had osamined 
them under considerably higher magnifications, a moro precise identification 
of the various phases would have been possible.

Tho work of Humo-Kothery * appears to indicate th a t intermetallic com- 
pounds of an invariablc composition do not permit of diffusion. I t  is more 
than likely then th a t in this particular case we aro dealing oither with simplo 
solid solutions or compound solid solutions. So far aa can bo distinguished 
from the photomicrographs, there are three such phases, each soparated by a 
diffusion boundary. Now the author assumes th a t because the zinc-rich phase 
remains of a moro or less constant thickness, wliilst the intermediato and iron- 
rich phases inerease in width, tho iron must bo tho principal diffusing eon- 
s ti tu e n t: this deduction is by no means elear. Surely a littlo consideration 
will show tha t an exactly opposite explanation is also possible. We aro 
dealing with roactions th a t are balanced. Tho thickness of each layer will 
depend not only on time and temperature, but also on tho relative quantities of 
iron and zinc neeessary to form each layer, on the rates of diffusion of both 
iron and zinc through tho phases, and on the ratę a t which the diffusion of each 
of these metals diminishes with thickness in each phasc. In  view of the number 
oi these yariables, it is not possible to make such a simplo deduction as that 
which the author has attempted. Tho fact th a t the pits in the zinc are much 
larger than those in tho iron is merely an indication th a t the phases produeed 
are in the main rich in zinc.

There aro two minor points about which some explanation from the author 
would be welcome. Fig. 8 shows eones of reaction product a t a magnification 
of 140 diameters. W hy do these eones not exhibit two or possibly three phases 
as is so elearly revcaled in Fig. 4 a t a magnification of only 21 diameters ? 
łina lly , it is stated tha t with cast zinc tho diffusion was imperfect and soon 
eeased. Is this duo merely to tho irregular surface of tho casting, or is it 
intended to infer tha t some specific quality of tho cast materiał is responsible 
for the effeet ?

* J. Insi. Metals, 1920, 35, 295; 1927, 38, 127.
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A STUDY O F T H E  IN FL U E N C E  OF T H E
IN  TER C R Y STA LLIN E BO U N D A RY  ON
FA T IG U E CH ARACTERISTICS.*

By H. J . GOUGH,t D.So., Ph.D., F.E.S., Me m b e r , H. L. COX,J
B.A., and D. C. SOPWITH,t B.So.Tech.

SYNorsis.
With the object of studying tho process of fatiguo in rolation to 

crystalline boundaries, tosts under alternating toraional stresses liave 
been made on three spoeimens of aluminium each consisting of two 
crystals. In one spocimen tho intercrystallino boundary was mainly 
transverse to the axis of torsion; in anothor it was mainly longitudinal 
through that axis, wliilst in tho third tho boundary had no spocial form, 
but the two constituent crystals woro in mutual twin oriontation.

The deformation oecurring during test has beon studied by obsorra- 
tion of tho slip bands produced, and particular attention has bcon paid 
to tho naarkings in tho immediate noighbourhood of tho intorcrystalline 
boundaries. The distribution of slip bands showed that tho effect of tho 
boundaries on the distribution of stress was extromely slight, oach crystal 
of cach specimen bchaving as if it alone composed tho wholo spocimen; 
whilst tho closo approach of the goneral systems of slip to tho boundary and 
the very smali amount of anomalous slip in that region showed that oven 
locally tho boundary had a vory limitod fiold of influenco. Although 
major differonces of bohaviour of tho threo specimens wero not obsorvod, 
tho deformation of tho spocimon with tho longitudinal boundary and of 
tho twin specimen, in which tho boundary was irregular, did appear to 
occur with rather loss oase than in the ease of tho spocimon with tho 
transverse boundary; and although the present tests wero not sufficient to 
establish defmito differences of fatigue strength, they showed that tho 
oriontation of tho boundary had a considerablo effect at loast on tho 
endurance at any given rangę of stress. The presence of tho boundarios 
appeared scarcely to affect tho formation and propagation of cracks.
In  each spocimon cracks wero formod in a normal mannor in regions of 
provious heavy slip, and in their developmont showod no tendency oither 
to avoid the boundary or, on tho other hand, to seek it out. In ono or 
two cases, cracks commenced to propagato along the boundary, but 
proceeded tlius for only a short distance before deviating entirely into ono 
or othor of the crystals.

I t  appears that tho prosonco of intorcrystalline boundaries may con- 
siderably strengthen tho constituent crystals against fatigue; but that 
tho effect of the boundaries on the distribution or even on the amount of 
slip is very smali. I t  is probable that tho major effect of the boundary 
may lie in somo rcstriction of strain that it imposes. Furthor investigation 
of this aspect of the problem will bo undertaken.

* Manuscript rcceived Juno 0, 3033. Preseńted a t the Annual General 
Meeting, March 7, 1934.

■f Superintcndent, Department of Engineering, National Physical Laboratory, 
Teddington.

i  Assistant, Department of Engineering, National Physical Laboratory, Ted
dington.
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I .  I n t r o d u o t io n .

T h e  researeh in  progress a t  th e  N ational Physical L abo rato ry  on the  
fundam ental aspects of fatigue failure has been conducted  up  to  th e  
p resen t m ainly  b y  te s ts  on specim ens consisting of only one crysta l. 
This m ethod of a tta c k  was adopted  because expericnce of th e  fatigue 
failure of crysta lline aggregates had  show n th a t  failure norm ally 
com m enced w ith in  one o r m ore of th e  co n stitu en t grains, th e  craeks 
form ed w ith in  th e  crysta ls being afterw ards p ropagated  across the  
in tercrystalline boundaries in to  th e  ad jacen t grains. T ests on speci
m ens consisting of a single crysta l appeared, therefore, to  afford oppor- 
tun ities for studying  in  a fundam ental m anner th e  p rim ary  form ation 
of fatigue cracks under know n conditions of stress an d  stra in . H aving  
determ ined  these characteristics, th e  eSect of th e  in tercrystalline 
boundary  could th e n  be approached by  a  s tu d y  of specim ens containing 
various num bers of large crystals.

The first te s ts  on single crysta l specim ens were m ade on specim ens 
of alum inium , an d  th e  resu lts of te s ts  under a w ide rangę of stress 
conditions soon rendered possible th e  form ulation  for th is  m ateria ł 
of one generał law  of deform ation an d  th e  developm ent of a  descrip- 
tiv e  theory  of th e  process of fatigue. A tten tio n  was n ex t devoted  to  
o the r m ateria ls, experim ents being m ade to  determ ine w hether the  
sam e generał law  of deform ation an d  th e  sam e process of fatigue were 
applieable to  all m etals. W ith  th is  ob jeet, te s ts  were carried  o u t on 
single crystals of iron, zinc, an tim ony, silver, an d  b ism uth .

Meanwliile, the  problem  of th e  effect of th e  boundary  was n o t 
en tirely  neglected. A t an  early  stage, a te s t*  under a lte rn a tin g  
to rsional stresses on a  specim en of alum inium  consisting of th ree  
crysta ls was carried  ou t, an d  th e  generał characteristics of deform ation 
were com pared w ith  those of single crysta ls of the  sam e m ateriał.

The p resen t paper describes th e  resu lts of te s ts  under a lte rn a tin g  
to rsional stresses on th ree  specim ens of alum inium , each consisting of 
tw o crystals. In  one specim en th e  boundary  betw een tb e  constituen t 
crysta ls w as m ainly transverse to  th e  axis of to rsion ; in  ano ther tho 
boundary  w as m ain ly  longitud inal th rough  th a t  axis, w hilst in  th e  
th ird  th e  boundary  w as irregular b u t th e  tw o co n stitu en t crysta ls 
were in  m u tu a l tw in  o rien tation . The o rien ta tion  of th e  co n stitu en t 
crysta ls in  each specim eu w as determ ined before te s t by  X -ray  analysis, 
an d  th e  processes of deform ation an d  failure were stud ied  in  rela tion  
to  th e  s tru c tu re  of the  crysta ls and  to  th e  d istribu tion  of resolved 
stresses on th e  slip planes.

* Aeronaut. liejt. Ctlee. Ji. and M . N o. 1025, 1926.
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S y s t e m .

The specim ens used in  th e  p resen t te s ts  w ere m aehined from  bars 
of alum inium  th a t  had  been subjected  to  th e  sam e process (Carpenter 
an d  E lam ) of s tra in  an d  h e a t- trea tm en t used for th e  production  of 
single cry sta ls; these bars, in  fact, represen ted  a p a rtia l failure of the  
norm al procedure to  achieve its  ob ject. P a r tia l failures of th is  ty p e  
are a n o t uncom m on resu lt of a ttem p ts  to  grow single crysta ls, and  
from  th e  available stock of such bars, tw o were chosen from  which 
cylindrical specim ens having  boundaries approx im ate ly  transverse and  
parallel, respectively, to  th e ir  axes could be m aehined. This choice 
was m ade in  th e  expecta tion  th a t ,  under a lte rn a tin g  to rsional stresses 
these o rien ta tions w ould rep resen t an  approach  to  th e  tw o extrem e 
cases of th e  influence of a single boundary . I t  w as n o t possible to  
m ake an y  p articu la r selection of the  o rien tations of th e  eo n stitu en t 
crysta ls in  e ither of these specim ens, b u t from  th e  resu lts of te s ts  on 
a  num ber of single c ry sta l specim ens of alum inium  of widely d ifferent 
o rien tations an d  from  th e  generał law  of deform ation under fatigue to  
w hich these results conform ed, th e  independent behaviour of each 
eonstituen t c rysta l (ap a rt from  an y  effect due to  th e  boundary) could 
be regarded  as generally  predicable. T he th ird  speeim en w as chosen 
in  view of th e  special ty p e  of th e  re la tive  o rien ta tion  of tlie eonstituen t 
crystals, th e  s tru c tu re s  of the  two crysta ls being m irro r im ages of one 
ano ther in  a n  octahedra l p iane th a t  w as th u s  com m on to b o th  crystals.*  
P artic u la r in te rest was a ttac h ed  to  th e  behaviour a t  th e  boundary  in  
regions w here th is  com m on piane was th e  opera tive slip p iane in  one 
crysta l b u t  n o t in  th e  o ther. In  generał also, i t  was th o u g h t th a t  th e  
boundary  betw een tw o crysta ls in  tw in  rela tionsh ip  m igh t rep resen t a 
special case of th e  generał problem .

D etails of all th ree  specim ens in  th e ir  finał m aehined form s are 
given in  Table I . In  each case th e  te s t portion , of which th e  dim en-
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T a b l e  I .

Speeimen Test Portion.
Ileference Dcscription.

Mark.
Diameter (Inch). Length (Inch).

AL5A Transverso Boundary. 0-335 0-7
CHJ4G2 Longitudinal Boundary. 0-33S 0-5
AL1B Twin Spocimen. 0-497 0'6

* Twins of this “ spinel ” typo havo beon only rarely obseryed in aluminium 
(sec Elam, Proc. Boy. Soc., 1928, [A], 121, 237). The present speeimen is probably 
tho largest twin that has over been obsorved in aluminium.
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sions aro given, w as joincd to  tlie enlarged ends, by  w hich th e  specim en 
w as gripped in  the  testing  m achinę, by  fillets of large radius. F o r th e  
purpose of m easurem ent of tw ist, referenee m arks were scribed on the  
enlarged ends of each specim en.

— • -------  UPPER CRYSTAL
 -O------- LOWER CRYSTAL

Fio. 1.—Spocimen AL5A. Steroographio Projeetion of Principal Planes.

F ig . 2.—Specimen CHJ4G2. Stcrcograpliic Projcction o£ Principal Planes.

The orien tations, rela tive to  th e  axis an d  to  one of th e  referenee 
m arks on th e  enlarged ends, of th e  principal p lanes an d  directions of 
the  two crysta ls of each specim en.are shown in  Figs. 1, 2, and 3 ; w hilst 
the  dispositions of the  boundaries on th e  developed surfaces of the



specim ens are show n in  Figs. 4, 5, an d  6. In  these diagram s, as else- 
where, th e  tw o crysta ls of th e  specim en AL5A are distinguished by  
the  te rm s “ top  ”  an d  “ b o tto m  of th e  specim en CHJ4G2 b y  the  
te rm s “ fro n t ”  an d  “ b aek  ” ; an d  of th e  specim en AL1B b y  the  
le tte rs  A an d  B . In  order to  ensure th a t  th e  effect of th e  transverse 
boundary  would n o t bc infłuenced b y  th e  p rox im ity  of th e  enlarged 
ends, th e  specim en AL5A w as so m achincd th a t  th e  boundary  betw een 
th e  tw o crysta ls lay  approxim ately  m idw ay betw een th e  enlarged ends
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•  A N D  O REFER RESPECTIVELY TO P L A N E S  OF C R Y S T A l A  

AN O  C R Y S T A l B

■ REPRESENT PLANES OF THE SAME TYPE WHICH ARŁ 
COMMON TO BOTH CRYSTALS. THE NOTATION ENCL05E0 
IN BRACKETS REFERS TO CRYSTAL B

THE OCTAHEDRAL PLANE. Ifl.lS THE TWINNING PLANE

F ig . 3 .—Specimen AL1B. Stereographic Diagram Showing Principal Planes 
of Both Crystals.

(Fig. 4 ); for th e  sam e reason, th e  te s t po rtion  of th is  specim en was 
m ade ra th e r  longer th a n  norm al. I t  will be seen (Fig. 5) th a t  in  the  
specim en C H J4G 2, th e  tw o in tersections of th e  in tercrystalline boundary  
w ith  th e  cylindrieal surface of th e  specim en were approxim ately  
parallel to  th e  axis an d  alm ost d iam etrically  opposite one another. 
In  the  specim en AL1B, practically  th e  whole of th e  tracę  of th e  boundary  
on th e  surface w as included in  th e  parallel length  (Fig. 6).

All th ree  specim ens were te s ted  under a lte rn a tin g  torsional stresses, 
because norm ally under th is  ty p e  of stress very  little  overall deform ation
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occurs, an d  th u s  tLe s tu d y  of tlie g radual process of fatigue in  re la tion  
to  th e  s tru c tu re  is fac ih ta ted .

I I I .  S t r e s s  A n a ly s e s .

U p to  th e  p resen t tim e, no m ethod  has been developed for th e  
theore tical de term ination  of th e  d is tribu tion  of stress se t up  b y  any 
applied  loading system  in  a  specim en consisting of moro th a n  one 
crysta l. I f  th e  m ateria ł (in th e  single c ry sta l form ) is elastically

M IL  L I M E T  RE S

F ig. 4.—Dovoloped Surface of Specimen AL5A.

isotropic, an d  so long as th e  elastic rangę is n o t exceeded in  any of 
th e  constituen t crystals, th e  d istribu tion  of stress is en tirely  inde
penden t of th e  b oundaries; b iit even in  th e  ease of an  isotropic m ateria ł, 
th is  d istribu tion  m u st be a lte red  as soon as p lastic  deform ation occurs 
in  an y  crysta l.

F o r the  purpose of the  p resen t experim ents, th e  stresses se t up  in  
each ind iv idual crysta l of each specim en have been calcu lated  on the  
assum ption th a t  th e  boundary  has no effect, i.e. th a t  each crysta l 
behaves as if i t  alone com posed th e  whole specim en. W hilst th is



assum ption is certain ly  n o t justified, com parison of tlie ac tu a l distri- 
bu tion  of slip bands w ith  th e  d istribu tion  pred ic ted  b y  th is  analysis 
of stress w as expected  to  ind icate  th e  ex ten t of th e  influence of th e  
boundary  an d  to  yield in form ation  as to  its  n a tu rę . The constan ts 
in  th e  equations to  th e  shear stresses (as th u s  defined) on th e  slip 
planes in  th e  slip directions were eva lua ted  for b o th  crystals of each 
spccim en, using th e  consisten t co-ordinates (corrected from  th e  X -ray
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F i g . 5.—Deyeloped Surface of Specimen CHJ4G2.

readings) show n in  th e  stereographic diagram s Figa. 1, 2, an d  3. The 
ra tio  of th e  “ resolved shear s tre s s” S r a t  an y  p o in t to  th e  nom inał 
m axim um  shear stress (S =  2 T [-rz, where T  is th e  applied to rquc 
an d  r is th e  rad ius of th e  specimen) is given by  th e  form uła 
S rjS  =  A  cos (X — a),* w here A  an d  a depend only on th e  orien- 
ta tio n s  of th e  slip p iane an d  d irection  considered, and  w here X is 
th e  angle betw een th e  ax ial planes th rough  th e  p o in t in  question 
an d  th rough  th e  referenee m ark  on th e  end of th e  specim en. The

* J. Insi, Melals, 1926, 36, 185.



values of these constan ts  toge ther w ith th e  nom enclature of th e  principal 
crystallograpliic planes an d  directions are recorded in  Table I I .
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T a b le  I I .— Constanls in  Resohed Shear Stress Equations.

Specimen AL5A. Specim en CHJ4G-2, Specimen AL1B.

Piane. D irection. Top Crystal. F ro n t Crystal. C rystal A.

A. a°. A. <1°. A. a°.

01 0-963 162-7 0-764 305-2 0-784 62-9
0(111) 02 0-952 280-7 0-678 149-5 0-531 95-1

03 0-985 221-1 0-315 242-9 0-439 22-6

12 0-830 247-5 0-468 275-0 0-292 o-i
m i i ) 13 0'724 84-8 0-516 348-9 0680 126-8

10 0-256 190-3 0-593 21S-3 0-885 142-1

23 0-680 353-9 0-525 133-7 0-713 90-2
2(111) 20 0-304 252-3 0-188 210-8 0-3S9 173-7

21 0-799 195-8 0-596 151-5 0-773 60-2

30 0-481 44-3 0-778 36-5 0-590 121-9
3(111) 31 0-526 106-7 0-351 76-3 0-039 135-5

32 0-523 341-2 0-557 12-7 0-62S 122-7

B ottom  Crystal. B ack C rystal. C rystal B .

A. a®. A. a°. A. a°.

01 0-620 i-o 0-762 158-2 0-784 62-9
0(111) 02 0-804 107-5 0-199 98'2 0-531 95-1

03 0-S64 64-0 0-877 146-8 0-439 22-6
12 0-499 219-1 0-509 127-2 0-765 176-4

1(111) 13 0-748 256-5 0-491 69-2 0-177 169-4
10 0-469 119-3 0-486 6-3 0-940 175-2

23 0-234 10-2 0-908 178-7 0-596 13-3
2(111) 20 0-594 314-4 0-955 61-0 0-470 41-2

21 0-709 291-2 0-965 117-5 0-283 142-6

30 0-185 176-7 0-781 91-5 0-701 146-2
3{11I ) 31 0-925 150-5 0-629 65-4 0-882 81-4

32 0-761 324-6 0-351 143-7 0-S63 33-9

In  Figs, 7, 8, an d  9 th e  values of S r/S  have been p lo tted  aga inst X 
for th e  tw elve possible slip system s of bo th  crysta ls of each specimen. 
In  order to  avoid com plication in  th e  case of the  specim en CHJ4G2, 
each se t of curves has been draw n only over th a t  region in  which i t  
is operative a t  th e  surface of th e  specim en (cf. F ig. 5 ); w hilst in  the 
case of the  specim ens AL5A an d  AL1B separate  diagram s have been 
draw n.
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The norm al stresses on th e  slip planes w ere also evaluated , b u t 
sińce i t  d id  n o t prove necessary to  tak e  these norm al stresses into 
account, th e ir  consideration has been om itted  from  th e  p resen t paper.

Fics. 6.—Derelopcd Surface of Spceimcn AL1B.

IV .— T r a c e s  o f  P l a n e s .

The slopes of th e  traces of th e  slip planes of bo th  crysta ls of each 
specim en were calculated  an d  th e  slopes of th e  slip bands observed 
were correla ted  w ith  the  calculated  yalues.
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0 10 40 60 80 100 120 140 VALUES OF 220 240 260 280 300 320 340 360

0 20 40 60 60 100 120 140 V A L U E S '0 F \' 220 240 260 260 300 320 340 360

0 20 40 60 8O 100 120 140 VAIUES OF X‘ 220 240 260 280 300 320 340 360

I-O ' ■ ■ ■ . ..........   -J
0 20 40 60 80 100 120 140 YALUES 0F V  220 240 260 280 300 320 340 360

Fia. 7.—Specimen AL5A. Curvos of Shoar Stress and Record of Slip Bands 
Observed. A .—After Test la, 25,000 rovcrsals of ±0'7 ton/in.2. li.—After 
Test le, 025 X 108 reversals of ±0'7 ton/in.=. C.—After Test 2b, 3’50 X 10° 
reversals of iO-O ton/łn.2. Fuli Circlos Indioato General Systems of Slip, 
Opon Circlca Indicate Occasional Bands,



C R Y S T A L  A
20 40 60 80 100 120 140 VALUES OFK  220 240 260 280 300 320 340 3M>

20 40 60 80 100 120 140 VALUES OF X  220 240 Z60 280 300 320 340 340
C R Y S TA L  8

C R YS TA L  A
20 40  60 80 100 120 140 VALUŁS 0F?C 220 240 260 260 -300 320 340 360

20 40  60 80 100 120 140 VALUES OF X ' 220 240 260 280 300 320 340 360
C R Y S T A L  B

C R Y S T A L  A
20 40 60 80 100 170 |40VALUES OF A® 220 240 260 280 300 320 340 360

100 120 140 VALUE5 OF A” 220 240 260 280 300 320 340 360 
C R Y S T A L  B

Fia. 8.—Speeimen AL1B. Curves of Resólved Shear Stress and Record of Slip 
Banda Obseryed. A .—After Test la, 012 x 10e revorsals of ± 0 ’05 ton/in.- 
B.—After Test 3a, G000 reversals of ± l ‘0;ton/in.2. C.—After Test 3b and 
fracture, 0‘6-i X 106 reyersals of ±1'G ton/in.a. Fali Cirelea Indicate General 
Systems of Slio. Ocen Circles Indicate Occa3ional Banda.
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O 20 4 0 60 80 100 120 140 160 180 200 220 240 260 280 3C0 320 340 360
FRO NT CRYSTAL B AC H  C R Y S T A L

FRO NT C R Y S T A L  B A C K  C R Y S T A L

Fig. 9.—Specimen CHJ4G2. Ourves of Eesolved Shear Stress and Record of Slip 
Bands Obserred. .-(.-—After Test la, 25,000 reversals of ±0'7 ton/in.2. B.— 
After Test Ib, 0‘29 X 108 reversals of ±0-7 ton/in.2. C.—After Test 3a, 0-26 X 
10“ royersals of ±1-1 ton/in.2. D. After Test 4a, 0-27 X 106 reversals of 
±1-3 ton/in.2. Fuli Circlcs Indicate General Systems of Slip, Opon Cireles 
Indicate Occasional Bands.



V.— D e t a i l s  o f  T e s t s .

A com plete lis t of all tlie  te s ts  to  w hich each specim en w as sub- 
jec ted  is given in  Tables I I I ,  IV , an d  V. I t  w as originally in tended  
to  sub jec t each specim en to  a  series of sh o rt runs a t  a  safe rangę of 
stress ( ±  0-7 to n /in .2), and  a fte r each ru n  to  exam ine th e  slip pro- 
duced, particu la rly  in  rela tion  to  th e  boundary . This process was to  
be continued  u n til slip under th is  rangę w as exhausted , w hen the  
applied stresses were to  be inereased beyond the  probable safe rangę 

_(_ o-9 to n /in .2) a n d  th e  sam e procedure w as to  be followed in  
o rder to  w atch  th e  process of failure in  rela tion  to  th e  effect of the  
boundaries.

In  th e  case of th e  specim en AL5A, th is  program m e w as followed 
th roughou t, an d  failure of th e  specim en occurred  afte r a to ta l of
5-27 X 106 revcrsals of ±  0-9 to n /in .2 nom inał resolved shear stress. 
In  th e  case of th e  specim en CHJ4G2, however, th e  program m e had to  
be am ended, because, a fte r a  to ta l of 12-15 x  106 reversals of ±  0-9 
to n /in .2 nom inał resolved shear stress, n o t only were the re  no signs of 
im m inen t failure, b u t th e  production  of new  slip bands had  en tirely  
ceased. Acoordingly, i t  w as decided to  inerease th e  stress rangę 
applied to  th e  specim en CHJ4G2. A fter 6-20 X 10® reversals of 
±  1-1 to n /in .2, th e  production  of new  slip bands had  again practically  
ceased, an d  i t  w as therefore decided still fu rth e r  to  inerease th e  stress 
rangę. A fter 2-24 X 106 reversals of ±  ł '3  to n /in .2, th e  ra te  of p ro 
duction  of slip bands h ad  again  becom e very  slow; w hilst even afte r 
1-26 X 10® reversals of ±  1-5 to n /in .2 p rac tica lly  no slip could be 
observed. A ccordingly, th e  applied  rangę w as still fu rth e r inereased 
to  ±  1-75 to n /in .2, w hen cracking com m enced alm ost im m ediately  (after 
ab o u t 2000 reversa ls); com plete failure of th e  specim en occurred afte r 
63,500 reversals of th is  rangę of stress. I t  is probable th a t  th e  tru e  
fatigue rangę of th e  specim en CHJ4G2 (i.e., th e  fatigue rangę dcveloped 
a fte r th e  understressing described) was actua lly  ab o u t ±  1'5 to n /in .2. 
I t  is possible th a t  th is  tru e  rangę w as less th a n  i  1-5 ton /in .-, b u t  i t  
is regarded as unlikely th a t  i tw a s  below ^  1-3 to n /in .2. Some caution , 
how ever, is necessary in  th is  surm ise, in  view of th e  resu lts ob ta ined  
from  a previous specim en.* This specim en consisted of th ree  crysta ls 
(of unknow n orientation) subjected  to  reversed to rsional stresses. I t  
frac tu red  afte r th e  following h is to ry  : (a) 5-07 X 106 cycles of ±  0-64 
to n /in  2 (nom inał sh e a r) ; (6) 13-27 X 10® cycles of ±  0-75 to n /in .2, 
an d  (c) 30-79 X 10® cycles of ±  1-0 to n /in .2. Thus th e  fatigue lim it 
of th is  specim en, w hich contained two longitud inal boundaries, was 
certain ly  less th a n  ±  1-0 to n /in .2 resolved shear stress.

* Loc. cii.
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T a b l e  I I I .— D etaih  o f Tests o f Specimen A L 5 A .

N o. of 
T est.

Rango of 
N om inał 

Shear 
S tress, 

T o n /in A

R eversals.
T o tal 

Itevcrsal9 a t  
Sam e Rango 

of S tress.
Rem arka.

T rea tm en t 
P r io r  to  

N e x t T est.

la ±0-7 25,000 25,000 Fairly generał Ropolished.

lb
slip.

±  0-7 0-25 X 106 0-27 X 108 H i i Etcbed and 
ropolisbed.

lc ± 0 -7 0-25 X 10° 0-52 x  108 i i  a
Vory littlo slip.

Ropolished.
ld ±  0-7 1-00 X 106 1-52 x  10° Repolished.
2a ±  0-9 1-00 X 106 1-00 X  108 Genoral slip; 

heavy m
Repolished.

2b 3*50 X 10®
plaocs.

±  0-9 4-50 X 10° Samo as 2a, Repolished.
with number
of cracks.

2a ±  0-9 0*77 X 10° 5-27 x  10° Largo crack 
developcd.

T a b l e  IV .— Details o f Tesls o f Specimen O IIJ±02.

No. of 
T est.

Rangę of 
N om inał 

S hear 
S tress, 

T o n /in .'.

R eversals.
T o tal 

Eeversa ls a t  
Sam o R angę 

of S tress.
E cm arks.

T rea tm en t 
P rio r to  

N ex t T est.

la ±  0-7 25,000 25,000 Very littlo slip. Etched and 
polislied.

lb ±  0-7 0-29 X 106 0-31 X  108 Fairly generał 
slip.

»

lo ±  0-7 0'27 X 106 0-5S x 108 No slip. None.
ld ±  0-7 0-90 X 108 1-54 X  108 »» Repolished
2a ±  0-9 1-00 x 108 1-00 X 108 General slip : 

fairly heavy.
i i

2b ±  0-9 3-05 X 10° 4-05 X  108 Heavior slip; 
but not gen
oral.

”

2c ±  0-9 2-30 X 108 6-35 X 108 Fairly goneral 
slip.

None.

2d ±  0-9 5-SO X 108 12-15 x 108 No slip.
3a ±  1'1 0-26 X 108 0-26 x  10 8 Fairly generał Repolished

3b ±  M 2-78 X 108 3-04 x 108
light slip. 

Very little slip. Nono.
3e ±  M 3'1G X 108 6-20 x  108 Praetically no 

further slip.
Ropolished.

4a ±  1-3 0-27 x 108 0-27 x  108 Fairly generał 
light slip.

None.

4b ±  1-3 1-97 X 108 2-24 x  10G Very littlo slip 
but fairly 
heavy.

Repolished.

5 ±  1-5 1-26 X 108 1-26 x 108 Praetically no 
slip. ”

Oa ±  1-75 2000 approx. 2000 approx. Number of 
cracks. ”

6b ±  1-75 63,500 65,600 Largo crack 
developed.
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T a b l e  V.-— Delails o f Tests o f Specimen A L 1 B .

N o. of 
Teat.

R angę of 
N om inał 

Shear 
S tress, 

T o n /in .1.

Iteveraals.
T o ta l 

Reversa!s a t  
Sam e Itange 

of S tress.
R cm arks.

T rea tm en t 
P rio r to  

N ex t T est.

1 ±  0-75 0-25 x 10« 0-25 X 10° No slip visiblo. Repolished.
2a ±  0-95 0-12 x  106 0-12 X 10° General slip.
2b ±  0-95 0-25 x  10° 0-37 X 10° Fresh slip. Nono.
2c ±  0-95 0-63 x  10« 1-00 X 106
2d ±  0-95 1-78 X 10“ 2-78 X 10° No fresh slip. Repolished.
3a ±  1'60 6000 G000 Heavy slip; 

2-7° twist.
Nono.

3b ±  1-G0

t

0-G4 X 106 0 64 X 100 Large crack; 
6'2° twist.

In  tlie case of tlie  specim en A L1B, no slip occurred under a  stress 
rangę of ±  0-75 to n /in .2 nom inał sliear stress, w hilst under a  rangę 
of ±  0-95 to n /in .2, slip w as e sh au sted  a fte r ab o u t one m illion reversals. 
The stress was accordingly increased to  ±  1-6 to n /in .2, when fractu re  
resu lted  afte r 0-64 X 10® reversals of th is  rangę of stress. F o r th is 
specim en also, i t  is unsafe to  a t te m p t a close estim ate of th e  ac tua l 
fatigue streng th . The fatigue lim it was probab ly  g rea ter th a n  i  0-95 
to n /in .2 an d  certain ly  loss th a n  i  1-6 to n /in .2 nom inał shear stress. 
A t th e  p resen t stage, careful s tu d y  of the  characteristics of deform ation 
appears to  be of g reater value th a n  th e  accurate  determ ination  of 
fatigue lim its. A t a la te r stage i t  is hoped to  ob ta in  q u an tita tiv e  d a ta  
by  a  series of te s ts  in  which each specim en is te sted  th ro u g h o u t a t  one 
rangę of stress.

V I.— E x p e r i m e n t a l  O b s e r v a t i o n s  .

(a) Method o f Presentation.

The m easurem ents and  records m ade of th e  deform ation of the  
three specim ens tested  were very  extensive, an d  adequate presen tation  
of th e  resu lts constitu tes a  problem of some difficulty. I t  appears 
advantageous to  d ivide th e  discussion of the  changes of m icrostructure 
occurring during  th e  te sts  in to  tw o paTts, describing in  th e  first part 
th e  generał behaviour in  regions rem ote from  th e  boundary , an d  in  
th e  second th e  special fea tu res observed close to  th e  boundary .

(b) M icrostructure in  Regions Remote fro m  the Boundary.
I n  all th ree  specim ens, th c  generał appearance of th e  slip bands 

in  regions rem ote from  th e  boundary  was, th ro u g h o u t th e  te sts , en tirely  
sim ilar to  th a t  of slip b ands produced by  sim ilar te s ts  on single c ry s ta ls ; 
m oreover, a p a r t from  some anom alous slip occurring in  th e  early  stages
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of te s t (and th is  again is characteristic  of th e  single crysta l), th e  distri- 
b u tio n  of th e  bands w as in  every  ease in good agreem ent w ith  the  
d istribu tion  an tic ip a ted  on th e  basis of calculatcd shear stresses. This 
resu lt is a elear ind ication  of th e  very  sm ali effect of th e  boundary  on 
th e  generał stress d istribu tion  and , coupled w ith  th e  facts th a t  the  
regular system s norm ally  approached very  close to  an d  often  in ter- 
sected th e  boundary , an d  th a t  very  little  anom alous slip near th e  
boundary  w as observed, i t  suggests th a t  th e  m ajo r effect of th e  boundary  
is lim ited  to  a very  sm ali region in  its  v ic in ity . Typical diagram s 
illu stra tin g  th e  generał d istribu tion  of slip bands a t  various stages of 
th e  te s ts  are shown in Figs. 7, 8, an d  9, in  which fuli circles indicate 
generał slip on  th e  p iane ind icated  by  th e  stress curve on w hich th e  
circle is p laced a t  th e  value of X given b y  th e  abscissa, w hilst open 
circles ind icate  localized slip w hich in  m ost cases w as confined to  the  
neighbourhood of th e  boundary . Photom icrographs illu stra ting  the  
appearance of slip bands in  regions rem ote from  th e  boundary  are 
show n in  Figs. 11-16 (P lates X I I I  and  X IV ).

The generał m anner in  which slip bands were form ed a t  each rangę 
of load is shown in  Tables I I I ,  IV , an d  V, b u t for effective com parison 
of th e  behaviour of th e  specim ens some fu rth e r rem arks are  necessary.

The behaviour of th e  specim en AL5A w as th ro u g h o u t en tirely  
sim ilar to  th a t  of th e  single crysta l. The rangę of nom inał shear stress 
of ±  0*7 to n /in .2 a t  first p roduced fairly  generał slip in  good agreem ent 
w ith  th e  d istribu tion  of resolved shear stress (Figs. 7 A , B ), and th is  
slip w as exhausted  afte r ab o u t one m illion cycles. The inereased 
rangę of ^  0-9 to n /in .2 th e n  again produced generał slip, w hich finally 
cu lm inated  in  heavy  slip (Fig. 7 C) and  failure.

A lthough the  first te s t  of th e  specim en CHJ4G2 a t  a stress rangę 
of ±  0-7 to n /in .2 produced a system  of slip n o t in  accordance w ith  th e  
resolved shear stress d istribu tion  (Fig. 9 A ), th e  norm al slip d istribu tion  
resu lted  from  a  fu rth e r te s t  a t  th e  sam e rangę (Fig. 9 B), b u t slip a t  th is  
rangę w as alw ays ligh t an d  was exhausted  a fte r ab o u t 250,000 re- 
versals. T hereafter a stress rangę of ±  0-9 to n /in .2 produced generał 
slip th a t  continued for a t  least five m illion reversals an d  th en  ceased 
com pletely, no fu rth e r slip being produced during  a fu rth e r ru n  of 
six million reversals. S tress ranges of ±  1‘1 to n /in .2 (Fig. 9 C) and
1-3 to n /in ,2 (Fig. 9 D) b o th  in  tu rn  produced slip th a t  w as a t  first fairly  
generał b u t which showed no tendency  to  develop in to  heavy  bands, 
b u t ra th e r  to  grow ligh ter an d  less generał, and  finally to  cease alto- 
gether, w hilst a stress rangę of i  1-5 to n /in .2 produced no discernible 
slip w hatsoever. The rap id ity  of failure a t  db 1‘75 to n /in .2 suggests 
th a t  slip w ould have  occurred a t  ± 1 - 5  to n /in .2 if sufficient reversals



P la te  X I I I .

Fic. 11.—Specimen AL5A. A =  
After test lc . X 100.

CHJ4G2. A =  291°. 
X 100.

F ic. 13.—Specimen AL1B. A =  140°. F ic. 14.—Specimen AL5A. A -  W .
After test 2a. x  100. After test 2b. X 330.

Ałl figures rcduced by ł  in reproduction.
[To face p .  20S.
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had  been. im posed, b u t  th roughou t th e  te s ts  slip appeared  to  occur 
only w ith  difficulty ancl to  be very  ąuickly  exhausted  a t  any  one rangę 
of stress.

The first te s t of th e  speeim en AL1B a t  a stress rango of ±  0-75 
to n /in .2 produced no slip a t  all, w hilst slip under a  stress rangę of 
i  0-95 to n /in .2 was fairly  generał (Fig. 8 A )  b u t grew ligh ter as th e  te s t 
proceeded, an d  finally, a fte r ab o u t one million reversals, ceased alto- 
gether. A sm ali am oun t of anom alous slip occurred, b u t th e  ealeulated 
rangę of stress on th e  p iane concerned was only very  slightly less th an  
the  ac tua l m azim um , so th a t  th is  anom aly  is probably  un im portan t. 
T hereafter th e  stress rangę of i  l -6 to n /in .2 resulted in generał slip 
(Figs. 8 B  an d  C) and fairly  rap id  failu re ; b u t the  num ber of cycles of 
th is rangę th a t  th e  speeim en endured suggests th a t  th e  behaviour a t  
in term edia te  ranges m igh t have been very  sim ilar to  th a t  of th e  speeim en 
CHJ4G2.

Reviewing th e  generał behaviour of th e  specim ens in  re la tion  to  
the ir structure , i t  is inev itab ly  concluded th a t  th e  differences of bc- 
haviour m ust be rela ted  ehiefly to  s tra in  restric tions im posed by the 
boundaries, for no correlation can be exhibitcd between these diflcrcnces 
and th e  orien tations of th e  individual crystals, w hilst purely  stress 
efEects due to  th e  boundaries are exćluded b y  the  excellent agreem ent of 
th e  slip band  system  w ith  th e  d istribu tion  of resolved shear stress. l l ie  
essential n a tu rę  of th e  difierences of behaviour and th e  m anner in  which 
th e y  m ay be ascribed to  th e  boundaries w ill be discusscd in  detail la ter.

Two fu rth e r features of th e  generał d istribu tion  of slip bands are 
perhaps w ortliy of com m ent. In  certain  regions (rcmote from  th e  
boundary) th e  slip bands form ed on th e  surface of the fron t crysta l of 
th e  speeim en CHJ4G2 showed a tendency  to  group along fairly definite 
lines approxim ately  a t  rig h t angles, these directions being nearly, b u t 
n o t exactly , parallel and  perpendicular to  th e  d irection of th e  con- 
s ti tu e n t slip bands them sclves. Such grouping has previously been 
observed in  te s ts  on single crystals, although th e  effect has n o t been 
so pronounced. I t  probably  represents differences of h ard n ess , the  
cause of these is n o t known.

In  th e  la st tw o te s ts  on th e  speeim en AL1B a system  of double slip 
in  “ herring-bone ” form ation was produced (Fig. 16, P la te  X IV ). The 
double slip system  corresponds w ith  deform ation on tw o octahcdral 
planes, one of which is th a t  subjected  to  th e  m axim um  resolved shear 
stress a t  th e  po in t, w hilst th e  second is subjected  to  the  n ex t g reatest 
stress v a lu e ; m oreover, th e  stress difference is sm ali. I t  is easy to  
understand  th a t  in  a position near th e  boundary , where stra in  conditions 
are probably  complex, th is  process of slip on th e  two planes of higliest 
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stress in tensity  affords a su itab le m cans of ad ju stm en t of to ta l s train . 
Slip on tw o plancs w as also obscrvcd afte r fracture in  crysta l A in  th e  
region X =  60°-90°, th e  system s being S 01 and  on which th e  stresses 
are alm ost equal. This “ herring-bone ” type  of slip was also obserred  
on some occasions in  previous te s ts  on single c ry sta ls ; in  all cases the  
tw o planes concerned were those subjected to  th e  two highest values of 
sliear stress.

(c) M icrostructure in  Regions Adjacent to the Boundary.

I t  is no t possible to  give any  concise an d  detailed  description, either 
diagram m atically  or otherwise, of th e  d is tribu tion  of slip bands in 
th e  im m ediate neighbourhood of th e  boundary. F rom  tb e  recorded 
observations i t  would have been possible to  show th e  com plete d is
trib u tio n  of slip afte r each te s t on d iagram s of th e  developed surface 
(Figs. 4, 5, and  6), b u t i t  would have been im practicable in  sucli dia- 
g ram m atic  represen tations to  reeord th e  ac tua l appearance of th e  slip 
bands, for which purpose only com plete photographic panoram as 
would have been satisfactory .

P hotographic m ethods, including tlie  p repara tion  of panoram ie 
diagram s, were used freely during th e  course of tlie tests, b u t in  th is  
paper th e  p resen ta tion  m ust be restric ted  to  a generał description 
supplem ented by  a few rep resen ta tive  photom icrographs.

In  all th e  te s ts  (except those th a t  cu lm inated  in  fracture) the  
s tru c tu ra l differences betw een areas close to  an d  rem ote from  the  
boundary  lay alm ost entirely  in  tb e  size, num ber, spacing, an d  generał 
appearance of the  slip bands. Only in one or tw o iso lated  spots was a 
system  of slip bands observed different from  or add itiona l to  th a t  
observed a t  the sam e value of X in  regions rem ote from  th e  boundary , 
an d  in every case these anom alous bands w ere fa in t an d  few in num ber. 
In  th e  m ajo rity  of cases these bands were produced in  regions where the  
intersection of th e  boundary  w ith  th e  surface of th e  specim en was 
rapidly  changing direction, an d  i t  w as obvious th a t  th e y  owed the ir 
origin to  th e  restric tions imposed by  th is  cause.

A p art from  these sm ali areas of anom alous slip, th e  generał system  
of slip produced in  regions rem ote from  th e  boundary  continued righ t 
in to  th e  region ad jacen t to  th e  boundary  w ithou t an y  m arked change. 
In  some cases slip continued rig h t up  to  th e  boundary  * on bo th  sides 
(Fig. 17, P lato  X IV ), in some i t  appeared to  stop short on one side (Fig. 18,

* The expression “ right up to the boundary”  must not bo intorpreted too 
literally ■without reference to the expcriracntal technique. Although tho resolving 
power of the 4 mm. apochromat objective used for the examinations was very high, 
yet in terms of atom spacing tho smallest distance that could be resolved was very 
large, and in all cases it is possible that slip may not havo approached to within one 
tbousand or so atoms of the truo boundary.



Plato  X IV ), w hilst in  o thers tlie  slij) did n o t in tersect th e  boundary  on 
either side. There seemed to  be no eorrelation between th e  behaviour 
of the  specim ens in  th is  respect and th e  stress an d  s tra in  conditions. 
Thus in Fig. 17 (P late X IV ), where close and fairly  heavy system s of slip 
are shown approaching th e  boundary  closely on bo th  sides, i t  m ight 
have been an tic ipated  th a t  th e  very  considerable cu rvature of th e  
boundary  would have produced a m arked sliielding effect, w hilst in 
other places the re  appeared to  be no adequate reason why th e  slip 
bands should stop  short. In  generał, i t  m ay perhaps be said th a t  
system s of heavy  slip tended  to  continue rig lit up to  the boundary, 
w hilst sparser system s tended  to  stop  short, b u t th is  s ta tem en t is tru e  
only in  a generał sense, and  several exceptions were noted. A lthough 
in m any cases th e  in tersection of a  slip band  in  one crysta l w ith th e  
boundary appeared to  be th e  p o in t of origin of a band  in  th e  o ther 
crystal, th is  w as in  generał n o t th e  case, the tw o sets of slip norm ally 
appearing diseonnected (Fig. 17).

A lthough so m uch of th e  evidence regarding th e  effect of th e  bound
ary  on th e  process of slip is inconclusive, one definite plienomenon was 
observed. In  regions of heavy slip, where the  shear m ovem ent close 
to  th e  boundary  had  clearly  been considerable, th e  slip band  spacing 
decreased as  th e  boundary  was approaclicd. This effect was m ost 
noticeable in  the case of slip bands nearly  perpendieular to  th e  boundary, 
when a num ber of sho rt subsidiary slip lines were form ed in between 
th e  m ain bands (Fig. 17), b u t th o  effect was also observed in cases where 
th e  slip bands were nearly  parallel to  the  boundary  (also Fig. 17). In  
generał, however, th e  am ount of th e  decrease in  th e  spacing of th e  bands 
was greater w ith greater angle betw een th e  boundary  an d  tlie direction 
of th e  slip' bands.

In  th e  specim en AL1B th e  in te rcrysta lline  boundary  w as very 
irregular in  form  and, owing to  th e  tw in  relationship  of the  com ponent 
crystals, th e re  were regions on th e  surface of th e  specim en where its  
course could n o t be determ ined w ith  certain ty .*  The tru e  course of 
tlie boundary  in  cases of d oub t w as revealed, however, by  th e  slip 
d istribu tion  in its  neighbourhood, and, in  particu lar, th e  occurrence of 
slip revealed several sm ali outerops of one crysta l in  th e  other. The 
d istribu tion  of slip in  and  around such islands proved of special in terest, 
for slip continued righ t up  to  th e  boundary  in  every case, bo th  in tem ałly  
an d  esternally , and  in  bo th  areas occurred on th e  p iane pred ic ted  by 
shear stress an a ly s is ; in  o ther words, bo th  th e  island and  th e  m atrix

* Tho boundaries of all three specimens were of coarso recorded from observa- 
tions of the ctched surfaces; but in tho case of the specimen AL1B the symmetry 
of tho twin precluded diiTerential etching eflects at certain orientations of the 
surfaee relativo to the crystal structure.
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in  which th c  island  w as im bcdded bchaved as if th e y  each severally  
com posed thc  wholc crysta l. W hilst i t  m ust n o t be forgotten  th a t  
these ou tcrops were joined presum ably to  th e  p a ren t crysta l below thc  
surface of th e  specimen, an d  eannot be regarded thercfore as com pletely 
independent crystals, i t  should also be rem arked th a t  th e  more strongly 
th e  island w as connected to  th e  p a re n t crysta l th e  m ore th e  p a r t of the  
o ther crysta l lying betw een tlie  island and  th e  tru e  boundary  would be 
relieved of th e  dom inating  influence of its  own p aren t crysta l. It  
appears, therefore, that the effect o f the boundary on the stress distribution  
is  cxtremely slight.

In  th e  case of th e  specim en AL1B, particu ia r in te rest was a ttach ed  
to  th e  occurrencc of slip on th c  com mon (tw inning) piane. This piane 
was n o t an  “ operative ” slip piane— b y  reasons of resolved stress—  
a t  any  p o in t in  crysta l B, b u t a t  ab o u t X =  54° an d  234° th e  resolved 
stress in tensity  on the  p iane w as only ab o u t 3 per cent. below the  
calculated m axim um  a t  th is  po in t. A t corresponding positions in  
crysta l A, p iane 0 w as th e  operative slip piane, an d  i t  would appear 
probable th a t  slip on th is  p iane in  crysta l A  w ould have continued into 
crysta l B . This w as n o t th e  case afte r te s t No. 2a, however, when 
th c  slip occurring on th e  com mon piane in  crysta l A ceased a t  th c  
boundary. A fter te s ts  Nos. 2b an d  2c no slip occurred on th e  tw inning 
piane, although afte r te s t  No. 2c i t  occurred on A21* a t  X =  75°, a t  which 
po in t th e  stress on th is  p iane is slightly  lower th a n  th a t  on A01. This 
was no t a boundary  effect, an d  was probab ly  due to  th e  restric ting  
effect of the  enlarged end on slip nearly  parallel to  thc  axis ; th a t  on A21 
was nearly  perpendicular to  th e  axis, an d  so less restricted .

A fter te s t  No. 3a, a t  the  higher stress, slip on th e  O p iane in crystal 
A continued for some distance in to  crysta l B, as shown in  F ig. 23 (P latę 
X V I), although  in  B the  stress on B 01 was considcrably less th a n  th a t  on 
B 31. I t  should be noted, however, th a t  very  heavy  d isto rtion  occurred 
during th is  te s t, and  th a t  th e  occurrencc of slip on B 01 m ay liave been 
largely affected by  th e  presence of th e  crack which would be expected 
entirely  to  a lte r th e  local stress d istribu tion . In  generał, i t  m ay be 
said  therefore th a t  a t  stress ranges which produced slip b u t n o t m arked 
“ m ass d isto rtion  ” or cracks, th e  slip occurring on th e  common 
octahedral p iane was controlled b y  resolved shear stress considerations 
only.

(d) Fracture.
(i) Specimen A L 5 A .

I t  has been recorded already  th a t  th e  d istribu tion  and  appearance 
of tlie slip bands produced on th e  surface of th e  specimen AL5A a t

* A21 indicates slip in crystal A, on piano 2, in direction 21.



points rem ote from  th e  boundary  were entirely  characteristic of a single 
crystal. The developm ent of these bands in  th e  la tte r  stages of te s t 
was also exactly  sim ilar to  th e  process as i t  occurs in  the  single crystal. 
The effect of th e  unsafe rangę of stress was (i) to  produce lieavy slip 
of th e  ty p e  shown in Fig. 14 (P latę X I I I ) ; (ii) to  cause th e  form ation of a 
num ber of fine cracks on th e  site of previous heavy  s l ip ; an d  (iii) to  
resu lt in fractiire b y  th e  developm ent of one or m ore of th e  fine cracks. 
The stage of ac tua l failure was rcached only in  th e  upper crysta l, alm ost 
com plete fracture of th is crysta l occurring before any  independent 
cracks of appreciable size had  been form ed in  th e  lower crysta l. Al
though  th e  ac tua l m axim um  resolvcd shear stresses for th e  two crystals 
were n o t very  different (Fig. 7), th is  difEerence in  behaviour can be 
a ttr ib u ted  to  th e  g rea ter un iform ity  of resolved shear stress in  th e  upper 
crystal, and  to  th e  fac t th a t  th e  deform ation of th is  crysta l occurred 
entirely b y  slip on th e  one slip piane * th a t  was alm ost perpendicular to  
the  axis of to rsion  (Fig. 1) an d  parallel to  th e  boundary.

In  addition  to  th e  m ain crack, which could be said to  constitu te  
the  prim ary  cause of failure, a num ber of sm aller cracks was also formed 
in th e  upper crysta l. The positions of all th e  cracks observed have been 
recorded on th e  diagram  of the  developed surface (Fig. 4). I t  will be 
scen th a t  th e  m ain  crack approachcd th e  boundary  closely, b u t th a t  it 
d id n o t in tersect nor run  along th e  boundary . The p o rtion  of the 
boundary  close to  th e  end of th is  m ain crack had  obviously suffered 
very considerable d isto rtion , b u t there was no sign of any cleavage 
along th e  boundary , nor d id  any  of the  num erous heavy slip bands in 
th is  region show an y  sign of developm ent in to  cracks.

Several of th e  subsid iary  cracks did, however, in tersect th e  boundary  
in  several places. One of these cracks orig inated  in  th e  upper crystal, 
probably  on th e  site of previous heavy  slip in  th e  region X =  2 0 °; i t  
then  extended upw ards to  th e  boundary  where its  developm ent was 
tem porarily  arrested , passed th rough  a  po rtion  of th e  lower crysta l 
back in to  th e  upper crysta l, in tersected  th e  boundary  again in  several 
places, an d  finally continued in to  the  upper crystal. A t the  lower end 
th e  crack appeared  to  have continued th rough  th e  upper crysta l u n til 
i t  m et th e  boundary , w hen i t  passed in to  th e  lower crystal. A lthough 
th e  process of cracking in  th is  ease alm ost certain ly  s ta rted  along the  
site of prcvious slip bands, i t  should be noticed th a t  th e  crack was 
p ropagated  in to  th e  lower c rysta l along a p iane parallel to  which very 
little  slip had  previously occurred. D evelopm ent along th is  piane 
ra tlier th a n  along th e  slip p iane ac tua lly  operative a t  th is  po in t (in

* The particular and interesting orientation of this crystal is unique among 
those hitherto tested at the National Physical Laboratory.
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th e  lower crystal, F ig. 7) w as clearly  decided b y  th e  preference of th e  
crack to  develop w ith o u t serious deviation  from  th e  circum ferential 
d irection  ra th e r th a n  to  ex tend  ax ially  in to  th e  lower crysta l. The 
portion  of th e  crack th a t  tends to  run  along tlie boundary  (Fig. 4 and 
F ig. 20, P la tę  XV) is also of in te rest in  th is  connection. A t several 
po in ts  th e  crack has s ta rted  to  develop ax ially  in to  the  lower crystal, 
b u t has p en e tra ted  only  a  short d istancc before re tu rn ing  to  th e  cir
cum ferential direction. I d view of th e  fac t th a t  th e  ax ial slip bands 
previously form ed in  th e  lower crysta l them selves showed definite signs 
a t  th is  stage of developing in to  cracks, th is  behaviour is an  excellent 
illu stra tion  of th e  strong  tcndcncy (often previously observed) for a 
crack  form ed in  a crysta l subjected to  torsional fatigue to  propagate in 
th e  circum ferential direction.

(ii) Specimen C IIJiG '2.
A t no stage of th e  te s ts  on tlie specim en CH J4G 2 were there observed 

any heavy  bands of th e  ty p e  th a t  usually  presage failure and  in  the  
te s t im m ediately prior to  tlia t in  which cracking com menced no slip 
a t  all occurred. F ra c tu re  even tua lly  com m enced under a stress rangę 
0f _j_ 1 . 7 5  to n /in .2, one or tw o fine cracks being produced afte r a few 
thousand  reversals of th is  rangę. These sm ali cracks were form ed in 
th e  region X =  300° parallel to  p iane 2 of th e  back  crystal. Subse- 
(juently, afte r abou t 60,000 fu rthe r reversals of ±  1-75 to n /in .2, one of 
these cracks developed to  such an  ex ten t as to  co n s titu te  com plete 
failure. This m ain  crack finally extended from  X — 238° to  X =  40°, 
in tersecting  one edge of th e  in te rcrysta lline  boundary  a t  abou t X =  355°. 
A lthough th is  m ain  crack stopped  woli short of th e  o ther edge of th e  
boundary  (a t ab o u t X — 208°), considerable d istu rbance of th e  surface 
was obscrved in  th is  region, an d  i t  is probable th a t  th e  failure of th e  
crack to  cross th e  b oundary  w as due only to  th e  cu t-o u t of th e  m achinę 
operating before th e  crack was p ropagated  so far. T he positions of all 
th e  cracks observed on th e  surface of th e  specim en afte r failure are 
shown in F ig. 5.

The curves shown in F ig . 9 show th a t  in  th e  region X =  300°, th e  
p iane 2 of th e  back  crysta l was T e ry  higlily stressed. In  addition , 
although in  te s t No. 5 (im m ediately preceding the  te s t in  which failure 
commenced) p rae tica lly  no slip occurred in  th is  or in any  other region, 
in  all th e  preceding tests , in  which any  slip a t  all occurred, w ell-m arked 
bands parallel to  th e  p iane 2  of th e  back crysta l were always observed 
in  th is  region. The in itia tio n  of a fatigue crack in th is  area was therefore 
to  be an tic ipated .

Fig . 21 (P la tę  XV) shows th e  appearance of slip bands in  th e  neigh-
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bourhood of th e  fractu re  afte r te s t  No. 6 a. I t  w ill be seen th a t  m any of 
the  bands show signs of developing in to  cracks.

(iii) Specimen A IA B .
F ailu re  of th e  specim en was presaged by  the  appearance in  te s t  

No. 3a (6000 reversals a t  ±  1-5 to n /sq . in.) of considerable perm anent 
tw ist, w ith  th e  form ation  of a “ corrugated  ” surface and  of a ltcrnating  
slip system s occurring on d ifferent planes (Fig. 16, P la te  X IV ).

F ailu re  occurred afte r a  fu rther 635,700 reversals a t  th e  same rangę 
of stress by  th e  form ation  of a roughly circum ferential crack, confined 
alm ost entirely  to  crysta l B. The eourse of th e  crack, together w ith
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F ig 10 —Specimen AL IB. Map of Cross-Scction of Specimen after Fracture 
(Showing Crack and Boundary).

th a t  of th e  boundary , on th e  surface of th e  specim en is shown in F ig. 6 . 
The specimen w as found to  have sufiered a perm anent tw is t of ab o u t
6 -2 ° abou t 1 ° of th is  being d istribu ted  over th e  length  of th e  specimen, 
a n d th e  rem ainder being due to  th e  tw o p a rts  of the  specimen (separated 
by  th e  crack) having ro ta ted  rela tively  to  each o ther abou t th e  rcm am m g
com paratively  sm ali sound area.

The specimen afte r fracture was cross-sectioned longitudm ally  
along th e  p iane containing th e  axis and  X =  70° an d  250°. The section 
was polished an d  etched, and  th e  crack an d  boundary  m apped (see

°T h e  crack followed in  generał th e  tracc  of th e  3 p iane (crystal B) 
for a  large portion  of its  length. The p iane of m axim um  resolved 
stress in  th e  whole specim en w as th e  1  p iane, b u t as th is  p iane very  
neurly contained the  axis of th e  specimen, th e  constra in t im posed by  th e
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enlarged end an d  tlie  boundary  probably  prevented  th e  crack from  
developing along th is  p iane. I t  is a t  Ieast possible, however, th a t  the  
crack s ta rted  a t  X =  165°, for th e  following reasons :—

(1 ) This is n ear th e  p o in t of m asim um  stress in  th e  whole speeim en;
(2) The crack is here parallel to  the  piane (1) of m axim um  stress;
(3) The crack is here open to  th e  w idest ex ten t, and  th is  is also 

ab  ou t th e  m iddle of th e  crack.

P iane 3 was th e  nex t m ost highly stressed and  w as also th e  m ost 
favourab ly  p laced piane for crack propagation , i.e., th a t  m ost nearly  
perpendieular to  th e  axis. The crack has consequently  p ropagated  
along th is  piane, w ith  occasional deviations, p robably  required  to  
m ain ta in  th e  generał circum ferential direction. These deviations 
som etim es follow crystallographic p lanes and  som etim es do no t. 
General expcrience of fatigue failure of crysta ls ind icates th a t ,  although 
the  fatigue cracks are always in itia ted  a t  positions of m axim um  shear 
stress of th e  opcrative slip planes and  in  directions parallel to  th e  
traces of these planes, y c t th o  generał p a th  of failure frequently  
proceeds in  other directions, often following roughly th e  p iane of m axi- 
m um  nominał shear stress and  exhibiting  a preference to  avoid th e  
restrain ing influence of th e  enlarged ends of th e  speeimen.

Profuse slip band  m arkings were visible a fte r th e  finał te s t (Fig. 8  C). 
These can be sum m arized generally  by th e  s ta tem en t th a t  th e ir  d is
trib u tio n  w as in  extrem ely  good agreem ent w ith  th e  resoIved shear 
stress la w ; th is  applied n o t only to  th e  m ain  areas of th e  crystal, b u t 
also to  regions ad jacen t to  th e  crysta l boundaries, w ith  th e  exception of 
sm ali areas where a few signs of slip on o ther planes were observed 
(see Fig. 23, P la te  X V I). The only o ther regions where m ore th a n  one 
system  of slip w as observed were in  fairly  close prox im ity  to  large cracks 
and  were those where th e  two planes concerned were subjected to  
ranges of stress which d id  no t differ g rea tly  in  in tensity .

I t  w as difficult to  tracę  th e  exact course of th e  fracture rela tive to  
the boundary  a t  po in ts where i t  crossed th e  boundary, b u t th e re  appears 
to  be only a very  sligh t tcndency  for th e  crack to  proceed along th e  
b ou n d ary ; in  generał, th e  crack was approxim ately  perpendieular to  
the  boundary .

V II .— SuMMARY OF RESU LTS AND CONCLUSION.

(a) Distribution o f Shear Stress.

The first generał conclusion, particu larly  from  th e  earłier stages of 
the  te sts , is th a t  th e  effect of th e  presence of th e  boundary  on th e  slip 
deform ation, as estim ated b y  applying the  resolved shear stress law  to



each ind iv idual crysta l. is extrem ely sm ali. In  th is  connection, i t  m ay 
be m entioned th a t ,  in  m any  cases, a greater am ount of slip, which does 
n o t conform  to  th e  shear stress law, has been observed during th e  first 
loading of single c rysta ls th a n  in  tlie tw o-crystal specim ens investigated  
in th e  present tests . This generał conclusion needs m odification neither 
for th e  special case of th e  octahedral p iane com mon to  b o th  crysta ls 
a t  positions w here th e  p iane is “  opcrative ” in  one crysta l b u t n o t in  its 
neighbour, nor for th a t  of th e  sm ali “ out-crops ” of one cry sta l th rough  
th e  otlicr. These out-crops were sm ali, and  s itu a ted  a t  distances from  
the ir p a ren t crysta ls which were large in  te rm s of th e  surface diam eters 
of th e  out-crops, and  th e y  m ay be regarded therefore as analogous, to  
some ex ten t, to  in d m d u a l crysta ls  in  a fu lly -d m d ed  aggregate. The 
slip d istribu tion  observed on these out-crop crysta ls agreed exactly  
w ith th e  resolvcd shear stress analysis of th e  p a ren t crystal.

I t  appears, therefore, th a t  th e  presencc of boundaries has b u t little  
effect on th e  stress d istribu tion , which in  each in d m d u a l crysta l is th a t  
corresponding w ith  th e  d istribu tion  th a t  would be set up  if th a t  crysta l 
composed th e  whole specim en, an d  th a t  th is  conclusion m ay apply  even 
if the  crysta l size is fairly  sm ali. I f  th e  deform ations concerned were 
purely  elastic, th is  resu lt would indicate li t t le  more th a n  th a t  alum inium  
crysta ls are probably  isotropic, b u t, considering th a t  i t  applies w ith 
ccjual force a fte r considerable slip has occurred, i t  suggests th a t  slip 
itself does n o t resu lt in  serious in te rn a l stress nor in any  other m anner 
eifectively a lte r  th e  stress d istribu tion .

(b) General Process o f Deformation.

In  reviewing th e  generał process of fatigue, i t  is im p o rtan t to  re- 
m em ber th a t  all th ree  specim ens were p repared  in  th e  sam e m anner, 
an d  sub jected  to  te s ts  th a t  differed only in  th e  num ber of reversals 
im posed a t  th e  various ranges of stress. The position  of th e  boundaries 
as such has alrcady been sufficiently rem ark ed ; i t  rem ains to  consider 
the  effect of th e  position of th e  boundary  in  rela tion  to  th e  enlarged 
ends and  to  th e  orien tation  of th e  constituen t crystals. The num ber of 
effectively difierent orien tations (relative to  given axes) of a single 
crysta l of alum inium  is s tr ic tly  lim ited  by th e  sym m etry  of th e  la ttice , 
so th a t  th e  o rien ta tion  of th e  constituen t crysta ls should n o t be of 
m ajor im portance. I t  was, however, un fo rtuna te  th a t  th e  to p  crystal 
in  th e  specim en w ith  th e  transverse boundary  should have had  an 
octahedral p iane nearly  perpendicular to  th e  axis of to rsion  and  hence 
nearly parallel to  the  boundary, for under these conditions th e  process 
of slip in  th is  crysta l w ould be expected to  be alm ost independent of any  
effect due to  th e  boundary, and  the result, t h a t  th is  crysta l behaved
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cxactly  as a single crysta l, was alm ost a  foregone conclusion. If  th is  
c ry sta l had  n o t had  th is  p a rticu ia r o rien tation , i t  is possible th a t  the 
effect of th e  boundary  m ight have been g rea ter or a t  least more m arked, 
b u t th e  behaviour of th e  lower crysta l in  th c  same specim en (see Fig. 
20, P la tę  X V ) suggests th a t  th e  difierence w ould probably  n o t have been 
very  great, as, before finał failure of th e  specim en, th e  lower crysta l 
h ad  developed m arkings, which appeared to  be cracks in  an  early stage 
of devclopm ent, on an  octahedral p iane (3) approxim ateIy  perpendicular 
to  th e  boundary .

Tho position of th e  boundary  in  rela tion  to  th e  enlarged ends of th e  
specim en is likely to  have been of g rea ter m om ent. The enlarged ends 
prcsum ably  ac t as fairly  rigid boundaries transverse to  th e  axis of 
torsion. The effect of an  in tercrystalline boundary  also transverse to  
th e  axis is, therefore, a p a r t from  local efiects, only equivalen t to  reducing 
th e  te s t length  of each constituen t crysta l, whereas if th e  boundary  is 
longitud inal a different type of restric tion  is imposed. I t  m ight have 
been an tic ipated  th a t  th is  difference w ould have been reflected in  th e  
am ounts of perm anent tw ist occurring during th e  te sts . No rea l differ
ence between th e  tw o specim ens w ith  nearly  p iane boundaries in  th is 
respect was, however, observed ; th e  am oun t of tw is t occurring in  each 
individual te s t  was sm ali (usually less th a n  2 °) an d  th e  yalues recorded 
appeared  to  be qu ite irregular.

F rom  th e  resu lts of th e  te s ts , i t  can be concluded th a t  th e  behaviour 
of th e  specim en w ith  th e  transverse  boundary  was n o t appreciably  
affected b y  th e  presence of th e  boundary , each crysta l deform ing and 
fractu ring  as if i t  alonc com posed the  whole specim en. The behaviour 
of th e  specimen w ith  th e  longitud inal boundary  differed from  th a t  of a 
single c rysta l in  th ree m ain  p articu la rs  : (i) under each rangę of stress, 
deform ation by  slip appeared to  be sligh tly  delayed, w hilst hardening 
was sligh tly  acce le ra ted ; (ii) th c  heaviest slip bands th a t  were produced 
were n o t definitely of th c  “  m assed ” type, th a t  usua lly  presages th e  
com m encem ent of failure, so th a t  th e  process of slip afforded b u t little  
clue to  th e  probable value of th c  fatigue lim it; (iii) although th e  actual 
process of failure w as sim ilar to  th a t  of th e  specim en w ith the  transverse 
boundary, and  hence sim ilar also to  th a t  of a single crystal, the  in itiation  
of th is  failure (by th e  production  of sm ali in tercrystalline cracks) did n o t 
occur u n til a  stress rangę m uch g rea ter th a n  th a t  sufficient to  cause 
failure of the  specim en w ith th e  transverse boundary  was imposed. 
The behaviour of the  tw in  specimen, th e  boundary  of which w as irregular 
in  form , was m ainly sim ilar to  th a t  of th e  specim en w ith th e  longitudinal 
boundary. No slip a t  a ll occurred a t  th e  lowest stress rangę ( ±  0-75 
to n /in .2), w hilst a t  a stress rangę of ±  0-95 to n /in . 2 slip was exhausted



before any  sign of im m inent failure was observed. F rac tu re  of th is  
specimen was generally sim ilar to  th a t  of tho  o ther tw o specimens, 
b u t th e  rclatively  slow failure a t  th e  high stress rangę imposed ( ±  1 - 6  

to n /in .2) ind icates th a t  th is  specim en was m ore nearly  com parable to  
tho  specim en w ith  th e  longitudinal boundary  th a n  to  th a t  in  which 
the  boundary  was transverse.

(c) Deformation Near the Boundary.

P articu lar features of th e  m icrostructure observed only in th e  neigh- 
bourhood of th e  boundary  were very  few. Slip occasionally occurred 
011 planes on which th e  resoIved shear stress was n o t a m ax im u m , 
slip bands occasionally appeared to  be continuous, across the boundary, 
changing slope as th e y  crossed ; bu t, except in  one ease of slip on the 
tw inning piane of th e  tw in  specimen, the re  was no tracę  either of slip 
in  one crysta l penetra ting  in to  the  o ther or of bending of th e  slip bands 
as tlie  slip p iane changed a t  tlie  boundary . In  some cases slip ap- 
proaclied th e  boundary  closely on bo th  sides, in  some i t  stopped short 
on bo th  sides, b u t its  behaviour in  th is  respect could n o t be correlatcd 
to  th e  stress system , to  configuration of th e  boundary , or to  any  other 
possible cause. In  m any cases add itiona l slip bands were form ed a t  the 
boundary  in  betw een th e  m ain bands. These additional bands pTC- 

sum ably served to  d istribu te  tlie s tra in  to  w hich th e  boundary  was 
subjected.

(d) Failure.

No essential differencc w as observed betw een the th ree  specimens 
in  th e  cracking stages, except, of course, in  th e  m agnitude of th e  applied  
stress rangę a t  which failure com menced. In  a ll cascs, cracks were 
form ed in  one crysta l on, or a t  any ra te  elose to , th e  site of previous 
heavy  slip, and  in  the subsccjuent p ropagation th e  cracks showed pre- 
ference for tlie circum fcrential direction in  a m anner entirely  in  accord- 
ance w ith previous w ork on single crystals. In  th is propagation , also, 
th e  boundaries appeared to  olfer b u t little  resistancc to  the passage of 
th e  cracks, the  p a th s  of which were apparen tly  no t influenced by any 
tendency  to  avoid Crossing th e  boundary . A lthough in  eerta in  instances 
cracks d id  com mence to  occur along or in  th e  near ncighbourhood of 
th e  boundary, in  generał, th e  p ropagation  of th e  crack across the 
boundary  in to  th e  o ther crysta l appeared to  occur much more readily 
th a n  along th e  boundary.

(e) Slrenglh.

The m ain differencc between th e  th ree specimens was in  the ir 
ap p aren t strengths, for, although it  canno t be sta ted  definitely th a t  the
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fatigue streng th  of cither of tlie speeimens CHJ4G2 or A L lB  was 
grea ter * th a n  th a t  of th e  specim en AL5A, i t  is a t  least certain  th a t  the  
form  of th e  stress-endurance curve was altered .

Since th e  effect of th e  boundary  on th e  prim ary  stress d istribu tion  
appears to  be so very  slight, i t  can only be concluded th a t  the  values of 
the  stresses also are b u t little  affected and  th e  influence of the  boundary  
m ust be in  some other direction, I t  is possible th a t  th e  boundary  
causes some restric tion  of s tra in  an d  th a t  th is  restric tion  m ay resu lt 
in  (a) lim ita tion  of slip (in am o u n t); (&) p a rtia l p revention of slip dam age;
(c) delay  in th e  propagation  of cracks. The resu lts of th e  presen t tests, 
in  p articu la r th e  behaviour of th e  specim en w ith  th e  long itud inal 
boundary, are in  favour of (a), an d  (b) m ight well follow therefrom , 
b u t u n til fu rthe r te s ts  to  much g rea ter cnduranccs havc been carried 
o u t (c) canno t be ovcrlooked.
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D IS C U S S IO N .

P r o f e s s o r  D. H A N S O N .f  D.Sc. (Vice-President): This paper seems to me 
so conclusive tliat one has simply to accept the evidence which the authors 
present. All tha t I  can do is to ofler some comments on the generał problem.

The authors are (pi i te right, I  think, when they say th a t the doubts which 
were expressed as to  whether results of experiments on single crystals had 
any bearing on tho behaviour of aggregates are being removed by this work. 
Particularly striking is the vcrification of the law of resolved shear stress 
shown in the case of the specimen with the two crystals in twin relationship 
and the other specimen in which a smali outerop is surrounded by a large 
portion of single crystal. There the correlation between tho original theory 
and what takes place is notable, and I  am particularly glad beeause I  have 
been teaehing the resolved shear stress law to my students for the last six 
years, but only as being true in the case of single crystals. I  think, however, 
th a t there is little doubt th a t it applies in the case of aggregates, and, if it

* To make this claim with confidencc many more reversals at the lower ranges 
would havo had to be imposed (cf. Aeronaut. Res. Citee. R. and M. No. 1025, 1920).

f Professor of Metallurgy, The University, Birmingham.
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applics to th a t littlo outcrop, it will certainly apply when we study masscs 
which consist of a largo number of minutę crystals.

The other point which emergcs is tlie importance of slip as leading up to 
fracture. In  single crystals th a t is well established, but some doubt has 
been expressed whether th a t result could be cxtcndcd to aggregates. All 
the work which has been carried out so far has tended to confirm tho bolief 
th a t the cracks sta rt along tlie seats of initial slip, and there is evidence in 
other directions of the importance of slip-bands as leading to fracture, both 
in the work on eorrosion-fatiguo, with which Dr. Gough and his colleagues 
liavo been assoeiated, where the fatigue cracks certainly started along seats 
of heavy previous slip, and in the work which Mr. Wheeler and I  carried out 
on the flow of aluminium crystals under creep stresses, whero cracking again 
began on the lines of the initial heavy slip-bands formed during the first 
stages of deformation. I  have como to regard it as very nearly proved that 
during this slipping aetion the metal may bo strengthened, but a t  the same 
time scvere damage is donc to the internal structure which does ultimately 
Iead to breakdown a t  those points, either when the stresses aro repcated 
suffieiently often, as in the case of fatigue, or when the load is applied 
sufficiently long, as in the case of crcep stresses, or when the stress is inereased 
considerably, as in tho case of failure by normal tension.

Haying adopted th a t view, I  find especially interesting Dr. Gough’s 
suggestion as to the influence of the boundary on strength, or it may bo on 
endurance, because it is fairly elear th a t the boundary has sonie effect; it 
seems to limit the amount of slip and th a t might also limit the amount of 
damage done to the crystal structure, because I suppose th a t the slipping, 
in th a t case, would be likely to bo distributed over a greater number of slip- 
bands. That is rather consistent with wliat sometimes happens in testing 
aggregates of aluminium under crcep conditions, whero in certain circum- 
stances tho amount of slip can bo distributed in aggregates over a very large 
number of slip-bands, and, by carefully regulating the conditions of stressing, 
those bands can be made so slight th a t it is very difficult to see them a t all, 
whereas in single crystals, where there are no boundaries, it is extraordinarily 
difficult to obtain slip except on widely spaced and rather heavy slip-bands. 
I  beliove th a t the damage done to the metal by heayy slip is considerable, 
and th a t it is on those lieayy slip-bands tha t fracture begins, so that I  find it 
quite reasonable to picture the action of the boundary as affccting tho amount 
of slip and conseąuently the damage to tho crystal structure, rather than to 
attribute it to some alteration in tho mechanism of deformation.

From this point of view, it might bo interesting if the authors could carry 
out some similar tests on specimens a t eleyated temperatures, where under 
creep conditions, this closely spaced type of slip can bo made to take place 
more readily. If they could avoid tho production of heavy slip-bands, and 
get the slip distributed moro uniformly throughout the crystal, they might 
obtain information which would have a bcaring on this problem.

I  should also like to direct attention to the ingenious type of stressing 
system which has been used in these te sts ; th a t is, tho subjecting of the 
specimen to alternating torsions,, whereby a yery considerable amount of 
deformation can be imposed 011 tho materiał without altering the orientation 
of the crystals in relation to the direction of the stresses. Much of the suceess 
of the work has been duo to tho use of this particular type of stressing action. 
I  mention this as it was the use of th a t particular type of action which brought 
home to Dr. Gough in the first place the reality of the resolved shear stress 
law, because the uso of tha t kind of stressing system on single ciystals showed 
th a t even on the same crystallographic piane slipping could take place in one 
direction in one part of the crystal and in another direction in another part, 
controlled entirely by resolved shear stress considerations.
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Finally, I  th ink tha t this work, associated with other work in allicd direc- 

tions which is niainly being carried out by Dr. Gough and his colleagues, but 
to  which some others are also eontributing, shows us th a t fatigue failure is 
not, as was a t one time supposed, a special kind of failure of metals, but th a t 
the mechanism is very similar to th a t of other types of failure, and th a t the 
differences can be accounted for entirely by the difierences in  the stressing 
systems involved, and not by a difference of meelianism in the metal itself,

I  would direct the attention of members to the work on this generał 
problem th a t is-being undertaken in other directions by Dr. Gough, and I  
would refer in particular to the magnificent review of the subjeet which ho 
has given recently in the Edgar Marburg Leeture delivercd to a joint meeting 
of eertain American socictics.

Mr. H. Sutton,* M.Sc. (Member): Those of us who deal moro particularly 
with practical problems before us appreciate the persistent endeavours of the 
authors in  search of fundamental data on fatigue failure. Their method of 
observing and studying the characteristics of deformation before attempting 
an aecurate determination of fatigue limits on their specimens has been 
fruitful, and their choiee of this method of attack seems to be fully justified 
by the results obtained.

I  should like to ask whether the authors liavc scen a preponderance of 
intercrystalline eraeking in any fatigue failure of aluminium-rich alloys or in 
aluminium. I  have not seen any such case; tho few I  have examincd seem 
to have been cascs of simple transcrystalline cracking. I  should also like to 
ask whether they foresee any need to study dimensions of fatigue test-pieccs 
in ordinary materials in order to make our research results capable of inter- 
pretation in the futurę.

Dr. U. R . EvANS,f M.A. (Member): The authors’ researches are leading 
to an understanding of an important and complicated subjeet. I  am in 
generał agreement with their conclusions. Tho ąuestion could perłmps be 
raised as to whether conclusions which are yalid as regards the seeondary 
crystals present in annealed metal would necessarily be valid for the primary 
crystals present in cast metal, but I  do not propose to discuss that, because 
I  understand th a t it is being studied in other researches. In  any case I 
believe th a t an ouncc of agreement is worth a ton of controversy, and the 
metallurgical public are not interested in points where different investigators, 
having approaclied the subjeet from different directions, for tho moment 
disagree, but would welcomc emphasis on the considerable number of points 
where, notwithstanding the different direction of approach, different investi- 
gators have reached similar conclusions. The public want a view of corrosion 
which they can adopt with reasonable confidence th a t they will not have to 
ehange it frcąuently, and I  think tha t we should try  to provide this.

Dr. Gough’s various researches have afforded eyidence tha t the weakening 
produeed by corrosion-fatigue is not due to the rounded pits which are so 
prominent a feature of many types of corrosion, but rather to very narrow 
cracks with sharp ends. Dr. A. J . Gould, of Rangoon University, approach- 
ing the m atter in a different way, has reached almost the same conclusions. 
He examined the corrosion of wires, measuring the damage produeed (a) by 
corrosion alone, and (6) by the same corrosion with alternating stresses super- 
imposed, and assessed the damage in four different ways, namely by loss of 
(1) weight, (2) electricał conductivity, (3) tensile strength, and (4) fatigue

* Senior Scientific Offieer and H ead of the  M etallurgical D epartm ent, Royal 
Aircraft Establishm ent, South Farnborougli.

f Cambridge.
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strength. When tho loss of weight or of electrical conductivity was the 
criterion of damage adopted, alternating stress did not inerease tho rato of 
damage which was produced by corrosion operating alone; but when tlie 
damage was assessed by loss of fatigue strength, alternating stresses were 
found greatly to inerease the rate of damage over and above the rate produced 
by corrosion alone. We are evidently dealing with a form of cavity which 
produces praetically no inerease of loss of weight or of electrical eonductivity, 
but a eonsiderable extra loss of fatigue strength; the only type of cavity 
which fulfils those conditions is the narrow, sharp cavity. Such a eavity 
will produce very little loss of weight, owing to the smali amount of metal 
destroyed, and in a long wire very little loss of eonductivity (except a t the 
last moment when the cavity has extended almost through the speeimen); but 
there will be a very great loss of alternating stress strength, provided the 
cavity is sharply pointed. Dr. Gould, therefore, has reaehed conclusions 
similar to those reaehed, by different methods, by the authors.

Professor B. P. H aigh,* M.B.E., D.Sc. (Member): In  spito of the im- 
portance of this paper, it represents only one step in many which the authors 
have taken to elucidate this problem. That makes it somewliat difficult, 
however, to criticize, because it is not easy to concentrate on tho one point 
now brought before us.

When we look for the influence of the boundary on the slip and the crystal 
round about it, it seems to me th a t there are two directions in which evidence 
can be sought. In  the first place, the authors liave looked to see whether 
the boundary stopped or tended to prevent slip in the m atter round about it, 
and seeondly, they liave looked to seo if it altered the directions of slip. I  
think tha t they tell us clearly th a t it has tended to delay slip; a t any rato 
the piece with the longitudinal boundary has stood out against much higher 
stresses than the other, and the authors liave told us th a t it has altered the 
directions of slip in the early stages. That is important, as I  believe th a t it 
would indicate th a t the boundary is producing an initial stress in the m atter 
round about it which has altered the selection of the planes on which slip 
has occurred; but on the wholo it is certainly remarkable th a t the boundary 
has had so little effect. Only in one of the three pieces do we seo it very 
piainly, and there is not a great deai of efiect there.

Much of the interest of tho paper, however, estends into the more generał 
field, ind the shear stress theory has been demonstrated afresli to be true for 
the directions selected by the slip-bands, a wonderfully elear and convincing 
demonstration tha t the directions selected aro those of the planes of inaximum 
resolved shear stress, but I  wonder whether tlie authors are prepared to say 
tlie same for the direction of the crack. They have pointed out th a t tlie 
crack shows again this time the same preferential selection of the circum- 
ferential direction. Some of the figures in the paper show the crack following 
the slip planes for p art of their way and then jumping across. I t  would be 
very hclpful if the authors would say something about those directions in 
which the cracks jump across. They must have analyzed those directions, 
and they will be able to say whether they are directions in which slip, if it 
could not be expected definitely to occur, becauso the shear stress was less, 
are a t any rate directions in which the shear stress reaehed a fairly high 
value. I t  seems possible tha t they are, but it also seems possible th a t they 
are not, and th a t on the contrary they may be planes of maximum normal 
stress. We are aceustomed to seo fracture occur in more brittle substances 
through normal stress; for example, in glass, one does not find slip, but one 
does find cracking under normal stress. In  this aluminium crystal, which

* Professor of Applied Meehanics, Royal Naval College, Grecnwieb.
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is probably as plastic a materiał as one could find, it would bo interesting to 
know if there is any eyidence of normal stress coming into operation a t  all.

D r . C. H. D e s c I i ,* F.R.S. (Vice-President) : I t  has been shown liere 
th a t the influenco of tho boundary in these particuiar cascs is smali, and 
porhaps rather unexpectedly smali, although we know th a t when tho ratio 
of boundary surface to yolume inereases very much, as with flne-grained 
metals, tho influence of the boundary is very elearly seen. I  think tha t 
Professor Hanson’s suggestion th a t the spaeing of the bands may depend 
very much on the grain-size is a point which needs to be followed up, but I 
would suggest th a t probably the boundary effect comes in mainly in those 
properties of metals into which the time factor enters. We know how im
portant it is in creep, and if we were to carry out high-temperature experi- 
ments I  imagine the boundary effect would be greatly increased. I t  might 
also have some effect on fatigue properties if it were possible to vary the 
frequency within very wide limits. Within all practicable limits the effect of 
freąuency on fatigue is comparatively smali. If  experiments could be carried 
out with extremely high, and extremely Iow, rates of altcrnation, I  believe 
th a t the influence of the boundary would be found to be considerably greater.

Dr. C. P. ELAM,f M.A. (Member): The effect of the crystal boundaries 
has been dealt with already. Tho amount of plastic distortion is so smali 
in  this form of testing th a t there is no change of orientation occurring in the 
neighbourhood of the boundary such as is obtained in other forms of testing 
where the distortion is very much greater. Dr. Gough and his co-workers 
will probably remember the work th a t W. L. Aston carried out on tensile 
tests of aluminium test-pieees consisting of two or three crystals. He found 
th a t the clianges which occurred a t the actual boundary were practically 
nil, but its influenco was felt perhaps 2 mm. or 3 mm. a t least away. This 
effect is less marked where the orientation does not change during the test 
and the gradually changing influence of one crystal orientation on another 
is not obtained.

When discussing boundaries between twin crystals it must be elearly 
borne in mind tha t these may be of two kinds. If the piane of composition 
is actually the twin piane, rather different results may bo expected from 
those which are obtained where the piane of composition resembles in every 
way a normal crystal boundary. My cxperience is th a t twin boundaries 
arc cxactly like any other kind of boundary, and alfcct the orientation and 
the change of orientation and the type of slip in exactly the same way as 
•ordinary crystal boundaries.

One of the most interesting cascs would be tha t in which the actual twin 
(octahedral) piane was the piane of maximum rcsolyed shear stress in both 
parts of the twin.

Is it true th a t cracks always follow plancs of slip ? I  think on the whole 
th a t they do not, although in some cases it  is so. I  have lately examined 
some p brass crystals where the planes of slip are also the plancs of fracture, 
and in certain brittle substances tha t is also the case, but it is a little doubtful 
whether one can assume th a t changes th a t take place on the slip piane arc 
the same as those causing fracture.

The authors may be interested to know tha t I  liave quite definite proof 
of the type of structure to  which they refer as their “ lierring-bone ” struc- 
ture, which is caused by slip in one region on one piane and in the neighbouring

* Superintendent, D epartm ent of M etallurgy and M etallurgical Chemistry, 
N ational Physical Laboratory, Teddington.
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region on another. In  some (3 brass crystals which I  have examined these 
bands form pseudo-twins where bands of materiał slipping on one piane 
alternating with bands of materiał slipping on another piane which may 
be a t 60° or even 90° to the first are obtained. If  seetions are cut through 
these and polished tliey look like twins. If the orientation were not 
determined it would be said th a t they were twin crystals. This, I  belieye, 
is what Dr. Gough himself thinks happens with aluminium crystals. I t  is 
also noticeable th a t this type of deformation takes place a t  or near crystal 
boundaries, and I  have always believed th a t the boundary, in some way 
which it is rather difficult to cxplain a t the moment, just turns the scalę, as 
it were, between slip on one particular piane or another, thus causing the 
banded structure to which I  have referred.

Another point which I  should like to mention is th a t tho absence of yisible 
slip-bands does not neeessarily mean th a t slip-bands do not exist. I t  has 
always been stated th a t [3 brass crystals never show slip-bands, but tlicy do 
show slip-bands if they are polished carefully and if they are looked for 
properly. The point is, tliat if the actual amount of moyement on each 
slip-band is less than a certain definite amount no evidence of them is seen 
even under high magnification, but this does not mean to say th a t they are 
not there.

Mr. P . H arcireaves,* A.R.S.M., D.I.C. (Member): I  believe tha t the 
authors have definitely established the resolved shear stress law in the case 
of single crystals, and also when two are present. I  suppose th a t it may 
now be assumed th a t the law is operating when they work on a microcrystal- 
line test-piece and see slip, but this in itself does not seem to get us very far, 
and I  wonder how the knowledge is going to be applied in th a t case. I t  has 
been pointed out more than once th a t a test-piece consisting of more than 
two crystals is not comparable in some ways with a  microerystalline test- 
piece, because there can be no adjustnient of orientation of indiyidual crystals 
by movement of one ovcr the o ther; but the work the authors are carrying 
out should decide tha t point.

In  a paper on the corrosion-fatigue of a test-piece consisting of two 
crystals,f the first cracks observed were associated with the crystal boundary. 
They were i  in. long and J  in. long, respeetively, when first scen. In  a case 
like th a t I  think tha t I  am right in saying th a t it is not possible to determine 
where they started. They are there, and whether they started a t  one end 
or the other or in the middle cannot be stated. I t  seems tliat in order to 
decide th a t question, great patience as well as good fortunę will be requircd 
in order to note the cracking a t its birth, so th a t it can be known exactly 
where it starts, and not where it has finislied.

Lead fails by intercrystalline cracking under fatigue action, whilst iron 
does not. Aluminium is in some ways intermediate between these two 
metals, and I  think tha t it is possible tha t under diSerent conditions both 
the intercrystalline type and the other type of fatigue-eracking might be 
obseryed. In  this work there is a certain hint th a t it may have occurred, 
because it has not been possible to say exactly where the cracking started.

I  should like to raise another point. One gathers from this work th a t a 
disturbance in metals by fatigue stresses is very much the same as tha t pro- 
duced by ordinary cold-working or straining, the effect of which is well known; 
so long as it is not over-worked, heat-treatment will restore tlie original 
properties of the metal. I t  might be of assistance in the work the authors 
are undertaking if they carried out some such test so as to determine once

* Chemist, Southern  Railw ay, Eastleigh.
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V O L .  L I V .  p



226 Authors Reply to Discussion
for all whether the effect of fatigue stresses is tlie same as th a t of other 
methods of cold-working. Laute and Sachs * carried out tests on these lines 
on nickel-steel, and the results indicated th a t recovęry did not take place. 
They found the cndurance of test-pieces, and then subjected other similar 
ones to a number of reversals of stress below th a t which would cause failure. 
They then annealed them, tested them again, and found th a t the annealing 
had not restored them. Machinę parts can be removed and annealed a t 
different times during their life, and the ąuestion arises whether by so doing 
we may not bo actually reducing tlieir life. In  eertain parts of locomotives 
tha t particular ąuestion faees us now, and tho authors might help them- 
selves and help us by eonsidering this point.

Mr. Sopwith (in reply) :  Professor Hanson mentioned th a t tho restricting 
effect of the boundary was such th a t in single crystals one obtained only very 
heavy and well-marked slip-bands, but I  think tha t a later remark by 'Dr. Elam 
showed th a t there might be slip-bands present even on single crystals which 
were very similar in "type to those which occurred on aggregates. We are 
indebted to Professor Hanson for his suggestions as to tests a t high temperature.

Mr. Sutton remarked th a t the size of fatigue specimens might have some 
effect, but it seems to us th a t th a t effect is likely to oecur only if the size of tho 
individual crystals and specimens is such th a t they extend over a relatiyely 
large portion of the diameter; it is generally aeceptod th a t in smali crystal 
aggregates no fatigue scalę effect occurs, a t any rate in the rangę covered by 
specimens of from £ in. up to 2 or 3 in. in diameter.

The account of Dr. Gould’s work given by Dr. Evans is of great interest, 
and we are glad to hear tha t work on other lines has confirmed our opinions as 
to the operative causes in corrosion-fatigue.

Tlie direetion of the cracks was mentioned by Professor Haigli, who stated 
th a t although a considerable proportion of tho length of the crack followed the 
most highly stressed directions, there were “ jumps.” In  practically all cases 
these followed planes on which the stress was almost, if not ąuite, as high as tha t 
on the operatiye piane, the amounts of the cracking on the two or more planes 
being such tha t tho direetion of the crack as a whole was roughly circum- 
ferential, as for instance in Fig. 6, in  which there are several ąuite clearly 
discernible slip directions.

Dr. Elam mentioned th a t tho effect of the boundaries might be different in 
the ease of tlie twin specimen if the piane diyiding the two crystals had been 
the piane of composition, the twinning piane. Some evidenee on th a t point is 
given by the work carried out by Dr. Gough and Mr. Cox on the behaviour of 
zinc in altcrnating torsion, in which ease a considerable amount of the distor- 
tion takes place actually by twinning, and the boundary between the original 
structure and the twinned structurc is straight. Exactly the same thing occurs 
in these cases as has occurred in the present crystals; th a t is to say, the 
slipping in the neighbourhood of the boundary is entirely unaffeeted by the 
prcsence of the boundary. The herringbone structure, we have found, nor- 
mally occurs only after a considerable amount of distortion lias taken place, 
and it occurs,'as Dr. Elam mentioned, usually on the two most highly stressed 
planes. The reason for this seems to bo similar to th a t which I  liave just 
referred in eonnection with the different directions taken by the cracks, to 
accominodate the distortion by shear in the two most highly stressed directions.

I t  is intended to go on from these tests on specimens consisting of two 
crystals to specimens consisting of four crystals. We havc no intention of 
making any assumptions, but intend finally to build up to microcrystalline 
aggregates, as mentioned by Mr. Hargreayes.

* Z . V . d . I . ,  1028, 72, 1188; and  (sum m ary) T h e  M c l a U u r g i s l  (Suppt. to 
E n g i n e e r ) ,  1028, 4, 173.
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C O R R E S P O N D E N C E .

Ti e  A u t i i o k s  (in further reply to the discussion at the meeting) : We would 
express our thanks to Dr. Hanson for his very intcresting and congratulatory 
remarks, and note th a t he is in agreement with our generał deductions regard- 
ing the influence of the intercrystałlinc boundary on fatigue. He refers to the 
very intcresting work on slip-bands carried out by himself and Mr. Wheeler 
and, with respect to his suggestion, it would appear intcresting to carry out 
fatigue tests on single crystals a t elevated temperatures and to find out whether 
a different type of slip-band was produced and the method of failure; we may 
do this if opportunity permits. As Professor Hanson remarks, the beliayiour 
of a single crystal under alternating torsional stresses is jirobably tlio most 
conyincing demonstration of the application of the maximum resolved shear 
stress law. In  reply to Mr. Sutton, we haye not yet made any tests on tho 
fatigue properties of aluminium-rich alloys and, therefore, haye no inforination.
0  ur experience with regard to aluminium is contained in the paper.

Dr. Evans’ remarks on the results obtained by Dr. Gould a t Itangoon aro 
extremely interesting. We shall look forward with great interest to tho 
publication containing the detailed results of these researches.

Professor Haigli raises a very interesting point as to the direction of propaga- 
tic n of fatigue cracks in single crystals and asks whether these follow in generał 
the planes of maximum resolyed shear stress or are influenced by normal stress 
considerations. I  think tha t our generał experienee could probably be summed 
up by the statement tha t, in generał, tlie direction of propagation of fatigue 
cracks is not nceessarily associated with slip direction. In  some crystals in 
which the slip planes liappcned to coincide with the easiest direction of fracture 
(with respect to tlie applied external forces) tlie cracks followed the same generał 
direction as the slip piane but, in many other cases, this was not so ; it appears 
tha t tlie point of initiation of a fatigue crack is determined by the maximum 
resolyed shear stress but we have considerable reason to believc th a t the 
propagation of the craek is greatly influenced by normal stress considerations. 
Particularly is this the case in  an experiment, the results of which are not yet 
published, in which two crystals were subjected to similar ranges of alternating 
shear stress, but, whereas in the one case an axial tensile stress was superim- 
poscd, in tho other an axial eomprcssiye stress was applied; conditions during 
the fracture stage were very greatly influenced by the superimposed normal 
stress.

Dr. Desch made a very interesting suggestion th a t the boundary would be 
found to exert a greatly inereased effect a t yery high rates of alternation. We 
also believe th a t this is probably the case especially in view of the work of 
Professor C. F . Jenkin.

Dr. Elam remarks tliat, in the cases described, tho total amount of plastic 
distortion occurring during tho test is yery smali compared with, for example, 
static tensile tests. This is, of course, quite tn ie  and it is for this particular 
reason that torsional straining is niainly employed in our work. We would 
also remind her th a t in the normal fatigue failuro occurring in practice, vcry 
little “ mass ” distortion occurs. Her experiences regarding the effect of 
boundaries on the deformation of twin crystals are extremely interesting. 
Dr. Elam also refers to the relation between fatigue cracks and slip planes, and 
we would refer her to our reply to Professor Haigli. We are gład to have 
Dr. Elam’s confirmation that the herring-bone structure is eaused by slip in 
one region on a series of planes and in an adjacent region on another set. We 
haye checked up this conclusion in several cases. When one considers th a t in 
sonie parts of tho specimen, competing slip planes are subjected to very nearly 
the same amount of shear stress, it is not a t all surprising th a t tho herring-bone
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structure is sometimcs obserycd. I t  is also quite possible, as Dr. Elam sug- 
gests, tliat when this structure occurs in the neighbourhood of a boundary, the 
boundary may have had some influence in  determining the operative slip 
plancs.

Mr. Hargreayes raises a very interesting point when he asks whether tho 
process of fatigue can be removed by heat-treatment. This is an aspect of 
fatigue phenomena which is definitely in our progranime to investigate a t  some 
time but on which, for the moment, I  rcgret th a t we have no experimental 
eyidence of our own.
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T H E  CO NSTITU TIO N  OF C O P P E R -IR O N - 
SILICO N  ALLOYS.*

By P kofessor D. HANS ON,t D.Sc., Yic e -Peiotdent , and E. G. WEST.t
Ph.D.

SYNorsis.
T he constitution has been exam ined of alloys containing up to  8 per 

cent. of iron and  8 per cent. of Silicon. The solubility of iron m  copper 
is decreased by th e  presence of Silicon. Over the  greater portion of the  
rangę of compositions exam incd, iron exists in th e  alloys as such, eon- 
taining only a  sm ali am ount of Silicon and copper in so lu tion ; its  solu
bility  in th e  solid s ta te  decreases rapid ly  w ith fali of tem perature  and 
bccomes very sm ali below 700° C. W ith in  certain  ranges of composition, 
iron and Silicon combine to  form  another constituent, probablyJ?  eoi, 
which form s a  series of alloys w ith  th e  a  solid solution. FeSi also 
appears to  form  system s of alloys w ith th e  a ,  f i ,  y ,  S , and  e  constituents 
of th e  copper-silicon series. The shape of th e  liquidus and sohdus curyes 
has been determ ined and th e  changes oeeurring in th e  system  during 
th e  process of cooling from  th e  liquid sta te , havo been indicatcd.

T he constitu tion  of th e  alloys suggests th e  possibility of modifying 
their m echanical properties by  liea t-treatm ent.

Introduction.
CoppER-rich a lloys co n ta in in g  m e ta llic  silicides liavc  a t t r a c te d  a tte n tio n  
re c e n tly  o n  a c c o u n t of th e ir  c a p a c ity  fo r h e a t- tr e a tm e n t , b u t  veTy li tt le  
h a s  b een  p u b h sh e d  on  th e  su b je c t of th e  c o n s titu tio n  of th e se  alloys. 
T he  p re s e n t p a p e r  d ea ls  w ith  a lloys of th e  sy s tem  co p p er—iro n -silico n .

Corson’s 1 pap e r on th e  p recip ita tion  of silicides in  copper-rich 
alloys gave only a few exam ples of copper-iron-silicon alloys, and 
th e  results ta b u la ted  are for physical properties only. I t  is evident 
from  his photom icrographs t l ia t  his alloys were n o t nearly  in  a sta te  
of ecjuilibrium, b u t uniform  solid solutions were said  to  be ob tained 
a t  930° C. in  all alloys containing less th a n  1-0 per cent. of iron. H e 
suggested th a t  F e 2Si was th e  effe.ctive silicide of th e  system  w ith  a  solid 
solubility  betw een 1*3 per cent. and  2-5 per cent. E llinghaus 2 gave

* M anuscript received Novem ber 2, 1033. P resen ted  a t  th e  A nnual General 
M eeting, M arch 8, 1934.

t  Professor of M etallurgy, The U niversity , Birmingham.
+ Research S tu d en t, M etallurgieal D epartm ent, The U m versity , B irm ingham .
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results for nine alloys of tliis system , principally  m echanical and elec- 
trica l properties. A nnealing tem peratu res above 800° C. were n o t 
em ployed, b u t th e  softening tem peratu res a fte r cold-working were 
obtained. The cffectivc silieide was s ta ted  to  be FeSi, and  an  alloy 
containing 2-38 per cent. of iron  and 2-54 per cent. of Silicon was sta ted  
to  be a  liomogeneous solid solution w hen east. H is conten tion  th a t  
th e  solubility  lim it of iron  in  copper is raised by  add ition  of Silicon 
does n o t seem to  be in  accordance w ith  his photographs.

S I L I C O N ,  W E I G H T  P E R  C E N T  
F ig . l i—Copper-Silicon Alloys. (Smith.)

T h e  B in a r y  S y s t e m s .

These have  all been investigated  recently , and  th e  eąuilibrium  
diagram s m ay be sum m arized as follows :

(i) Copper-Silicon. The reactions according to  S m ith  3 are given 
iu F ig. 1, the  chief po in ts  being th e  configuration of th e  a-phase 
boundary and  the com plesity  of th e  reactions beyond th is. The solid 
solubility  of Silicon in  copper inereases from  5-25 per cent. a t  852° C. 
to  6-7 per cent. a t  785° C., and  rem ains a t  th is figurę u n til a  tem pera tu re  
of 725° C. is reached ; below th is  tem peratu re , th e  solubility  falls to  
4-1 per cent. a t  400° C. The photom icrograpks given in  th is  paper 
enabled th e  phases under review in th e  p resen t researeh to  be readily  
identified. L ater work by  M atuyam a,4 Iok ibe,5 and  others, has n o t 
altered  th is  p a r t  of th e  diagram .



(ii) C opper-Iron. The d iagram  of R u e r an d  G oerens,8 ta k en  in* 
conjunction w ith  th e  w ork of I lan so n  and  F o rd ,7 gives a, com plete 
survey of the  system , which is shown in F ig. 2. The solubihty  of puro 
iron in  solid copper decreases from  3-9 per cent. a t  1100 0 . to  less th an
0-2 per cent. a t  750° C.

(iii) Iron-S ilicon . Published diagram s vary  in  a  num ber of d e ta iis ; 
th a t  due to  H augh ton  and  Becker 8 is given in  F ig. 3, th is  having been 
used in  preference to  o thers published. They s ta te  th a t  two com pounds 
are definitely presen t, and  possibly a  tb ird . These are FeSi a t  ap-
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p I0_ 2,—Iron-Copper Alloys. (Ruer and Goerens ; Hanson and Ford.)

proximately 33 p e r  c e n t .  of S ilic o n , F c 2Si5 at 55 p er c e n t . ,  with I1 c:jSi2 
a t  26 per cent. of Silicon as a possible solid solution of FeSi in  the a 
phasc.

The p resen t paper deals m ainly  w ith  th e  a (copper-rich) solid 
solution rangę, b u t o ther part-s of th e  te rn a ry  system  have to  bo con- 
sidered in  th e  survcy of the  copper corner.

E xperimental D etails.

The experim ental m ethods are given in  some detail, as th e  slight 
varia tions in  procedure som etim es cause corresponding varia tions in  
the  resu lts obtained by  different w orkers in  researches of th is  natu rę .

(i) Casting and W orking.
To facilita te  alloying, which is ra th e r difTicult when the  pure com- 

ponents are used, tem per alloys were em ployed, and  the ir com positions,
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toge thcr w ith  th e  analyses of th e  original m aterialś, are given in

M ateriał.
Copper,

%•
Silicon,

%•
Iron ,
%•

Oarbon,
%■

O tlier E lem ents, % .

American washcd iron 
Silicon

Temper alloy 1 . 
Temper alloy 2 . 
Temper alloy 40

19-3
75-1
48

97*0

13'2
24-6
18

96-1
1-8

67-2
tracę
34

3-8
tracę

tracę

tracę

0'10, max. impnrity 
1-0 Al, 0'2 Ca, tracę 

Zn

tracę Al

T a b le  I I .— Compositions (by A nalysis) o f the Alloys.

No. Iro n , % . Silicon, % . Copper, % .

1 67-2 13-2 19-3
2 tracę 24-6 75-1
3 0'10 0-54
4 o-io 4-4
5 0-25 2-54
6 0-25 7-0
7 0-31 1-34 98:31
8 0-50 8'9
9 1-1 4-8

10 1-3 0-7
11 1-45 1-45
12 1-85 1-3 96'82
13 1-0 7-0
15 2-94 1-36
16 2-95 1-8
17 3-3 2-65
18 2-7 3-98
20 4-7 1-7
21 4-2 1-75 94;Ó1
22 4-1 2-2
23 3-6 5-5
24 4-15 5-4
27 50 1-0 93:8
28 5-5 1-8
29 6-3 2-1
31 4-95 5-5
33 0-62 0-26 99:Ó4
34 0-47 0-74
35 0-10 2-14 97:76
36 0-5 2-1 97-2
37 1-27 1-8
38 1-8 1-6
39 1-05 0-25 98*5
40 34-0 18-0 4S-0
41 2-0 0-85
42 2-54 1-28
43 2-95 1-45 96*4
47 2-5 2-05
48 3-45 1-0



Traces of carbon and alum inium  were found in  th e  tem per alloys, 
b u t these were elim inated in  the  m aking of the  finał alloys, in  which 
neither carbon, alum inium , nor calcium  could be detected.

lh e  fmal alloys were m ade as fo llow s: copper was m elted under 
charcoal in  a  closed Salam ander crucible in  a  gas-fired furnace an d  the  
reąuired  am oun t of tem per alloy No. 1 added. The m etal was well 
s tirred  and allowed to  s tan d  for a  few m inutes before alloy No. 2 was 
added. The m e lt was again  well s tirred  and  east from  1200° C. in to  
sp lit chill m oulds 1 in . in diam eter. The bars were ab o u t 4 in. long 
and  12 oz. in  weight.

The eom positions of th e  alloys are given in  Table I I .

(ii) Therm al A nalysis.

Cooling and  heating  curves of all alloys were ob tained, a  g rad ien t 
furnace being used. The cooling curve was tak en  first, and  th e  heating  
curve th en  ob tained im m ediately, and  th e  specim en allowed to  cool in 
th e  air. The lid  was k ep t on th e  crucible th roughou t, to  p rev en t 
ox idation  of th e  m elt, and  chem ical analysis showed th a t  th e  changes 
in com position were negligible, th e  m axim um  silicon loss being 0-05 
per cent. Segregation had  occurred in  some cases, however. The 
ra te  of hea ting  an d  cooling was ab o u t 20° C. p e r m inutę, readings 
being ta k en  every 5° C. T he couple w as calib rated  a t  in te m d s , the 
m elting po in ts of copper, silver, silver/copper eutectic , alum inium , 
zinc, an d  tin  being used, and  considering all possible errors due to  
calibration , e.m .f. m easurem ent, and  p lo tting , the  m axim um  inaccuracy 
is approxim ately  10° C.

The resu lts of th e  therm al analysis are given in  Table I I I .

(iii) Heat-Treatment.

According to  S m ith  * th e  ra te  of difiusion of silicon to  th e  surface 
of copper-silicon alloys is extrem ely  high, and prelim inary  experim ents 
confirm th is ; to  avoid oxidation losses, th e  alloys were annealed in  m c  u o. 
I t  was also ap p a ren t th a t  the  alloys were likely to  recpiirc very  long 
annealing periods to  a t ta in  eąuilibrium , and  th e  ap p a ra tu s  was devised 
w ith  each of these p o in ts in  view. Specimens approxim ately  \  x  \  X £ 
in. were cu t from  the  chill-castings and  were cold-worked b y  ham m ering 
before trea tm en t. T hey were cu t longitudinally  for exam ination  in 
every  case. Specimens were annealed  in  th ick  silica tubes, 18 in. 
long by § in. in tern  a 1 diam eter, sealed a t  one end, six specim ens being 
placed in  th is  end. F o u r tubes were h ea ted  in  a  N ichrom e w ound 
furnace, giving a uniform ly heated  zone 4 to  6 in. long in  the  centre.

* Loc. cii.
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T a b l e  I I I .-—Data fo r  Ihe L iquidus and Solidus Surfaces.

Alioj’
No. Liąuidus, °0. Sccond Stagc, 

°C.

Solidus, °C.

Liąuid. No Liquid. Solidus.

3 1077
4 987 905 895 900
5 1038 990 985 985
6 877 855 850 850
7 1064 1040 1035 1040
8 830 817 810 813
9 * 968 885 870 875

10 1075 1045 1030 1040
11 1060 1010 1000 1005
12 1062 1010 1000 1005
13 S91 865 855 860
15 * 1067 1025 1015 1020
IG * 1055 1010 1000 1005
17 * 1037 970 965 9G5
IS * 1007 940 925 930
20 * 1067 1025 1015 1020
21 * 1058 1020 1000 1010
22 * 1045 1005 995 1000
23 * 985 920 910 915
24 * 973 920 910 915
27 * 1080 1045 1035 1040
28 * 1078 1040 1025 1032
29 * 1060 1030 1010 1020
31 * 980 935 925 930
33 1080
34 1072 1060 1040 1050
35 1052
36 1057 998 995 995
37 1050 1005 995 1000
38 1054 1005 995 1000
39 1083
41 1075 1040 1030 1035
42 1067 1010 1005 1010
43 * 1064
47 * 1045 990 990 990
48 * 1070

* Tho arrcsts a t the liąuidus were too smali to be recorded with any certainty. 
Tho liąuidus eorresponding with the separation of iron crystals was determined 
roughly by obscrving the temperaturę at which crystals appeared at the clean 
surface of alloys melted in nitrogen and cooled slowly from above the liąuidus 
temperaturo. The Iow density of the iron crystals facilitated their detection in 
this manner, and the method could probably be made very accurate. The follow- 
ing observations were obtained :

Iron , % . Silicon, % . L iąuidus,

3-0 2-0 1126
4-0 2-0 1210
3-0 3-0 1235
2-0 4-0 1135
2-0 7-0 1158



l h e  pro jecting  ends of th e  tubes were stopped  w ith  a ir-tig h t bungs 
and connected to  a  pum p th rough  a ir-tig h t cocks. The pum p was 
run  daily  for sh o rt in tervals, an d  specim ens were qu ite  b rig h t w hen 
rem oved. The tem p era tu re  was controlled by  a H augh ton -H anson  
th e rm o sta t and  was m easured b y  a  Chrom el-A lum el couple placed 
am ong th e  annealing tubes, and  connected to  a th read  recorder. The 
annealing tem peratu res em ployed were 1025°, 970°, 925°, 870°, 800°, 
750 , 675 , and  550° C., an d  the  corresponding varia tions in  th e  anneal
ing period are given in  th e  ta b u la ted  results. The annealing te m 
p era tu re  never rose above th e  reąu ired  figurę, an d  th e  m axim um  fali 
did n o t exceed 10° 0 ., even th is  being only m om entary . Quenching 
was carried  o u t as follows : all th e  cocks were closed, an d  one tube  
a t  a tim e was opened, w ithdraw n from  th e  furnace, and  inverted  over 
a large b a th  of w ater a t  15° C. The tim e taken  to  quench the  specim ens 
was ab o u t one second, an d  no appreciable cooling to o k  place before 
th ey  en tered  th e  w ater.

The results of th e  h ea t-trea tm en ts  are given in  Tables IV  and  V.

(iv) Delermination o f the Solidus.

The annealing tem peratu res were too fa r a p a r t to  give the  solidus, 
and  th e  g rad ien t furnace was modified to  allow specimens to  be ąuenched 
rap id ly  from  a know n tem pera tu re . A  m etal cpienching b a th , 8 in . deep 
and  6 in. in  diam eter, was fitted  round  th e  pillar, P  (Fig. 4), w ax being 
used to  ensure a  w ate r-tig h t jo in t. The couple was placed inside the  
pillar, and  th e  h o t junction  was b en t a t  90° a t  the  top  of the  pillar.
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T a b l e  I \ . Microslructure o f Annealed and Quenched Specimens.

T em p., 0  C. 870 830 800 750 675 550
Tim e, H rs. 170 100 200 2-10 270 300

Alloy No. C onstituen ts  present.

*1
G
9

12
13
15
IG
17
18 
20 
21 
22
27
28 
38 
43

a
CŁ -  Xj

a  4- F e  
a  - f  F c  

L iq . 
a  +  F e  
a  - f  F e  
a  4- F e  
a  - f-  F e  
a  4 -  F e  
a  - j -  F e  
a  - 4  F e  
a  4 -  F e  
a  - f-  F e  
a  -j-  F e  
o  4*  F e

a  4* /?  

a  +  +  F e S i

: : :

a
a  4- fi 

a +  F e  
a  4- F e  

a  - f -  S  - f-  F e S i  
a  4- F c  
a  4 -  F e
a  4 -  F e  
a  4 -  F e  
a  4 -  F e  
a  +  F e  
a  4 -  F e  
a  -}* F e  
a  4 -  F e  
a  4 -  F c
a  4 -  F e

a  -J- Fe 
a  +  5 -I- FeSi 

a  -{- Fe 
a  4’ Fe 

a  +  FeSi -f- y  
a  +  F e
o 4 -  F e
a  4 -  F e 
a  4 -  F e 
a  4 -  F e 
a  *f* F e  
o -j- F e  
a  4"  Fe 
a  4 *  F e 
a  +  F e 
a  4 -  F e

a  +  F e  
a  +  F e S i  -f- y  

a  4- F e
a  4 -  Fe 

a  4* FeSi 4* y 
a  4- Fe
a  4 -  F c  
a  4- F e  
a  4 -  F c
a  4“ F e  
a  4" F e  
a  4 *  F e
a  4 *  F e  
a  4 -  F e
a  +  F e  
a  4 -  F e

a  4- F e  4- y  
a  4- FeSi 4- y  
a  4- F e  4- y

a  4- F e 
a  4- FeSi 4- y  

a  4- F e  
a  4" Fe 
a  4- F e  
a. 4* F e  
a  4- F e  
a  4* F e  
a  4- F e  
a  4* Fe
a  4~ F e 
a  4- F e  
o  4* F e



T a b l e  Y  .— M icrostructure o f Annealed and Quenched Specimens in  the
a Rangę.
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Tem perature,®  C. 1025 970 925 S70 800 750 675 550

Tim e, n r s . -18 100 100 170 200 2-10 270 300

Alloy
N o.

Iron ,
%■

Silicon.
%•

C onstituen ts  p resen t 
(sec no te  below).

3 0-1 0-54 A A A A A A* B B
4 0-1 4-4 L C C A A* B B D
5 0-25 2-5 C A A A* B B B B
7 0-31 1-34 A A A A B B B B
9 1-1 4-8 L L C B B B B D

10 1-3 0-7 A A? B B B B B B
11 1-45 1-45 C B B B B B B B
12 1-85 1-3 C B B B B B B B
33 0-62 0-20 A A A A B B B B
34 0-47 0-74 A A A A B B 33 B
35 0-10 2-14 0 A A A A B B B
36 0-5 2-1 0 A A* B B B B B
37 1-27 1-8 C B B B B B B B
38 1-8 1-6 C B B B B B B B
39 1-05 0-25 A A A B B B B B
41 2-0 0-85 A B B B B B B B

N o te .__* indieates th a t the alloy was on the limit a t this temperature.
A . . . homogeneous a.

B .' . • - a-l- iron-
C . . • • O +  liąuid-
p  . . a +  iron and traces of y.
L . • . a l l  liquid.

A smali piece of N ichrom e foil rested  over tlie  h o t junction , an d  a 
silica tu b e  w as placed inside tb e  pillar, projecting  from  tlie lower end. 
Tlie details are given d iagram m atically  in  F ig. 4.

T he h o t zone of th e  furnace was m ain ta ined  a t  1050° C. and  th e  
furnace calibrated , so th a t ,  b y  m eans of a  scalę fitted  to  th e  side, any 
required  tem pera tu re  w as ob ta ined  by  m oving the  furnace over the 
specim en. 'S m a li specimens ab o u t ł  X J  X ł  in., were coated  w ith 
a wash of A lundum  to  p rev en t excessive oxidation  and  placed on the  
foil. The furnace was lowered and  th e  tem peraturo  m ain ta ined  for 
15 m inutes. The tem peratu re  was checked and  th e  specim en dislodged 
by  an  upw ard  th ru s t of th e  silica tube, so th a t  a  rap id  quench was 
ob tained. The b a th  was m ain ta ined  a t  15° C. Iden tical specim ens 
were quenched a t  tem pera tu re  in tervals of 10° C.

(v) Polishing and Etching.
Specimens (other th a n  silicon-rich alloys) polished in  th e  usual 

m anner on em ery paper and  finished on m oist cham ois leather w ith



m agnesia pow der, exhibited  large holes w hen viewed under the  m icro- 
scope. Ih c se  were due to  th e  rem oval of partieles of an  iron-rich 
constituen t, and all speeim ens were therefore polished in  the  absence
o w ater. P arafhn  was used on th e  em ery papers an d  alcohol on the 
cham ojs leather, when good surfaces free from  holes were obtained. 
Al o s°b itions were used for etching w henever possible. F erric  
chloride solution in alcohol, chrom ie acid (Vilella’s reagent), 10 per

cont. hydroehloric acid in  alcohol, and  
hot-j 'unction p ij SPECIMEN S m ith ’s b ichrom ate-chloride reagent were

found sa tisfac to ry  for etching th e  copper 
m a trix  and  copper-silicon phases : hydro- 
fluoric acid, preferab ly  applied  on a pad  
of co tto n  wool, darkened th e  iron con- 
stituen ts . B o th  types of reagent were 
usually  applied to  develop th e  stru c tu re  of 
tho  sam e specimen.

I d e n t i f i c a t i o n  o f  t h e  P h a s e s .

No new phases are introduced, w ith in  
th e  rangę of alloys exam ined, beyond those 
bclonging to  the  tw o b inary  system s. N ear 
th e  copper-silicon side of th e  system , the  

P, Y, S, and  s phases defined by  Sm ith 
were read ily  detected , an d  could be 
identified by  th e  etching m ethods which he

___  _used an d  th e  generał characteristics of the
F ig . 4 . phases w hich he has recorded. In  addition

to  these phases, tw o o ther constituen ts 
were observed. One w as identified w ith  th e  iron constituen t of the 
copper-iron series, and is essentially iron  containing some dissolved 
copper and  Silicon. This constituen t occurs in  partieles approxim ately  
globular m  form, and  is d istribu ted  fairly  evenly th roughou t th e  alloys.

° th e r C(>n s titu en t was hard  and  angu lar; i t  was d istribu ted  un- 
equally m  the  m atrix  of the alloys, and  showed a m arked tendency to  
segregate a t  th e  to p  of th e  ingot, an d  i t  occurrcd in  alloys containing
m ore th a n  ab o u t 5 per cent. of Silicon and  ra th e r  Iow iron contents

Several m ethods were used to  iden tify  these constituents, the  m ost 
fru itfu l being microseopical exam ination, chemical analysis, and 
hardness. The first constituen t had  all th e  m icrographic characteristics 
of the  a iron constituen t of th e  copper-iron series, and a photograph  is 
show nm  Fig. 5 (P la tę  X V II), referring to  an  alloy containing 5-5 per cent.
o iron and  1-8 per cent. of Silicon. The second constituen t is illustrated
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in Fig. 6 in  an  alloy containing 4-34 per cent. of iron and  8-9 per cent. 
of Silicon. The particles are sim ilar in  form  to  the  prim ary  FeSi crystals 
shown in  P hragm en’s paper 9 on th e  FeSi alloys. The Iow density  
(6-05) given by  P hragm en  would also account for the ir segregation.

I n  some of th e  alloys containing high iron w ith Iow Silicon (particu- 
larly  in  certain  sam ples outside th e  rangę of com position reported 
herein), some of th e  iron  appeared to  separate  while the  alloy was 
still wholly m olten. The iron-ricli po rtion  h ad  all the  m etallographic

CU

characteristics of th e  one m icro-constituent. A smali portion  of this 
constituen t was ex tracted  from  one of th e  alloys and  was m agnetic 
and  b rittle . I t  was crushed, an d  the  adhering copper-rich m atrix  
rem oved by  solution in  d ilu te n itric  acid. An analysis of the  residue 
gave th e  following r e s u l t : iron 90-5; Silicon 7-5; copper 2-0 per 
cent. This confirms th a t  these particles are essentially a  solid solution 
of silicon and copper in  a  iron. A sim ilar m ethod could n o t be used 
to  iden tify  th e  o ther constituen ts, sińce no particles sufficiently large 
to  be ex trac ted  could be found. B y com paring the  analyses of th e  upper



240 Hanson and W est: The Constitution of

and lower łialves of a  slowly-cooled ingot in  which th is  constituen t 
was segregated to  th e  to p  of the  ingot, i t  was established th a t  th e  iron 
and Silicon in  th is  constituen t were p resen t in  proportions corresponding 
w ith th e  form uła FeSi.

A series of hardness m easurem ents was m ade by  m eans of a sclero- 
m eter on specim ens containing large particles of each of the  tw o iron- 
rich  co n s titu e n ts ; a  conical diam ond nnder a load of 150 grm . was

Cu

1075° 1050° 1025° 1000° 975° 350° 925°900°875'*

F ig . 8.

used. The results of th e  m easurem ents are shown in  Table V I. The 
large difference in  hardness betw een th e  two constituen ts is definitely 
established, and  the m easurem ent of the  scratch-hardness was found 
useful in identifying constituen ts during the microscopical exam ination  
of som e of th e  alloys. F o r purposes of com parison, th e  corresponding 
constituen ts in pure iron-silicon alloys were also tested.

T h e  E c j u il ib r iu m  M o d e l .

The results of tho therm al analysis and microscopical exam ination  
of the  hea t-trea ted  specimens are given in detail in  the  Tables. F rom



P l a t ę  XVII.

iA* *

Fio. 5.—Iron 5-5%, Silicon 1'8%. Iron Crystals in a Matrix 
of a  Solution. X 150.

ci/

&

i

F i g . 6.—Iron 4-34%, Silicon 8-9%. F e S i Crystals. X 500.

[ To face p .  210.



P l a t e  XVIII.

Fig. 18.— Silicon 0-7%, Iron 1-3%. Quenched from 
970° C. Re-heated to 675° C. a  +  Fc. x  500.
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F i g .  9 .

tio n  of p rim ary  crystals of a solid solution, iron crystals, an d  FeSi c ry s ta ls ; 
in  th e  extrem e righ t-hand  com er, a  smali portion  of th e  surface represent- 
ing th e  separation  of th e  [3 phase is also shown. The cc licjuidus shown 
in  th e  diagram  is p ractically  complete, b u t  th e  surfaces representing 
th e  separation  of iron an d  FeSi ex tend  very  m uch fu rth e r in to  the  
whole system , probably  to  th e  opposite face representing alloys of 
iron  and  Silicon. The isotherm al lines on the  a liquidus are sub- 
s tan tia lly  correct, sińce the  d a ta  from  th e  cooling curves are sufficient 
to  ind icate th is  surface w ith  fair accuracy. The form  of th e  liquidus 
corresponding w ith th e  separation  of iron and FeSi is shown b y  the 

v o l . l i v . Q

these d a ta , an  equilibrium  model was constructed , th e  form  of which 
is shown b y  F igs. 7-16.

The process of solidification is ind icated  in  Figs. 7 and  8 ; in  the  
form er, th e  tru e  shape of thc  liquidus surface is indicated  by  th e  heavy 
isotherm al lines on w hich the  tem peratu res are m arked. The th in , d o tted  
iso therm al lines refer to  th e  second stage in  the  solidification. The liqui- 
dus surface consists of th ree m ain sections, correspondingw ith th e  sepata-

970°C.
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dotted , ]ieavy lines, and  is only app rosim ate , sincc tlie a rrests cor- 
responding w ith  th is  transform ation  were very  smali, on account of 
tlie sm ali am o u n t of iron-rich constituen t involved. Tlie generał 
form  of tlie curves is, however, p robably  correct.

Alloys tlie com positions of which fali w ithin th e  lim it of th e  a field 
do n o t separate a second pliase except along a zone near th e  junction  
w ith  th e  iron and  FeSi fields, w hilst those which fali w ith in  th e  iron

Cu

a n d  F eS i fields com plete the ir solidification by  depositing copper- 
rich  a  solution, which deposition com mences a t  the  surface of secondary 
separation  show n by  the  th in , d o tted  isotherm al lines in  F ig. 7.

The com pletion of th e  solidification process can be p ictured  by 
m eans of Fig. 8. In  th is diagram , th e  fuli lines represen t the  solidus 
of th e  system , w hilst th e  d o tted  lines represent, over the  a  region, 
th e  liąu idus surface, and  over th e  iron  and  FeSi regions, th e  upper 
surface of secondary separation. The tem peratu res of th e  isotherm al 
lines on th e  solidus surface are indicated  on the  copper-silicon face, 
an d  these  on the  o ther surfaces, on th e  base of the  diagram .
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The constitu tion  a t  lower tem peratu res is indicated by  the  series 
of horizontal sections th rough  th e  model shown in  Figs. 9-15. The 
d a ta ' from  which these have been constructed  are shown in th e  
Tables. The phase fields are indicated  on th e  diagram s, and require 
no fu rther am plification. The boundaries of th e  a and a +  F e  fields 
are probably  fairly  aceurately  indicated. In  th e  extrem e righ t-hand  
corner of th e  model th e  phase boundaries have n o t been closely deter-

Cu

mined, paTtly because insufficient alloys were prepared  for th e  purpose, 
and  p a rtly  because equilibrium  was difficult to  a t ta in  in  th is region 
of th e  d iag ram ; th e y  should be regarded as only ten ta tiv e , an d  as being 
qualita tive  ra th e r th a n  quan tita tive .

Fig. 16 shows th e  shape of th e  boundary  of th e  phase field below 
th e  solidus line. The solubility of iron decreases rap id ly  below th e  
solidus as th e  tem peratu re  falls, an d  becomes very  Iow below abou t 
700° C .; in  addition, th e  solubility of iron, even a t  high tem peratures, 
is decreased b y  th e  presence of silicon. These effects give rise to  a 
som ew hat com plicated solubility surface, and  th c  com plication is in-



creased by  tbe  fac t th a t, close to  th e  copper-silłcon surface, th e  solubility 
of th e  y p h a s e  ac tua lly  increases w ith  fali of tem pera tu re  between 
ab o u t 850° C. and  750° C.

G e n e r a l  N a t u r ę  o f  t h e  A l l o y s .

The constitu tion  of alloys of th is  te rn a ry  system  appears to  be one 
in  which the  constituen ts of th e  iron-silicon system  com bine w ith  those
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CU

of th e  copper-silicon system , as is indeed to  be an ticipated , sińce 
copper and  iron them selves form  no in term ediate  phases. The a solid 
solution (copper-rich) form s a series of alloys w ith  iron  (the cc solution 
of H augh ton  an d  Becker’s diagram ) and w ith  FeSi. The p, y, 8, an d  e 
constituen ts also form  a  series of alloys w ith  FeSi, b u t  n o t w ith iro n ; 
exam ples of alloys of th is type were m et w ith  in  th e  righ t-hand  corner 
of th e  p resen t system , an d  in  th e  alloys outside the  rangę of th e  p resen t 
d iagram , b u t  th is  investigation  is n o t more th a n  enough to  detec t 
the ir existence.



Tlie diagram s enable cne to  p ic tu re fairly  closely th e  n a tu rę  of the  
reactions w hich occur during th e  cooling of alloys of th is  system . 
Copper-rich alloys w ith in  th e  a rangę solidify h y  depositm g a copper- 
rich solid solution, w hilst iron  and  Silicon become concentrated  m  the 
residual liq u id ; except near th e  lim its of the  field, such alloys consist, 
when th ey  are ju s t solid, of a single phase. As cooling_ procceds still 
furtlier, iron  is p rec ip ita ted  from  solid-solution as ind icated  b y  t  e 
sloping surface in  F ig. 16, from  which i t  can be seen th a t  only in  a very

Cu
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7 5 0  °C.

F ig. 13.

narrow  zone close to  the  copper-silicon face does iron  rem ain in  solid 
solution, the  am ount in  th is  case being very  smali. A lloys th e  com- 
positions of which fali outside tho a rangę commence to  solidify by 
depositing iron or FeSi. In  th a t  case, th e  liquid becomes rapidly  
im poverished in  iron, u n til its  com position reaches th a t  indicated  by  
the boundary  betw een th e  a  and  the F e  or FeSi fields (A B  in  Fig. 7). 
W hen th is  po in t is reached, the  stage of secondary separation  com- 
mences, th e  liąuid com position changing w ith  tem perature , as indicated 
by th is  boundary  line, in  such a  m anner th a t  i t  becomes ennched
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with Silicon, but still further impoverished in iron. Thus we see that 
in such alloys the liquid phase loses iron in the first portion of the 
solidification process, without much. change in the Silicon content, 
and loses copper during the second portion of the solidification process 
while the silicon content of the residue mounts rapidly. The iron- 
rich constituents are deposited first, then the a solid solution together

CU

w ith  a  little  m ore iron-ricli eonstituen t are formed, and  finally, the 
silicon-ricli phases during th e  finał stage in  th e  solidification. In  all 
alloys, p recip ita tion  of iron  from  th e  a  solid solution occurs w ith  
fali of tem peratu re , and  in  alloys close to  th e  copper-silicon face some 
prec ip ita tion  of th e  y-pliase was also obseryed below 600° C.

Two typ ical photom icrographs are shown in  Figs. 17 and  18 
(P la te  X V III) .

P r e c i p i t a t i o n - H a r d e n i n g .

The wide rangę of com position over which precip ita tion  of the iron 
constituen ts occurs on cooling suggests th a t  the  alloys of th is system



should be amenable to heat-treatment. Corson has alreadyrcported  
jncreases in hardness in copper alloys containing iron and Silicon as a 
result of ouenching followed by re-heating, but the improyemcnt in 
strength which he obtained was not very great. A further examination 
of the possibilities in this direction appears to be justified m the hght 
of the results now obtained, sińce alloys of this system possess the type
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Fia. 15.

Table V I.— Scratch Hardness Results fo r  the Iron-R ich P hases.

Description.

H ean  Scratch , Widtlis, Inch.
Mean.

lst Scratch. 2nd Scratch. 3rd Scratch.

FeSi in alloy 26 
FeSi in iron-silicon alloy 
Globule in alloy 28 
Globule in alloy 20 
Globule in alloy 23 
Globule in alloy 24 
6'5% iron-silicon alloy .

0-051
0-049
0-087
0-085
0-076
0-076
0-086

0-060
0-056
0-092
0-087
0-080
o-oso
0-085

0-056
0051
0-085
0-085
0083
0-069
0-085

0-056
0-052
0-0S8
0-086
0-079
0075
0-085
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of constitu tion  associated w ith  hardening b y  h ea t-trea tm en t. The 
au tho rs have m ade a  few prelim inary experim ents, the  results of which 
were d isappoin tiug  sińce th e  inereases in  hardness ob tained were 
n o t very  great, an d  th is  is in  keeping w ith  th e  experience of H anson 
and  F o rd  on copper-iron alloys. Nevertheless, th e  possibilities have 
n o t y e t been fully  explored.

FIELD

F ig. 16.
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DISCUSSION.
B r ,  J .  L. H a u g i i t O N  * (Member of Council): W ith regard to the e q u i -  

librium model to which the authors refer, they haye reproduced a number of 
isothermal seetions, by the careful study of which o n e  c a n  reeonstruct the 
model, but it is a difficult business. I  wish th a t the authors‘ ^ ^ T s ^ h e s e  
a drawin"- 0f the model or perhaps some yertical seetions through it, as these 
would have rendered it easier to visualize the constitution of the sys^m .

On p. 238 segregation troubles are referred to, and m Table I I I  it wiil 
be noticed th a t there are a number of blanks m  the hąuidus 
which, it is stated, are duo to the arrests a t  the liąuidus berng too smal 1 to be 
recorded w ith any certainty. Do the authors associate th a t with tho results 
of segregation ? In  this connection I  would like to refer them to the paper by 
Mr. Palne and myself on the magnesium-niekel system, presented a t  tlns 
meeting We found in  th a t system th a t we obtamed no liąuidus p o ^ ts  
oyer a eertain range of composition when the alloys were n o ts tirrcd  but 
that when the alloys were stirred while the curve was being taken we did 
obtain the points. Do the authors consider th a t if they could have stirred 
these alloys—it would haye been a yery much more chflicult P ^M e m 111 |;he 
present ease than in the ease of the magnesium-nickel al oys, ^ u s c  th° 
big difierence in temperature—they might liavc obtamed more deiinito 
liąuidus determinations or perhaps even a different .^™P°™ture ° f 
liąuidus ? From the shape of the curyes I  think th a t it is unlikely tliat it 
would be very different, but it is a m atter of interest.

Mr E  H. BucKNALL,t M.Sc. (Member): Tho authors are to be con- 
gratulated on their successful study of the constitution of_ these 
alloys, more especially as in the course of th a t work an entirely new method 
has I  belieye, been used for the determination of solidus temperatures, 
namely, by the use of a gradient fumace, which seems to be a method which 
will ofler advantages in investigations on other systems.

On the constitutional side there seems to be little to d.scuss beyond the 
points already mentioned by Dr. H a u g h t o n  although an extension of the 
field of study to alloys of somewhat higher Silicon content appears to be of 
considerable theoretical importance. In  this connection, I  was surpri 
the appearance of the e phL e of tho FeSi system m t h ^ Copper_™h aUoys 
before the appearance of the yj phase, as 1 had anticipated th a t the y , phase 
of the FeSi system would be isomorphous witli the y phase of the GuSi sj s 
and would form with it a continuous range of solid solutions.

On p. 247 it is stated th a t “ alloys of this system possess the type of 
constitution associated with liardening by heat-treatment A t the m k  of 
correction I  would suggest th a t th a t remark, whilst possibly tnie, is a little 
in advance of our present knowlcdge of liardening by phasial ehanges. I  i 
ccrtainly wcll known th a t in a g& at number of “Hoy systems m which a 
słonin t' solubility linę separates homogeneous from duplex fields, ageing 
phenomena occur; on the other hand, there is very freąuently, m metallic 
alloys, a close approach to the “  ideał solution of the physicał ^ em ist,.an d  
in th a t ideał solution there is no eyolution or absorption of heat when a  solute 
atom passes into or out of solution in the solyent. Should the a  field of this 
system bc a solid solution which approaches the ideał type, no age-hardemng 
would bc anticipated, although there might be a decrease m solid solubility 
with reduction in temperature.

* Principal Scientific Officer, D epartm ent of M etallurgy and M etallurgical
Chemistry, National Physical Laboratory, Teddington. Mrtallurcrie&l

t  Jun io r Scientific Officer, D epartm ent of M etallurgy and MctallurgiuU
Chemistry, National Physical Laboratory, Teddington.
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Again, there is, I  think, no ease known of a ternary alloy which age- 

hardens by the separation of a pure metal or the a solid solution of th a t metal, 
although th a t State of affairs does occur in binary systems. In  the case of 
ternary alloys a more complex separation phase is probably neeessary before 
the ageing occurs.

The constitution of these alloys seems to differ very markedly from tha t 
of the ternary alloys of copper with niekel and Silicon, cobalt and silicon, 
&c.—with which Corson dealt—where the precipitated phase, described by 
him as a definite silieide, probably includes in each case a t least two and 
probably all three of the components.

Mr. A. J. Murphy * (Member): As one who has always to bear in mind 
the possibility of commercial exploitation of cuprous alloys, I  wish to express 
my gratitude to the authors for providing sueh a sound basis on which to 
consider ąuestions of th a t naturę in reference to the eopper-iron-silicon alloys. 
A number of points which arise in one way or another from the attitude of 
mind to which I  refer may possibly be wortb mentioning.

T h e  f irs t  is  a  q u e s tio n  o f  g e n e ra ł  s ig n if ican ce , I  th in k ,  o n  th e  p o s s ib il i ty  
o f  se c u rin g  u se fu l im p ro v e m e n t  o f m e c h a n ic a l p ro p e r t ie s  i n  e a s t  a llo y s , a n d  
p a r t ie u la r ly  e a s t  c o p p e r  a llo y s . W e  see  in  m a n y  ca se s  th e  su e cess  w i th  w h ic h  
h e a t - t r e a tm e n t  is  a p p lie d  to  fo rg e d  m a te r ia ls  sh o w in g  d im in u t io n  o f  so lid  
s o lu b il i ty  in  th e  a  p h a s e  w i th  d e c re a se  o f te m p e r a tu re ,  b u t  w e  a r e  r a re ly  
g iv e n  e ą u a l ly  c o m p le te  I n fo rm a tio n  a s  to  th e  se ą u e n c e  o f  c v e n ts  in  th e  e a s t  
m a te r ia ł  w h e n  th e  sa m o  t r e a tm e n t  is  a p p lie d . I  k n o w  t h a t  th e r e  a r e  o th e r  
g ro u n d s  fo r  d o u b t in g  t lie  p o s s ib il i ty  o f t h a t  h e a t - t r e a tm e n t  b e in g  u se fu lly  
a p p lic a b le  to  th e s e  a llo y s , b u t ,  in  c a se  t h a t  p o s it io n  c h a n g e s , i t  w o u ld  b e  
u se fu l to  k n o w  w h e th e r  th e s e  a llo y s  a r e  e sp e c ia lly  s lu g g ish  in  th o  r a te  a t  
w h ic h  h o m o g e n iz a tio n  is  o b ta in e d  b y  a n n e a lin g  a t  w h a t  m a y  b e  te rm e d  
th e  so lu tio n  te m p e r a tu re ,  o r  w h e th e r  th e y  a r e  r a th e r  sp e e d y  in  t h a t  re s p e c t.  
I  l ia v e  so m e  d if lie u lty  in  d e d u c in g  f ro m  th e  p a p e r  w h ic h , if  e i th e r ,  o f  th o se  
tw o  r e p re s e n ts  th e  p o s it io n , b e c a u s e  th e r e  is  a  re fe re n c e  to  t h e  f a c t  t h a t  th e  
a llo y s  w e re  lik e ly  to  r e ą u i re  v e ry  lo n g  a n n e a lin g  p e r io d s  to  o b ta in  e q u il ib r iu m , 
a n d  t h a t  th e  a p p a r a tu s  w a s  d e v is e d  w ith  th i s  p o in t  in  v iew . S m ith ,  liow - 
e v e r , r e c o rd s  t h a t  th e  r a t e  o f  d if iu s io n  o f  S ilicon to  th e  s u r fa c e  o f  c o p p e r -  
silico n  a llo y s  is  e x tre m e ly  h ig h , a n d  e x p e r im e n ts  c o n f irm  t h a t .  I  r e a liz e  
t h a t  th e r e  is  a n o th e r  f a c to r  th e r e ,  n a m e ly  th e  re m o v a l o f  S ilicon  b y  o x id a t io n  
f ro m  th e  s u r fa c e  in e re a s in g  th e  c o n e e n tr a t io n  g r a d i e n t ; b u t  o n  th e  fa c e  o f  i t  
th o se  tw o  o b se rv a tio n s  w o u ld  a p p e a r  to  le a d  t o  o p p o s ite  c o n c łu s io n s .

Arising from tha t point, may I  comment on the procedure in determining 
the solidus. On p. 237 the authors mention th a t they took smali speci
mens—I  presume previously annealed a t a lower temperaturo to  secure 
uniformity—and then increased their temperaturo to somewhere in the 
region of thc anticipated solidus and maintaincd the temperature there for 
15 minutes. T hat would appear to be rather a short time, unless there is 
some other explanation, because, of course, the solidus will be different if 
sufficient time has not been given for equilibrium to be established a t the 
higher temperature.

Regarding the more detailed ternary diagrams, Mr. Bucknall has referred 
to the materiał precipitated being pure iron, and not an iron compound. I  
should welcome any remarks which the authors might make on the significance 
of tha t in relation to the physical properties. I t  is also worthy of notę that 
the masimum rate of change of coneentration of the a solid solution with 
temperature occurs in the region where iron would be the materiał precipitated 
and not FeSi. From 800° C. downwards there is very little cłiange in con-

* Chief MetaUurgist, J . Stonc and Co., Ltd., Deptford.
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contration of the saturated « solid solution where the neighbouring second 
phase is FeSi, so th a t it is unlikely th a t any improvement of propcrties can 
be obtained due to precipitating a eompound instead of a pure metal liere. 
Another unfortunate featuro, if one has a practical application in view,, is 
th a t the rato of change in the lim it of tho a solid solution in tlie alloys eon 
taining less than 4 per cent. of Silicon is a maximum a t a rather high tem
peraturo, a temperature so high th a t the neighbouring phase is jiąu id . 
other words, a t 870° C. the solubility of iron m copper is 1 per cent. ( r i0. ),
and there is a reduction in this limit as tho Silicon increases, but a t the tem
peraturo which it would be desirablo to usc for secunng solution the alloys 
containing 5 to 7 per cent. of Silicon and up to 1 per cent. of iron are liąuid, 
so th a t in applying the solution heat-treatm ent in practice one would p o - 
ably be compelled to use a temperaturo which was lower than th a t which
would eive the maximum amount of solution.

I  realizo th a t all these points are perhaps labourmg somothmg which the 
authors moro or less firmly refuse to tako up, b u t I  would, if I  ™'ghfc> 
them to tread a littlc further on tho dangerous ground to wliich Dr. West 
referred in introducing the paper and giye us some mdication of tho amount 
of hardening which is obtained by solution and tempermg.

Dr M a k i e  L. V. G a y l e r *  (Member): I  can find no rcfcrenco to  tho 
transformation of y iron to a iron, which must play a part. In  nonc of the 
sectTons shown is there any eyidence of the y field or tho a  field; it is all 
called “ iron.” That changc, liowever, must take place, and a two-phase 
field a and -/ iron, must exist. I t  may bo yery narrow and may not ha o 
much eilect but thcoretically it is important and should bo addgd. Iluś 
emphasizes Dr Haughton’s suggestion th a t yortical sections would haye been 
r S e a t  yalue in this paper. The authors haye investigated an extremely 
complicatcd diagram; in thoir own words, the constitution of these allojs 
tends to be a change from the coppcr-silicon to the copper-iron, and from the 
conner-silfcon diagram (Fig. 1) it will bo seen th a t it is extremely compheated.
I  suggest th a t it would be of very great assistance to those who axe gomg to 
use this from the practical point of view, as well as from the theoretical, 
yertical sections were added, with the appropnate phase fields.

D r Cykil S. s f e r a , t  B.Se. (Member): My expęrience jeads me to  belieyo
th a t tho two-lkmid field shown in Ruer and Goerens or m Muller s copper iron
diaorams is actually not present in moderately pure melts of any composition or aiagrams is i r  o t|ler iian(j  j{ a small amount of
Silicon is added—I  forget the exact amount, but bolieve th a t it is of tho order 
of 1 per cent.—an alloy containing about 50 per cent. iron separates into two 
distinct layers a t all temperatures above tho liąuidus, even when the melt 
is made in a high-frequency induction furnace. Jfucb smaller additions of

earbon^ioduce the tQ explain tll0 pUrpose of the “ lines of secondary
separation ” in Figs. 7 and 8. These scem to confusc the diagrams, and are 
really unncccssaryt for tho temperatures referred to can easily be determincd 
from a liąuidus surface of the ordinary kind.

Dr E V o c e ,+  M.So. (Member): In  support of Dr. Smith’s remarks I  
would say tha t ąuite rocontly I  haye had to make up a few alloys of roughly

* Scientific Officer, D e p a r t m e n t  o£ Metallurgy and Metallurgical Chenustry,
N a tio n a l P h y sica l L a b o ra to ry , T ed d in g to n . W a łp rb n rv  Conn

|  R esearch  L ab o ra to ry , T h e  A m erican  B rass C om pany , W a te rb u ry , L onn .,

U’Sf  Inycstigator, British Non-Ferrous Metals Research Association, London.
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50 : 50 copper-iron, with certain minor additions, and I  found no elear 
eyidenco of the presence of two Iiquid phasos. A high-frequency induction 
furnace was used.

Professor H a n s o n  (in reply): I  will hegin by replying to the point men- 
tioned by Dr. Haughton and Dr. Gayler, th a t we have given tho sections 
through^ this model horizontally instead of vertically. This is because hori- 
zontal (isothcrmal) sections have a quantitative value and show esactly the 
naturę of the system a t  the temperature eoncerned, whereas yertical sections 
are qualitative only, and freąuently misleading, sińce they offer no guide to 
the course of the intem al transformations.

Dr. Haughton referred to the smali arrest a t the liąuidus point. The 
alloys were stirred before the curves were taken and the heat arrest was still 
found to be very smali, no doubt duo to the very smali amount of the eon- 
stituent which separated from solution. In  aetual fact, we used the segre- 
gation which is due to tho differeneo in density of the solid crystals which 
separate from tho liąuid to indicate the position of the liąuidus by melting 
in an inert gas and watching for the first appearance of the crystals to float 
up to the surface; and, whilst the experiments were carried out with apparatus 
rather hastily p u t together, I  think th a t where there is a  big differeneo in 
density th a t method could bo mado very sensitiye for determining the liąuidus 
point. I t  was tho only method with which we could obtain any eyidence 
a t  all.

The ąuestion of the two-liquid layer has been referred to. That is inter
esting, because there is in the literaturo a good deal of conflicting eyidence 
on th a t point, some investigators maintaining th a t the two-liquid phase 
field comes right down to the next horizontal lino in the system, and others 
maintaining tha t there is a region of homogeneity extending right across the 
diagram. I  think th a t the contributions of Dr. Smith and Dr. Voce on tha t 
point are interesting, and particularly Dr. Smith’s reference to the effeets of 
smali amounts of Silicon and of carbon, because in making these alloys a 
carbon steel is usually used as the form of iron and a eertain amount of carbon 
is generally present.

Mr. Murphy really referred to the principal importance of this paper. 
We knew th a t changes in the solubility of iron or somo iron eonstituent did 
occur during the annealing of alloys of this type, and we set out primarily 
to determine what those changes were. I  think th a t we have succeeded in 
showing the way in which the solubility changes, and we do not propose to 
carry it any fu rther; we consider th a t those in industry should now be ablo 
to make use of this basie Information. As to what is the degree of improye- 
ment th a t can be obtained, I  do not know. Our prelhninary experiments 
showed the inereases in strength to bo rather smali. Miss Ford and I  found 
the same thing in dealing with iron-copper alloys. But tho system seems to 
be worth exploring much more fully than we haye been ablo to explore i t ; 
I  suggest that, now th a t the basie information is available, it is the function 
of industry to pursue the m atter in these directions.

The alloys are rather sluggish a t  high temperatures. Annealing times 
must be prolonged and segregation must if possible bo prevented during 
casting, because there is a very marked tendency for primary crystals of 
iron or FeSi to segregate during casting; in determining tho solidus we found 
that, once homogeneity had been obtained, diffusion was fairly rapid, pro- 
yided th a t it did not inyolye tho diffusion of iron and Silicon together for con- 
siderable distances through tho alloy. The first appearance of melting in 
th a t  homogeneous solution is quite quick, and, although we used periods of
15 minutes in our experiments, longer heat-treatments were previously 
tried ; we came to tho conclusion, howeyer, th a t 15 minutes was long enough.
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I  refuse to follow Mr. BucknaU into the field of speculation as to tho 
generał naturę of age-hardening, particularly in ternary and moro comples 
systems, sinee the evidence to enable us to form an opimon is not yet avail- 
able. Tho iron-silicon phases involved in this system aro eertamly the a 
iind tlie FeSi phase, but there is evidenco tha t with higher iron and Silicon 
contents tlian we have used, but not greatly outside the rangę of our inves- 
tigations, the -0 pliase of the iron-silicon system also enters, but m what
manner we do not exactly know. .

W ith regard to the identifieation of the a phase, we identify the a non 
because it  is a continuous phase with the constituent which separates when 
iron-copper alloys aro cooled. I t  seems to be identical m all its eonstitu- 
tional properties with th a t phase, and I  therefore cali i t a  iron . we i no 
put in tho change from y to a  iron, partly because we did not mvestigate it, 
and partly because the diagram is so construeted on th a t «łge of the system 
th a t there is 110 proper room to indicate the mam solubility lmes clearlj 
w ithout a greatly esaggerated scalo. The change seems of secondary impoi■- 
ance from tho immediato point of view, and we have not made any referenee 
to it. There cannot be any considerable change of solubility when iron ehanges 
from y t0 “» sinee the solubility of each is yery smali a t this temperature.
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TRANSFORM ATIONS IN  T H E  C O P P E R - 
PALLA D IU M  ALLOYS.*

By R. TAYLOR,f  B.A., B.Sc., Member.

Synopsis.
Copper-palladium alloys up to 55 atomie per cent. of palladium have 

been examined by thormal, micrographic, and olectncal rom ance 
methods Tho determination of tho efoctrical resistance-tompoiaturo 
curres has been carriod out with a much slower change of tomporature 
than had proviously been used. Tho occurrenco of two transformations 
at 10-30 atomie per cent. and 35-50 atomie per cent., respectiyely, and 
associated with difierent types of electrical resistance ^ " e  lm  teen 
confirmed. The results are eompared witli thoso of earlier w orkers and 
tho mechanism of tho transformations is discussed.

I n t r o d u c t io n .

T h e  transform ations w hich occur in  the  copper-palladium  alloys 
have been previously exam ined by  m any m ethods.1- 8 _ T he X -ray  work 
of Holgersson an d  S edstrom 2 and  of Johansson  a n d L m d e  3- 1 m akes it  
elear th a t  a t  h igh tem peratu res alloys of all com positions possess a  face- 
cen tred  cubic la ttice , b u t  no regular arrangem ent of th e  two k inds of 
atom s has as y e t been deteeted . On cooling to  lower tem peratures, 
alloys contain ing betw een 10 an d  30 and betw een 38 and  50 per c e n t.i  
of palladium  undergo transform ations. The la ttice  in  th e  form er rangę 
is unchanged, b u t th e  atom s tak e  up  a regular d istribu tion  based on th e  
ra tio  3 Cu : 1 P d , w ith  th e  palladium  atom s occupying th e  cube corners, 
an d  the  copper atom s the  centres, of th e  faces. Aecordm g to  Borelius, 
Johansson , an d  L inde,5 th e  super-lattice lines in  th e  X -ray  photographs, 
w hich ind icate th e  regular atom ie d istribu tion , are strongest a t  abou t 
17 per cent, In  th e  rangę 38-50 per cent. a t  Iow tem peratu res there is 
a  change to  a  body-centred  cubic la ttice , w ith  a regular arrangem ent of 
th e  atom s based on th e  1 : 1 ra tio , each com ponent being a t  th e  points 
of a sim ple cubic la ttice , as in  CsCl.

* Manuscript recoiyed Oetober 13, 1033. Presented a t the Annual General 
Meeting, March 8, 1934.

+ Downing Collego, Cambridgo.
t  Compositions are throughout expressed in atom ie percentages and alloys are 

referred to  by their nominał palladium  content.
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T he electrical resistance m easurem ents carried  o u t a t  room  tem 
pera tu re  b y  S edstrom ,1 Joliansson and  L inde,3' 4 an d  Svensson 6 show 
th a t  a Iow value of th e  specific resistance is associated w ith  th e  ordered 
arrangem ent of th e  atom s. The m inim um  values in  th e  tw o ranges are 
displaced from  th e  sim ple atom ie ratios, occurring respectively a t  
16-18 per cent. and  a t  47 per cent. The values of th e  specific resistance 
for alloys w ith  an  irregular d istribu tion  of atom s lie on a com paratively  
sm ooth curve an d  a tta in  a  m axim um  a t  ab o u t 60 per cen t. of palladium .

E x p e r i m e n t a l .

Preparation o f A lloys.

The alloys were p repared  from  eleetrolytic copper (the only im purity  
found was 0-002 p er cent. iron) an d  palladium  sponge of approxim ately  
th e  sam e p u rity . They were m ade up a t  5 per cent. in te rvals from  5 to  
55 p er cent. of palladium , except th a t,  for th e  m icrographic an d  electrical 
resistance work, additional alloys were prepared near 40 per cent.

T a b le  I.— Composition o f Alloys.

N om inał A tom ie 
P e r  C en t. P allad ium .

W eiglit P e r  C ent. by  A nalysis.
A tom ie P e r  Cent. 

P allad ium .
P d . Cu.

5 S-05 91-95 4-96
10 15-65 84-35 9-95
15 23-10 76-90 15-18
20 29-50 70-50 19-95
25 36-08 63-92 25-17
30 41-96 58-04 30-11
35 47-74 52-26 35-26
38-5 52-50 * 47-65 39-62
40 52-57 47-43 39-77
41 54-69 * 45-45 41-75
42-5 56-59 * 43-49 43-67
45 58-21 41-79 45-36
48 62-01 * 3808 49-24
50 63-02 36-98 50-38
55 67-49 32-51 55-31

Atomie weights : Palladium . . . 100-7
Copper . . . 63-57

* By analysis (in otlier eases only copper was estimated).

T he alloys were m ade in  high vaeuo, using a high-frecjucncy induc- 
tio n  furnace, and  were tw ice rem elted  before th e  finał cooling. The 
crucibles used were m ade from  A lundum  tu b e  an d  th e  ingots obtained 
were cylindrical, 1-1-5 cm. long an d  0-8 cm. in  d iam eter, an d  weighed 
ab o u t 12 g rm . These ingots were used d irectly  for th e  therm al investig-
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ation  afte r lioles liad  been bored in  them  to  tak e  th e  necessary therm o- 
couples, w ith  the  exception of th c  25 per cent. alloy, which had  to  be 
softened by  quencliing before i t  could be drilled. The sam e ingots were 
afterw ards used in  th e  m icrographic investigation. Specimens sim ilarly 
prepared were draw n dow n, first th rough  W idia dies an d  th e n  th rough  
diam ond dies, to  suitable wires for th e  electrical resistance work.

The com positions of th e  alloy wires are given in  Table I . Sam ples 
from  different p a r ts  of each wirc were analysed an d  th e  results were in 
close agreem ent.

Thermal Im estigation.

The specim ens w ere h ea ted  in  an  electrical resistance tube  furnace 
controlled by a  th e rm o-e lec tric thennosta t, in an  a tm osphere of hydrogen 
or nitrogen. In  tak ing  heating  curves a  steady  cu rren t was m aintained 
th rough  th e  furnace of such m agnitude as to  give a  change of tem 
pera tu re  of l-5°-3° C. per m inutę over th e  critica l rangę. Cooling curves 
were, in  generał, tak en  w ith  no cu rren t passing, and the ra te  of cooling 
was therefore g rea ter th e  higher th e  tem p era tu re ; over th e  critical 
ranges i t  varicd  from  2° C. to  4° C. per m inutę.

I t  w as found necessary to  use a differential m ethod in  order to  detect 
th e  evolution or absorp tion  of h ea t accom panying th e  changes in  the  
alloys. The n eu tra l w as a sh o rt piece of pu re  copper rod  of th e  same 
size as th e  specim en. A  Chrom el-Alum el differential couple was used 
in  conjuńction  w ith  a  “ w ater-dropper.” The sh o rt w ire of th is  couple 
was of Alumel, w hich h ad  periodically to  be renewed, as i t  was em- 
b rittled  b y  n itrogen  in  th e  absence of oxygen. The tem peratu re  of th e  
alloy specim en was m easured w ith  a p la tinum /platinum -rliod ium  
therm ocouple an d  a m illivoltm eter.

In  tracing  th e  tem perature’ difference-tim e curves on th e  screen, 
th e  tim e w as calib rated  b y  m arking th e  position of th e  spo t of ligh t 
every 2 m inutes : th e  m illivoltm eter was read  every 4 m inutes. The 
tem pera tu re  d ifference-tenrperature curves could th en  be constructed  
if desired, although in  m ost cases th e  tem pera tu re  of a  change was deter
mined d irectly  from  th e  experim ental tracings.

The specim ens w ere usually given a p relim inary  anneal between 
600° an d  700° C. for some hours before cooling and heating  curves were 
taken . Eeproducible results could th e n  be continuously  ob ta ined  
w ithou t fu rth e r annealing.

Micrographic Analysis.

The specim ens were annealed in  a n  atm osphere of n itrogen in  the 
furnace used for th e  heating  and cooling curves, w ith  the  exception th a t ,  
tow ards th e  end of th e  investigation, a trip le  furnace 9 w ith  hydrogen 

y o l . L iv .  R
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was em ployed. A th read  recorder was used to  detec t any  irregu larity  
in  tlie tem peratu re  control. Two sets of very  slowly cooled speeim ens 
were ob tained by  using an  alum inium  błock furnaee heated  by gas, th e  
flow of w hich w as controlled by a crude form  of th e rm o sta t. Cooling 
from  500° to  300° C., a t  w hich tem peratu ro  one set was quenchcd, was 
spread over 23 days, an d  th e  fu rth er cooling to  room  tem peratu re  took
16 days. In  tli is experim ent th e  speeim ens w ere sealed in  evacuated 
P y rex  tubes.

The in itia l h ea t-trea tm en t of nearly  all th e  speeim ens was an  anneal 
for a t  least 2 hrs. in  th e  neighbourhood of 800° C. The tem peratu re  
was then  lowered to  th a t  rcquircd , and  was m ain ta ined  for several hours 
before th e  specim en w as rem oved an d  quenched in  cold w ater.

A 1 per cent. solution of brom ine in  alcohol proved to  be a sa tis
factory  etching reagent for th e  alloys w ith  m ore th a n  30 per cent. of 
palladium . A m ore d ilu te solution w as used for the  o ther alloys, which 
were ra th e r easily stained and p itted . On the advice of Mr. E . M. Wise,* 
a m ix ture of equal volum es of 10 per cent. solutions of am m onium  
persu lphate and potassium  cyanide w as tried . This was som ew hat 
slower in action, and  produced th e  sam e resu lt on th e  higher palladium  
alloys as the  brom ine reagent.

Electrical Resislance Measureinents.

In  order th a t  several alloys m iglit be exam ined together, a large tube 
furnaee was constructed . This furnaee w as w ound in  five sections w ith 
N ichrom e tape, and, b y  arranging ex ternal resistances in  parallel w ith 
the  inner sections, a length  of 15 cm. was ob ta ined  in  which th e  tem per
a tu re  varia tion  was less th a n  3° C. The furnaee was fitted  w ith  a trip le 
Chrom el-A lum el couple for th e  th e rm o s ta t control.

The alloys w ere exam ined in  vacuo b y  th e  following a r ra n g e m e n t: 
copper wires, ab o u t 33 cm . in  length, were joined to  the  ends of ab o u t 
45 cm. of alloy wire by  m eans of smali beads of silver. T ungsten  wires, 
7 -8  cm . long, were b razed  to  th e  free ends of the copper wires, and 
copper leads were sim ilarly joined to  them . The tungsten  wires were 
cleaned, oxidized slightly in  a flame, and coated w ith  a film of P yrex  
glass. The alloy wire w as wound, in  th e  form  of a  spiral, round narrow  
P y rcx  tub ing , one lead passing up th e  inside of the  tube. The specimen 
was th en  placed in  a w ider P y rex  tube, one end of which was sealed by 
pinching the  h o t glass round th e  tungsten  wires. A fter th e  o ther end 
had  been d raw n down, th e  tube  was evacuated  and sealed ofl. P o r each

* Priyate communication. See also E. M. Wise and J. T. Eash, “ Tho Role of 
the Platinum Metals in Pental Alloys.—III,” Trans. Amer. Inst. Min. Met. Eng., 
1933, 104, Insi. Metals Div., p. 303.



alloy a sim ilar specim en was prepared, b u t with. only 5-10 cm. of alloy 
wire. B y th is m eans i t  was possible to  elim inate the  resistances of the  
leads.

I t  was possible to  get tw elve of these tubes in  th e  furnace together, 
and  six alloys could th u s  be exam ined a t  one tim e. The tubes were 
placed so th a t  th e  whole of each alloy was w ith in  th e  rangę of constan t 
te m p era tu re ; th e  inside copper-tungsten  junctions were th e n  near the  
end of th e  furnace and  th e  seal w as ju s t outside it.

Tlie resistances of th e  specim ens were m easured by  a  potentiom etric 
m ethod. A lead accum ulator and a 200-ohm  coil were connected in 
series w ith  a  standardized M anganin coil and  w ith  a specimen. The 
fali of po ten tia l across th e  specim en was eom pared w ith  th a t  across th e  
M anganin coil using a  P ye po ten tiom eter. The cu rren t th rough  th e  
specim en w as th e n  reversed an d  th e  readings were re-taken. The 
average value w as used. The exam ination  of a specim en was followed 
im m ediately  by th a t  of th e  corresponding subsidiary specimen. M easure- 
m ents were m ade a t  various tem peratures, the  furnace being kep t a t  each 
tem peratu re  un til th e  resistances ceased to  change. Outside the  rangę 
of transfo rm ations, 3 -6  hrs. was sufficient for th is, b u t ab o u t 24 hrs. 
w as given w hen a  transfo rm ation  was in  progress. The resu lt of longer 
annealing is considered on p. 267. The tem pera tu re  was changed in  
steps of 30°-50° C. a t  Iow tem peratu res and  8°-15° C. th rough  the  tran s
form ation  ranges. A F oster quadruple strip  recorder was used to  
follow th e  changes in  th e  tem peratu re  and in  th e  resistances of th ree of 
th e  alloys. This gave an  indication  of th e  approach to  ecjuilibriurn. 
The recorder was also used in  tw o series of cxperim ents to  determ ine 
th e  tem peratu res of the  transform ations during continuous heating  and  
cooling. The ch a rt was calibrated  for tem peratu re  by  tak in g  readings 
of the m illivoltm eter a t  in tervals, and tlie transform ations were ind icated  
by  m arked changes in  direction  on th e  resistance curves.

R esults.

(a) 0 -30 Per Cent. o f Palladium.
S atisfactory  evidence of a transform ation  in  th is  rangę was ob ta ined  

in  only th ree  of th e  six alloys which were exam ined by  th e  therm al 
m ethod. F o r the alloys containing 15, 20, an d  25 per cent. palladium , 
curves were obtained sim ilar to  those shown for th a t  containing 15 per 
cent. (Fig. 1 (I, II)). These curves have been derived from  the  experi- 
m ental trac ings by  changing the tim e o rd inate to  a  tem peratu re  ordinate 
(p. 257), an d  th e  scalę of the  alloy /neutra l tem peratu re  difference has been 
reduced to  one-third in  reproduction. (Curves I I I ,  IV  have been obtained 
sim ilarly.) I t  should be no ted  th a t  the  alloys containing 20 an d  25 per
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cen t. palladium  gavc no indieation of tlie sm aller change p o in t shown in 
th e  heating  curve for th a t  containing 15 per cent., nor d id  th is  p o in t 
ap p ear on cooling curves of th a t  alloy. The curves for th e  alloy con
ta in ing  5 p er cent. palladhim  showed no transfo rm ation , w hilst evidence 
w ith  those containing 10 an d  30 per cent. was indefinite. The effect of 
the  gas in  con tac t w ith  th e  specim ens w as exam ined w ith  th e  20 and  
25 p er cen t. palladium  alloys. W ith  the  tem p era tu re  of th e  furnace 
steady , a curve was traced  while n itrogen  was rem oved from  th e  tube

260 Taylor:

Pio. 1.—Thermal Curves.

an d  hydrogen w as adm itted . No indieation  of an y  h e a t change was 
o b ta in e d ; fu rther, resu lts ob ta ined  in  hydrogen w ere in  good agreem ent 
w ith those in  nitrogen.

The tem peratu res a t  which th e  transform ations com m eńced and 
w here th e  tem peratu re  difference was g rea test are given in  Table I I .  
W here only one value is given, two or m ore experim ents gave resu lts to  
i  3° C. The tem perature-com position  curves are irregular, and  will be 
considered w ith  th e  results of th e  w ork on electrical resistance.

A  m icrographic exam ination of these alloys yielded no results. B oth  
th e  slowly cooled specim ens and those quenched from  580° C. showed



tlie typ ical polygonal grains of a solid solution. The alloy containing 
25 per cent. palladium  was exam ined a t  in te rvals of 20° 0. from  520Q to 
460° C., an d  no ind ications of a  duplex s truc tu re  were obtained.

Exam ples of th e  electrical resis tance-tem peratu re  curves aTe shown 
in Fig. 2 (I, I I) . The typ ical curve for th is  rangę is m ade up  of th ree
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F ig . 2.—Electrical Resistance Curves. T, 20 per cent. Palladium  ; IT, 10 por 
cent. Palladium  ; I I I ,  41 per cent. P a llad ium ; IV , 48 pe r cent. Palladium .

p arts  : (a) a linear inerease of resistance w ith  tem pera tu re  to  abou t 
300° C. (A B ) ; (b) a  m ore rap id  inerease, w ith  a continually  inereasing 
tem peratu re  coefficient, over a  rangę of 100°-200° C. up to  a sharp  peak
(C) ; (c) a smali b u t definite decrease in  resistance to  a fiat m inim um
(D), foliowed b y  a  slow b u t steady  inerease. The changes in specific 
resistance betw een B  an d  C an d  C an d  D,  respcctively, are given in
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T a b le  II .

10 %  P J . 30%  P d . 20%  P d . 25% P d . 30%  P d .

Thermal invostigation : 
Chango on heating :

began (° C.) . 300-340 i 33G-365
ii 4S8

455-475 440 336

maximum (° C.) 400-420 i 400-440
ii 512

488 477 410

Chango on cooling :
began (°C.) . 4S0 504 505 518 460-170
maximum (° C.) 490 474 443

Electrical resistanco :
T B (° C .). 300 312 300 312 278
l'c  (° C.) . 11357 

C 372
500 490 460 382

T b  (° C.) . H430 
C 397

507 540-560 530-540 470-480

Pj„ (ohm-em. x 10~G) . 9-2 8-1 8-64 9-7 19-9
p o —Pb (ohm-cm. X 10~°) 0-76 5-3 8-3 10-8 2-9
Pb—p n  (ohm-cm. X10"°) 0-81 0-18 0-21 0-22 o-io

T able I I .  The valucs of th e  specifie resistances a t  20° an d  600° C. are 
p lo tted  against com position in  Fig. 3 : * the  values are p robably  correct

to  ab o u t 2 per cent. The 
tem peratu res of th e  char- 
acteristic  po in ts are given 
in  Table I I  an d  are 
p lo tted  in  F ig . 4.* T b  is 
n o t in  all cases easy to  
fix, b u t th e  values given 
are probably  correct to  
i  10° C. T c is m ore 
definite and , except iu 
the  10 per cent. alloy, the  
difTerence betw een th e  
values ob ta ined  on hcat-

0 10 20  3 0  4 0  5 0  6 0  • .  . . . .
P A LLA D IU M , ATO M /C PER  CENT- alK' C00" US IS less

F ig . 3. th a n  ±  3° C. In  th e
alloys containing 20-30 

per cent. palladium  th e  m inim um  extends over a considerable rangę of 
tem perature , th e  upper lim it of which is p lo tted  in  th e  figurę. There 
is no d iscontinuity  of an y  k ind  on th e  curve for th e  alloy containing 
5 per cent. palladium  and  w hilst th e  heating  curve for th a t  containing 
10 per cent. (Fig. 2, I I)  seems to  ind icate a departure from  the  typical

* In order to save space, the results for all the alloys aro shown in thoso figures.



curve described above, the  cooling curve conform s. The com paratively 
sharp  rise from  th e  m inim um  to  the  peak oceurs agam  m  the  15 per

cent. palladium  alloy. , , nf.o
The specim ens were usually  annealed  for a t le a s t  one day a t  10 

500° C. an d  th e n  cooled slowly in  th e  furnace before a n  investigatxon 
was com m enced, b u t  one group of specim ens w as exam m ed from  the  
s ta rt , th e  results in  th is  case for th e  20 per cent. alloy bemg; in d ic a g d m  
F i"  2, I . The resistance w as com paratively  high a t  th e  s ta r t  {A ) 
inereased along th e  broken line u n til th e  tem pera tu re  reached 30 C C . 
(B1). There was th en  a fali, probably  due to  th e  rem oval of th e  w oik-
hardness in troduced  in
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preparing the  wires, fol
lowed b y  a rise to  the  
peak C 'a t  500° C. F rom  
th is p o in t to  th e  end of 
the  exam ination , which 
included (a) heating  to  
630° C. an d  cooling to  
room  tem peratu re , (b) 
determ ining T c  w ith  the

7 0 0

6 0 0

5 0 0

4 0 0

£

recorder, an d  (c) heating  3 0 0
%
£

200

from  330° to  616° C. and  
cooling to  room  tem pera
tu re , all th e  readings for 
which th e  h ea t-trea tm en t 
h ad  been sufficient 
(nearly 50) lay  very  close 
to  th e  curve A B C D .

The decrease of re- 
sistance from  the  peak 
on cooling was found to
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F i g .  4.
on  cooung was w uuu  w  ,
be a  com paratively  slow process; for exam ple, in  the  curve ob ta ined  
w ith  th e  recorder for a  ra te  of cooling of 0-25° C. per m inu tę th e re  w as a 
depression of 6° C. in th e  value of T c for th e  15 and  20 per cen t. palladium  
alloys The resistance of th e  20 per cent. palladium  alloy wire a t  room 
tem pera tu re  w as 0-544 ohm  and  0-516 ohm , respectively, a fte r th e  
trea tm en ts  (a) and  (c) above. The diiference w as even g reater m  the 
alloy containing 25 per cent. palladium . As th e  only diiference m  th e  
trea tm en ts  w as th a t  th e  furnace h ad  cooled freely from  3o0 C. m  (o) 
an d  from  210° C. in  (c), i t  seems probable th a t  th e  m ore rap id  coolmg 
from the  higher tem peratu re  had  some ąuencliing effect.

T he resu lts of th e  therm al investigation do n o t bear a very  close
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rela tion  to  those of th e  w ork on electrical resistance. I t  will be seen 
from  Table I I  th a t  in  th e  heating  curves th e  absorp tion  of h ea t com- 
mences between th e  B  an d  O po in ts and  th e  m axim um  deflections 
correspond satisfactorily  w ith  th e  C points if allowance be m ade for 
s lgh t superheatm g. The clianges as shown by  th e  cooling curves s ta r t  

D  an d  C points, and  th e  m axim um  deflections occur 
10 20 G. below th e  C points. As th is  m ay be entirely  due to  th e  ra te  
o t cooling em ployed, i t  is reasonable to  conelude th a t  the  g rea test change 
of energy occurs a t  abou t th e  C po in t, w hilst b o th  th e  B -C  an d  D -C  

changGS °* e ĈCtr Ĉa  ̂ resistance a re accom panied b y  sm ali energy

(b) 35-55 Per Cent. o f Palladium.

Five alloys m  th is  rango were exam ined b y  heating  and  cooling
CÛ 6̂  °  7  tW0 gavc definile results. The types of curve ob tained
w itli th e  45 per cent. palladium  alloy are shown in  K g . 1 ( I I I ,  IV). The 
occurrence of th c  double po in ts is difficult to  explain. The alloy 
contam m g 40 p er cent. palladium  gave a very  large an d  sharp  peak 
both on heating  an d  cooling. The tem peratu res a t  w hich th e  changes 
com m enced and  where the deflection was g rea test are given in  Table I I I .

T a b le  I I I .

35%  P d . 40%  P d . 42-5% Pd. 45%  P d. 50%  P d . 55%  P d .

Thormal investigation: 
Chango on heating : 

hegan (° C.) 
maximum (° C.) . 

Change on cooling : 
began (° C.) 
maximum (° C.) .

Micrographic analysis : 
Limits of upper phaso 

boundary (° C.) . 540-550

618
642

592
579

604-613 604-613

538
592

576
492

594 572-575 521-537

T he results of th e  m icrographic exam ination can be d m d e d  in to  two 
p arts  deahng respectively w ith th e  determ ination  of the  upper phase 
boundary  an d  w ith  th e  changes a t  lower tem peratures. E xcep t where 
one phase was p resen t in  only a smali quan tity , i t  was often  difficult to  
distm guish betw een the  phases under the  microscope.

In  th e  alloys contain ing 35, 50, and  55 p er cent. palladium  the 
separation  of the  second phase in  th e  grain  boundaries could be detected  
reac i}  anc th e  tem peratu re  of its  appearance was ob tained w ithin 
satisfactory  lim its, which are given in  Table I I I .  F ig. 12 (P latę X X )
S o 'n  ! h<? seP f ation  of the  sccond phase in  th e  50 p er cent. alloy ab o u t 
M  U  below tllc boundary, where i t  has begun to  appear in  th e  grains



as well as along th e  g rain  boundaries. E arly  experim ents plaeed the  
boundary  betw een the  one-phase and  tw o-phase areas a t  598°-602° C. 
for bo th  tb e  40 an d  45 per cent. palladium  alloys ; K g . 10 (P la te  X IX ) 
shows th e  presence of the  second phase a t  598° O. in  th e  alloy contain ing 
45 per cent. palladium  an d  K g . 11 (P late X X ) tb e  m arked inerease in  
ąu a n tity  a t  only 4° C. lower. A 42-5 p er cent. palladium  alloy was th e re 
fore p repared  to  determ ine th e  eourse of th e  curve betw een 40 an d  45 
per cent. palladium , specim ens of all th ree  com positions being annealed 
and  quenched togetber. Considerable difficulty w as experienced in 
in te rp re ting  th e  s tru c tu res  show n by  th e  specim ens quenclied from  th e  
neighbourliood of 600° C. and , d iscrepan t results being ob ta ined , th e  
following experim ent w as carried  o u t : nine specim ens, th ree  of each 
com position, afte r being annealed for 18 hrs. a t  870° C., were h ea ted  to  
900° C., quenched in  cold w ater, and  th e n  ham m ered. The specimens, 
in  sets of th ree , w ere th e n  annealed  in  th e  tr ip lc  furnace a t  604 , 600 , 
and  594° C., respectively, for 43 h rs., an d  quenched. The specim ens of 
tb e  alloys contain ing 40 and  42-5 p er cen t. pallad ium  showed two 
phases a t  all tem peratu res, th e  q u an tity  of separating  phase being 
g rea ter tb e  lower th e  tem p era tu re  and, a t  a  given tem perature , being 
grea ter in  th e  42-5 per cent. palladium  specim en. The effect of tem 
pera tu re  is sh o w n in K g s. 5 ,6  (P la te  X IX ), an d  of com position in  Figs. 6 ,7  
(P late X IX ); in  th e la t te r  case, th e  p redom inan t phase is believed to  be th a t  
separating  w ith  fali of tem perature . K g  8. (P late X IX ) shows this^at a 
la te r  stage of developm ent. Two of tb e  specim ens contain ing 45 per 
cent. palladium  were uniform  (Eig. 9, P la te  X IX ) and  th a t  quenched from  
594° C. showed only traces of a second phase. The lim its given in  
T able I I I  are based on th e  above results.

In  order to  determ ine w h a t happens when the  alloys are coojed to  
lower tem peratures, specim ens were quenched from  521°, 400 , and 
300° C., and  one se t w as slowly cooled to  room  tem peratu re , th e  tw o 
la st being tre a te d  in  tb e  alum inium  błock furnace. Eigs. 13-16 (P la te  
X X ) show th e  s tructu res of th e  35, 4-0, 45, an d  50 per cent. palladium  
alloys quenched from  300° C. Eig. 13 shows the  largest q u an tity  of 
second phase seen in  any  35 per cent. palladium  alloy, an d  even here 
th e re  are only traces of it. Only th e  40 per cent. palladium  alloy showed 
a uniform  s truc tu re  a t  Iow tem peratu res. In  th e  alloys containing 
45, 50, an d  55 per cent. palladium  th e  q u an tity  of th e  second phase 
seemed to  inerease and th en  to  decrease as th e  tem peratu re  was lowered. 
The g rea test am ount observed foT each com position w as a t  550 ,5 2 1  ,
and  400° C., respectively. . . .

The ty p e  of eleetrical resis tance-tem peratu re  curve obtained in  th is  
rangę differs from  th a t  in  th e  copper-rich alloys (Fig. 2). Curve I I I
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was obtained for the  41 per cent. palladium  alloy and  curve IV  for the
48 per cent. palladium  alloy. The characteristics of these curves are :
(a) a steady  increase of resistance over a considerable rangę of tem pera
tu re  (PQ); (b) a large increase of resistance over a com paratively  sh o rt 
rangę of tem peratu re  (QR); (c) a fu rthe r steady increase w ith  a  very  
sm ali tem pera tu re  coefficient (R S ). The curve is n o t com pletely 
reversible on cooling. The re ta rda tion , RR', varied  from  6° to  50° C. 
in  th e  alloys exam ined, an d  while in  some alloys th e  resistance then  fell 
to , and  continued along, th e  linę QP (curve I I I ) ,  in  o thers i t  fell only a 
fraction of its  rise, and  th en  sm oothed o u t to  a curve Q'P' alm ost 
parallel to  QP (curve IV). The tem peratu res of the  Q, R, R', Q' poin ts 
an d  the  changes in  resistance between these po in ts are given in  Table IV,

T a b l e  IV.

35%
P d .

38-8%
P d .

40%
P d .

41%
P d .

42-5%
P d .

45%
P d .

50%
P d.

50%
P d .

Temperatures (° C .) :
440 582 596 588 570 531 368 472T n 570 598 606 600 596 598 542 528

2Y  • 
2Y •

635 592 591 594 584 570 504 480
440 5S0 585 5S8 550 490 380 408Specifle resistance 

(ohm-cm. x 10-6) : 
p2o beforo 12-7 0-7 6-7 5-6 5-0 4-0 8-3 14-4 43-5p20 after 22-9 6-7 6-7 5.6 4-8 3-7 28-2 36-1 43-8
Ph ~ P q 11-5 18-4 18-4 20-2 21-2 24-0 26-3 17-0
Pr — Pq 2-5 18-5 18-6 20-2 22-4 25-8 6-2 1-5

together w ith  the specific resistances a t  20° C. before an d  afte r the  
experim ents. The lower values a t  20° C. and  th e  values a t  600° C. are 
p lo tted  in  K g . 3, and  th e  Q, R ' po in ts  in  Fig. 4.

The effect of continuous hea ting  an d  cooling on th e  tem peratu res of 
th e  transform ations was exam ined w ith the  40 and  45 per cent. pa llad 
ium  alloys. The results are collected in  Table V, an d  com parison w ith

T a b l e  V.

A lloy P allad ium  
P or Cent.

R ato  o l  Change o l T em peratu re 
0 C. pe r M inutę.

T ransfo rm ation

Began ° C. E nded  ° 0 .

40 Heating 0-3 596 607
0-23 596 606

Cooling 1-0 5S6 577
0-03 591 5S545 Heating 0-4 557 59S

Cooling 0-4 518
0-06 546 below 480



Table IV  shows th a t  th e  m ethod of long-tim e annealm g is alm ost 
essential for obta in ing  stab le equilibrium  during a transform ation , 
especially in  alloys aw ay from  40 per cent. palladium . D uring the 
transfo rm ation  of a  50 per cent. palladium  alloy wire, its  resistance 
inereased from  1-033 to  1-260 ohm s in  th e  first 24 hrs. and to  1-290 ohms 
afte r a fu rth e r 20 h rs., th e  tem peratu re  being k ep t constan t. Anneal- 
ing for only  24 hrs. th u s yields a  resu lt ab o u t 3 per cent. too Iow, which 
has the  effect of extending th e  tem peratu re  rangę of th e  transform ation . 
Owing to  th e  steepness of th e  curves in  these experim ents, i t  is unhkely 
th a t  errors g rea ter th a n  3° C. have been in troduced  as th e  resu lt of
insufficient annealing. .

The resistance of th e  55 per cent. palladium  alloy inereased by  1-5 
per cent. on heating  from  room  tem peratu re  to  250 C., and  tlien  
rem ained co n stan t to  ±  0-5 per cent. up  to  620° C. On cooling, the  
resistance was co n s tan t down to 200° 0 ., an d  th en  decreased by  1'5 per
cent. to  th e  value a t  room  tem peratu re .

The Iow resistances of th e  35, 48, and  50 per cent. pallad ium  alloys 
afte r th e  prelim inary  anneal, in  co n tra st to  the  high values afte r cooling 
slowly from  above th e  transfo rm ation  rangę, led to  an  investigation  of 
the  effects of quenching an d  rolling th e  wires. The resistances of the  
“  as rcceiyed ” w ires were rcspectively 7, 29, an d  3 p e r cen t h igher th a n  
th e  resistances of th e  slowly cooled wires given in  T able IV (p20 after)
for these com positions. ,,

(a) Rolling.— 35 an d  50 per cent. palladium  alloy wires _m the
slowly-cooled s ta te  w ere reduced by  a b o u ta th i rd ,  an d  the ir resistances 
were exam ined as before a t  various tem peratures. lh e re  was little  
sign of a decrease in  resistance due to  th e  rem oval of th e  w ork-hardness, 
an d  th e  increases due to  th e  transfo rm ation  were only W and  o per cent., 
respectively, of th e  increases ob ta ined  w ith  tho annealed  alloys.

(b) Quenching.— 35, 48, an d  50 per cent. palladium  alloy wires m  the  
slowly-cooled s ta te  were h ea ted  to  620° C. for l i  hrs. an d  quenched m 
cold w ater. The resistances were th en  2 -3  per cent. higher th a n  m  tho 
“ as received ” condition. A fter trea tm e n t sim ilar to  th e  prelim m ary 
anneal, th e  resistances h ad  decreased by  am ounts equal to  12, 14, and
3 per cen t., respectively, of th e  corresponding decreases w ith  th e  as 
received ” wires.

(c) Onenching and Rolling.— .A length  of th e  48 per cent. palladium  
alloy wire w as annealed a t  615° C. for H  hrs., quenched, and  then  rolled 
to  a 66 per cent. reduction  in  thickness. On annealing, th e  resistance 
fell 49 per cen t., eom pared w ith  77 per cent. for th e  “ as received wire. 
I t  appears, therefore, th a t  to  produce a  w ire of Iow resistance requires 
bo th  quenching an d  cold-work. I t  is probable th a t  in  th e  p reparation
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o the alloys th e  cooling was com paratively  fa s t an d  th a t  th e  cold-work 
m  p repanng  th e  wires was considerable, b u t sińce th is  trea tm e n t m ay 
n o t have been the ideał, i t  is possible th a t  still lower values for the 
resistance of these alloys in  the  ordered arrangem ent m ay be obtained 
m  which case th e  transform ations will com mence a t  a  lower tem peraturo .

D is c u s s io n  o f  R e s u l t s .

The generał form  of th e  electrical resis tance-tem peratu re  curves is 
m  agreem ent w ith  th e  w ork of Borelius, Johansson , and  L inde,5 who 
used a ra te  of change of tem peratu re  of 50°-100° C. per h r„  a  ra te  which 
the p resen t w ork has shown to  be m uch too g rea t for the  m aintenance 
of eąuilibrium  conditions. As a result, th e y  found th e  B  po in ts in  the  
copper-nch rangę m defim te w ith  T B ab o u t 50° C. above the  values given 
here and  th c  resistances below th e  B  po in ts  considerably too hio-h. 
S im ilarly in  tlie 35-50 p er cent. rangę th e  tem peratu res of th e  changes 
on heating  were m uch higher th a n  those given here. In  th is  connection 
i t  is to  be no ted  th a t  th e  results of th e  p resen t the rm al investigation , 
o j am e w it a g rea ter ra te  th a n  th e  above, are, w ith  one exception, in 
good agreem ent w ith  the  presen t electrical resistance work. Borelius 

o ansson, an d  L inde obtained a considerably sharper transfo rm ation ’ 
b u t the  hysteresis was m uch m ore pronounced. The resistance of th e ir
49 8 per cent. palladium  alloy decreased from  th e  high value rig h t down 
to th e  values on th e  heating  curve a t  Iow tem peratu res, w hilst in  the 
p resen t w ork only p a rtia l falls were ob ta ined  w ith bo th  the  48 (by analysis 
49-24) and j O per cent. palladium  alloys. Svensson « sta te s  th a t  he was 
unable to  ob tam  the  regular arrangem ent of th e  atom s in  a  49 per cent.

SPf  ? ° f annealinS i t  for several weeks betw een 700° C. and  
300 O. and  he considers th a t  the  49-8 per cent. alloy, w hich Sedstrom  
and  Johansson an d  L inde ob ta ined  in  the  ordered eondition, was n o t 
com pletely homogeneous. The experim ents w ith  quenched an d  rolled 
wires suggest th a t  the  previous trea tm e n t m ay  also have played a

The specific resistances (Fig. 3) corresponding w ith  th e  ordered 
arrangem en t a t  20° C. are all lower th a n  values previously obtained, due 
no doubt, to  th e  trea tm e n t em ployed. In  th e  copper-rich rangę the  
‘ lfIcrences a re n o t appreciable except a t  30 per cent., an d  th c  p resen t 
results are n o t m  disagreem ent w ith  th e  occurrence of the  m inim um  
specific resistance a t  16-18 p er cent. of palladium . Low values of the  
specific resistance have been ob ta ined  over a  w ider rangę of com position 
th a n  before m  th e  rangę 35-50 per cent. palladium , b u t the  position 
of the  m inim um  is m  agreem ent w ith  th e  w ork of Svensson. The specific 
resistance-com position curve a t  600° C. shows tw o breaks a t  32-5 and



42 per cent. of palladium , respectively, difiering from  tlie sniooth curve 
up to  50 per cent. given b y  Borclius, Johansson, an d  Linde, an d  from  
Svensson’s curve for quenched alloys, which has a p o in t of inflection 
between 30 and  35 per cent. of palladium .

I n  th e  tem peratu re-com position  d iagram  (Fig. 4) the  curve of the  
D  po in ts  differs essentially from  th a t  of Borelius, Johansson, an d  Linde 
in placing the  m axim um  a t  22 per cent. in stead  of a t  the  sim ple atom ie 
ratio  3 Cu : 1 P d . The course of th e  curvc for th e  B  po in ts is ten ta tiv e . 
I n  th e  rango 35-50 p er cent. pallad ium , only th e  beginnings of th e  
transfo rm ations on hea ting  an d  cooling are p lo tted  (Q, R  points), 
representing th e  up p er lim it of existence of th e  pure body-centred  cubic 
phase an d  th e  lower lim it of th e  pu re  face-centred cubic phase, respec- 
tively, w hen th e  previous trea tm e n t of an  alloy has ensured th a t  th e  
stable phase is alone present. The m axim um  near 40 per cent. pallad
ium  an d  the  R ' po in ts  above the  Q po in ts are in  m arked  co n tra s t to  tlie 
earlier results, an d  em phasize th e  deficiencies of th e  m ethod.

The com position lim its of the  two transfo rm ations canno t be accur- 
ately  fixed b y  th e  presen t w ork. The copper-rich transfo rm ation  
probab ly  begins yery  little  below 10 per cen t. an d  ends above 30 per 
cent. palladium . There is p robab ly  a region w ith  no transfo rm ation  
betw een 30 an d  35 per cent. palladium  although  the re  is a t  p resen t no 
experim ental proof available. The upper lim it of th e  second tra n s
form ation  is v ery  close to , b u t definitely above, 50 per cent. palladium . 
This indicates, as has been no ted  previously,4 th a t  th e  palladium  atom s 
are unable to  replace th e  copper atom s in  th e  ideał body-centred cubic 
la ttice  of the  CsCl ty p e  to  any appreciable ex ten t.

Theoretical Considerations.

The occurrcnce a t  17 per cent. of palladium  of th e  m inim um  specific 
resistance an d  th e  m axim um  in ten sity  of the  super-lattice lines in  the  
X -ray  photographs of slowly-coolcd alloys was explained by  Borelius, 
Johansson , an d  L inde in  term s of th e  splitting  up  of the  crysta llites into 
sm ali zones during th e  ordering of th e  atom s. So far as th e  electrical 
resistance is concerned, the re  is ano ther explanation  for th e  displacem ent 
of th e  m inim um  aw ay from  25 per cent. Two opposing factors com bine 
to  determ ine th e  value of th e  specific resistance : th e  regu larity  of the  
atom ie arrangem ent favours a  Iow resis tan ce ; th e  d ilation  of th e  copper 
la ttice  b y  th e  add ition  of palladium  atom s produces an  increase of 
resistance. As th e  600° C. iso therm  (Fig 3) shows, th is  la tte r  effect is 
very  considerable— atom  for atom , palladium  is nearly  tw ice as ef£ective 
as gold in  inereasing th e  resistance of copper. As a  result, th e  first 
fac to r is outw eighed by th e  second, and , while the  decrease of resistance
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due to  the  ordering of th e  atom s (p<?-pij, Table II)  is g rea test a t  25 per 
cent., th e  m inim um  resistance is displaced to  th e  copper-rieh side.

Tlie tem peratu re-com position  diagram  for th e  copper-rich alloys 
does n o t have th e  same significanee as th e  usual eąuilibrium  diagram , 
sińce it  represents stages in  a  uniphase rearrangem ent of atom s which, 
cvcn a t  the  com position of the  sim ple atom ie ra tio , tak es place over a 
considerable rangę of tem peratu re . A n in te rp re ta tio n  of th e  resis tance- 
tem pera tu rc  curvcs is necessary to  determ ine th e  stages associated w ith 
th e  B , C, and T) points. F rom  the  X -ray  work, th e  s tru c tu re  of the 
alloys a t  Iow tem peratu res is considered to  bc ordered in  te rm s of the  
Cu3P d  s tru c tu re  (p. 255). T hus th e  25 per cent. palladium  alloy should 
have th e  idcal a rrangem ent; in  alloys richer in  copper, th e  excess atom s 
should occupy cube corners; on th e  o ther side, th e  excess of palladium  
a tom s should go to  th e  centres of the  cube faces. The h igh-tem peratu re 
a rrangem ent is an  irregular d istribu tion  of th e  atom s on th e  po in ts of a 
face-centred cubic la ttice . The following suggestions are based m ainly 
on th e  results for th e  15-25 per cent. palladium  alloys. F rom  A  to  B  
(Fig. 2 , 1) the  resistance inereases steadily  w ith  tem pera tu re  as in  a pure 
m etal, due to  th e  norm al expansion of th e  space-lattice. A t B  th e  
change of slope is tak en  to  ind icate  th a t  the  ordered arrangem ent of th e  
atom s has begun to  be upset. If  i t  be assum ed th a t ,  aw ay from  the 
25 per cent. palladium ’alloy, th e  ordered arrangem ent of th e  atom s con- 
sists of sm ali groups w ith  th e  Cu3P d  stru c tu re  d istribu ted  th roughou t 
th e  whole, th e n  in  the  production  of th e  uniform  irregular d istribu tion  
the  local change of com position is less a t  25 per cent. palladium  th a n  on 
th e  coppcr-rich side. The transfo rm ation  should therefore be com pleted 
the re  m ore readily , i.e. a t  a  lower tem peratu re . The C p o in t m ay  thus 
correspond w ith  th e  conclusion of th e  atom ie red istribu tion . I t  is 
suggested th a t  th is  process produces a  d isto rtion  of th e  la ttice , the  
rectification of which, tak ing  place between C and  D , causes th e  observed 
sm ali decrease in  resistance. The yalues of pe-pD for the 15-25 per cent. 
palladium  alloys indicate th a t  th e  g rea test d isto rtion  is a t  25 per cent., 
and  th e  rangę of tem peratu re  of th e  change supports th is. Above D  
th e  norm al inerease of resistance is resum ed.

In  th e  case of th e  10 per cent. palladium  alloy, where only 40 per 
cent. of th e  atom s need be concerned in  the  ordering, i t  is conceivable 
th a t  the  resistance when these atom s are arranged  sta tistiea lly  am ong 
tliem selves in  groups is g rea ter th a n  w hen the  palladium  atom s are 
d istribu ted  uniform ly a t  random . There is th u s th e  possibility of a 
tw o-stage process, w hich would also account for the  lag on cooling.

On th e  palladium  side of the  simple ratio , the conditions differ, in  th a t  
th e  excess a tom s are the larger (atom ie r a d i i :— copper 1-28 A., pallad-



i lim 1-38 A.). In  tb e  ordered sta te , these larger atom s m ust go to  th e  
centre of a  cube face, and  th u s be closer to  a neighbouring palladium  
atom  th a n  on th e  coppcr-rich side. W ith  the la ttice  spacing larger, 
the  palladium  atom s m ay conceivably b e a b le to m o v e  more freely, and 
the  change begin an d  end a t  a lower te m p e ra tu re : th e  d istortion too
would be correspondingly rcduced.

T he tem peratu re-com position  diagram  m ay now bc construed. 
(i) The D  line m arks the  low er lim it of th e  und isto rted  face-centred 
cubic la ttice  w ith  th e  atom s irregularly  arranged; (11) between the G 
and  D  lines th e  la ttice  is d isto rted , w ith an  irregular arrangem ent of 
a tom s; (iii) betw een th e  B  an d  C lines the  diffusion of th e  atom s from 
th e  ordered to  th e  irregular arrangem ent is tak ing  place, accom pamed 
by a d isto rtion  of th e  la ttic e ; (iv) th e  B  line m arks tb e  upper k m it of 
th e  ordered  face-centred cubic structu re .

The hysteresis ob tained in  the  resis tance-tem peratu re  curves of tlie 
janife 35-50 per cent. palladium  seems to  bc a definite characteristic  of 
these alloys. The loop is sm ali in  the alloys near 40 per cent. of pallad
ium , an d  i t  is only some 50° C. wide a t  th e  lim iting com positions. I t  is 
therefore possible th a t  a modified form  of under-cooling is responsible 
for its  occurrence. The therm al and electrical rcsistance results w ith 
alloys near th e  lim iting com positions indicate th a t  th e  difference in  
energy co n ten t of alloys in  th e  tw o sta tes is smali. T hus qu ite sm ali 
factors should bc able to  re ta rd  the  change.

Su m m a r y .

1 In  th e  rangę 10-30 per cent. of palladium , the electrical resistance- 
tem pera tu re  curves for th e  transfo rm ation  from  an  irregular to  a regular 
d istribu tion  of th e  atom s on th e  pointa of a  face-centred cubic la ttice 
are explained on the  assum ption th a t  a la ttice  distortion , which produces 
a sm ali inerease in  resistance, is followed by  th e  ordenng of the  atom s 
w hich causes a  large d im inution in  resistance.

2. The h ighest tem peratu re  for th e  com m encem ent of th e  first stage 
is ab o u t 570° C. a t  a com position near 22 per cent. of palladium , lh e  
corresponding figures for the  second stage are 500° C and  15 per cent.

3. The minimum specific resistance in  th e  ordered s ta te  isb-1 X 1U
ohm -cm . a t  20° C. in  th e  15 p er cent. palladium  alloy. The inerease due 
to  th e  transfo rm ation  is g reatest a t  25 per cent. palladium .

4. In  th e  rangę 35-55 per cent. palladium , th e  transform ation  from 
a face-centred cubic la ttice  w ith  th e  atom s arranged  irregularly  to  a 
body-centred cubic la ttice  w ith  an  ordered d istribu tion  of th e  atom s 
takes place com pletely near 40 per cent., b u t only p a rtly  on coobng in 
alloys near th e  lim iting com positions. The change m  the  la tte r  case
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can  be m ade m ore com plete by  quenching from  600° C., cold-rolling, 
an d  th en  annealing  a t  450° C.

5. In  no ease has th e  transfo rm ation  been found to  tak e  place a t  
co n s tan t tem peratu re , th e  range being sm allest an d  the  tem peratu re  
h ighest a t  40 per cen t. palladium .

6. The specific resistance in  the  ordered s ta te  is a m inim um  a t  47 per 
cent. of palladium  (3-1 x  10“° ohm -cm . a t  20° C.).

7. There are tw o breaks in  th e  specific resistance—com position curve 
for th e  irregular arrangem ent of th e  atom s, a t  32-5 and  42 per cent. 
palladium , respectively.
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D IS C U S S IO N .

Dk. J . L. H augiiton * (Member of Council): W ith regard to  the method 
of measuring electrical resistiyity, I  am not ąuite sure th a t I  liave the idea 
right, but if I have I think tha t i t  is slightly open to criticism. I f  I under- 
stand i t  correctly, the arrangement is as follows : a spiral of the alloy approx- 
imately 45 cm. long is welded to a  copper lead approximately 33 cm. long. 
To this is fastened asm all tungsten wire, roughly 8 cm. long, to  which the copper

* Principal Scientific Officer, Department o£ Metallurgy and Metailurgical 
Chemistry, National Physical Laboratory.
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leads are attached. In  series with this is a standard resistance, an aecumulator, 
and a swamping resistanco. The Toltage drop across the standard is com- 
pared w ith the voltage drop across the system composed of the copper and 
tungsten wires and tho specimen. Then an exactly similar arrangement, except 
th a t there is only 10 cm. of alloy, is used to find the resistance of the leads.

I t  seems to me th a t in th a t case very aecurate measurements of the lengths 
of the wires are reąuired, and it is necessary to be ąuite sure th a t all the leads 
up to the specimen are exactly the same. Would i t  not have been possible, 
without introdueing any excessive complication, to bring the potential con- 
tacts in to the end of the specimen ? I t  would necd another pair of copper— 
tungsten-coppcr wires going through the glass. In tha t case only the re
sistance of the specimen itself would be measured. W hether the complication 
of the extra pair of leads in  each of the specimens would have beon too great, 
and whether i t  would be worth i t  or not—because it  is possible tha t the method 
used is sufficiently accurate—I  do not know, but personally I  should be very 
frightened of errors th a t might be introduced by the compensating arrange
ment.

The A u t i i o r  (in reply): I t  would have been moro complicated to have 
these extra leads. W ith only 2 leads I  was able to use a tube th a t was less 
than 1 cm. in diameter and to get 12 such tubes into my furnace a t ^onco. 
The actual values of the resistance may not be accurate, but the main in- 
accuracy eamo in measuring the diameters of the wires; the errors there wero 
greater than the errors brought in elsewhere. As tho main object was to 
determine tho temperatures of the ehange, my method was sufficiently ac
curate.

VOL. LIY. S
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ALLOYS OF MAGNESIUM  R ESEA R C H . PA R T  
I .—T H E  CO NSTITUTION OF T H E  MAG- 
N ESIU M -R IC H  ALLOYS OF MAGNESIUM 
AND N IC K EL.*

By JOHN L. HAUGHTON.f D.Sc., Member of Council, and RONALD J. M.
PAYNE.J B.Sc., M e m b e r .

S y n o p s i s .

Tho constitution o! magnesium alloys containing up to CO por cent. 
nickel lias beon studicd by thormal and microscopic methods. Magnesium 
forms a eutectic with the compound Mg2Ni at a temporature of 508° O. 
and a composition of 23‘5 per cont. nickel. The solubility of nickel in solid 
magnesium is less than 0'1 por cont.

I.— I ntroduction.

T h is  paper describes th e  resu lts of the  first p a r t  of a research on the  
constitu tion  and properties of alloys of m agnesium  which is being 
carried o u t in  th e  M etallurgical D epartm en t of th e  N ational Physical 
L ab o ra to ry  under th e  generał supervision of D r. C. H . Desch, F .R .S . 
The research is being conducted  in  a  m anner sim ilar to  those on alloys of 
iron  an d  alloys of alum inium  w hich have been proceeding for m any 
years in  th is  L aborato ry .

The w ork is being carried o u t under th e  auspices of th e  Alloys 
Sub-Com m ittee of th e  A eronautical Research Com m ittee, w ith  the 
ob ject of im proving alloys of m agnesium  for use in  a ire raft, an d  the 
stu d y  of th e  constitu tion  of th e  alloys is being undertaken  sim ultane- 
ously w ith  th e  investigation  of the ir m eehanical properties.

I I .— P eevious W o rk .

A com prehensive s tu d y  of th e  constitu tion  of th e  alloys of nickel 
an d  m agnesium  was m ade by  Voss § in  1908. A p a r t  of th e  diagram  he

* Manuscript receivod November 9, 1933. Presented a t tbe Annual General 
Meeting, March 8, 1934.

f  Principal Scientific Officor, Department of Metallurgy and Metallurgical 
Chemistry, National Physical Laboratory, Teddington.

J Assistant III, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.

§ Z. anorg. Chem., 1908, 57, 61.
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I I I .— P r e s e n t  W o r k . i

The p rim ary  ob ject of th e  p resen t w ork w as th e  s tu d y  of th e  con- 
s titu tio n  of alloys of m agnesium  w ith  sm ali ąuan tities of nickel, m ainly 
in  order to  determ ine w hether th ey  w ere likely to  exh ib it age-hardening 
properties. F o r com pleteness, how ever, th e  investigation  has been 
carried  to  th e  lim it of esistence of th e  a-phase, nam ely, up  to  ab o u t 
55 per cent. nickel.

M aterials Used. •

F o r th e  g rea ter p a r t  of th e  research, com m ercial m agnesium  
of ab o u t 99-93 per cent. p u rity  was em ployed. A  represen tative 
analysis of th e  seyeral batches from  which supplies were tak en  is as 
fo llow s:

obtained is given in  F ig. 1. Some of his therm al curves, howevcr, were 
obtained from  alloys contained in  silica yessels, and , as w as adm itted , 
th e  a t ta c k  of th e  alloy on th e  crucible was severe, and m u st have 
resulted  in  yery  serious contam ination  of th e  m elt an d  a lte ra tion  in  its  
com position.

aK
^  7 0 0  
Ui 
% 
ki

6 0 0

Fio. 1.

10 20  3 0  4 0  S0
N IC KEL  , WEIGHT PER CENT

M g  ■+ L i q
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P e r  C ent.

. 0-043

. 0-021 

. 0-008 

. 99-928

100-000

The nickel used w as specially supplied by  The M ond N ickel Com pany, 
L td ., an d  contained : Pcr Ceut.

. 0-008 

. 0-028

Iro n  .
A lum inium  .
Copper
M agnesium (by difference)

Copper
Iro n
Carbon
Silicon
Nickel

0-011
0-004

99-949

100-000

F o r m aking up th e  alloys used for determ ining th e  solubility  lim it, 
specially pure  m agnesium  w as em ployed. This w as prepared  from  the  
com m ercially pure  m ateria ł by  a three-fold sublim ation a t  a  tem peratu re  
of a b o u t 580° C. under a  pressure of 0-01 m m . of m ercury. Chemical 
analysis showed th a t  i t  contained ab o u t 99-97 per cent. m agnesium  
(ob tained  b y  difference), an d  th e  spectroscope ind icated  th a t  th e  
im purities h ad  to  a g rea t ex ten t been rem oved. Sublim ation appears 
to  rem ove iron  m ore effectively th a n  i t  rem oves copper. .

Preparalion o f the Alloys.

Two high-nickel alloys, containing ab o u t 22 per cent. and 47 per 
ce n t nickel, respectively, were prepared b y  dissolving nickel in  m ag
nesium  in  an  iron  crucible under a  flux. The alloy containing 47 per 
cen t. nickel reąu ires a tem pera tu re  of ab o u t 900° C. and  a  long tim e to
dissolve. _ _ ^ T .

These basis alloys w ere em ployed in  m aking up  all th e  o ther m eits 
(except those for solubility  determ inations), an  iron  crucible an d  a 
flux again  being used. The fiux first em ployed contained :

Sodium fluoride .
Calcium fluoride .
P o tassium  chloride
M agnesium chloride

This flux, w hich is very  mobile w hen m olten, b u t  w hich tends to  
seek th e  sides of th e  crucible, is su itab le for th e  low-m elting po in t 
alloys, b u t  th e  com m ercial flux “ E lrasal,” which form s a protective

30 grm. 
20 „ 

160 „ 
450 „
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layer over th e  surface of th e  m etal, is preferable for use w ith  alloys 
of high m elting po in t.

Thermdl A nalysis.
T he th e rm al analysis of m agnesium -rich alloys presen ts some 

difficulties. W ith  such a  reactive m ateria ł as m agnesium  i t  is alm ost
im perative th a t  a  liquid  flux be 

- 3 used if ox idation  of th e  m eta l is 
to  be avoided com pletely, an d  a 
)iquid flux, in  tu rn , necessitates 
th e  em ploym ent of a m eta l 
crucible, such refracto ry  crucibles 
as are res is tan t to  th e  a t ta c k  of 
m agnesium  being usually  porous 
an d  absorb ing  th e  flux. A  th in - 
w alled crucible of m ild  steel is 
sa tisfac to ry  except th a t  i t  scales 
a t  high tem peratu res. Crucibles 
of stainless iron  were found to  be 
slightly  superior in  th is  respect, 
an d  were used for th is  research. 
No serious con tam ination  of th e  
con ten ts resu lted  from  th e  use of 
such a  crucible n n til th e  nickel 
co n ten t exceeded 25 per cent., 
an d  th e n  only w hen th e  tem pera
tu re  w as raised  above ab o u t 
800° C.

T he design of th e  crucible 
rcąu ircs a  little  consideration. 
The m arked  tendency  of th e  flux 
to  ereep o u t of th e  crucible, and 
itsv o la tile  n a tu rę  an d  electrically- 

p IG 2 . conducting properties, m ade
efficient shielding of th e  therm o- 

couple essential. F ig. 2 shows tho  form  of crucible found to  be m ost 
sa tisfactory . The crucible itśelf is a  stainless iron pressing, w ith  a 
close-fitting stainless iron  lid. The couple p ro tector, the  end  of which 
is closed b y  welding, is m ade from  stainless iron  tube  an d  is screwed 
in to  th e  bo ttom  of th e  crucible. The therm ocouple is p laced in  a  
“  P y thago ras ” tu b e  w hich fits th e  m eta l p ro tec ting  tu b e  fairly  closely. 
A p la tinum /p la tinum -rhod ium  couple is used  for th e  tem peratu re  
m easurem ent.



The th e rm al analysis of alloys rich in  m agnesium  was carried o u t in  
a  g rad ien t furnace * arrangem ent in  which th e  furnace m oves p as t 
th e  specim en; w ith  th is  th e  therm ocouple does n o t pass th rough  the  
h o tte s t p a r t  of th e  furnace tube , and , fu rther, i t  is shielded to  some 
ex ten t b y  th e  tu b e  supporting  th e  crucible.

(a) M elting P oint o f Pure M agnesium .
Some d o u b t appears to  ex ist as to  th e  ac tu a l m elting po in t of pure 

m agnesium  : th e  accep ted  figurę is 651° C., b u t com peten t w orkers 
have ob ta ined  values vary ing  betw een 647° an d  652° C. A ą u a n tity  of 
th e  specially purified m eta l was therefore m elted  in  a  crucible of th e  
k ind  ju s t  described an d  its  m elting an d  freezing po in ts were very 
carefully determ ined, using a couple w hich w as cahbratcd  in  tlie 
M etallurgy D ep a rtm en t before th e  curves were taken , an d  checked 
afte rw ards in  th e  H e a t D ep a rtm en t of th e  L ab o ra to ry  agam st th e  
m elting p o in t of specially purified an tim ony. F rom  th is  w ork i t  can 
be sta ted  th a t  th e  m elting po in t of pure m agnesium  is 649° C. ±  0-5 C.

(b) Alloys Containing Less than  45 Per Cent. N ickel.
Difficulties were early  encountered  w hen a system atic  a t te m p t was 

m ade to  determ ine th e  liquidus of th e  system . S tartm g  from  pure 
m agnesium , th e  m elting  p o in t w as found to  be progressively depressed 
by  th e  addition  of nickel, b u t  th e  a rres t p o in t was also found ąutckly  
to  becom e ill-defmed, an d  b y  th e  tim e 20 per cent. nickel h ad  been added 
i t  h ad  becom e so sm ali an d  indefinite as to  be very  doubtful, or even 
non-existent. An a tte m p t w as th en  m ade to  w ork back  across th e  
d iagram  from  th e  neighbourhood of th e  com pound Mg2N i; herc again 
i t  w as found th a t  th e  m ore th e  alloy differed in com position from  th a t  of 
th e  com pound th e  m ore difiuse th e  liquidus h a l t  becam e Only th e  
sm allest ind ication  of an  a rre s t po in t was ob ta ined  w ith  tlie alloy 
containing 35 per cent. nickel, w hilst those w ith  a  com position betw een 
20 an d  35 per cent. nickel showed only th e  eutectic h a lt. The diffuseness 
or absence of th e  a rres t a t  once suggested inhom ogeneity  of th e  specimen 
(W ith all alloys th e  eu tectic a rres t was found to  be very  well defaned 
an d  to  occur a t  sensibly th e  sam e tem perature .)

On tw o cooling curves, ob ta ined  from  alloys containing 31-2 and  
33-3 per cent. nickel, well m arked  b u t sm ali arrests  were found a t  
tem peratu res of 745° an d  738° C., respectively ; th e y  were also found 
on hea ting  a t  754° an d  752° C. This would seem to  suggest the  presence 
of a kum p betw een th e  tw o branches of th e  liquidus already  established,
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b u t th is  suggestion was n o t borne o u t b y  th e  m icrostructure, w hich w as 
th a t  of a sim ple eutectiferous series r ig h t across th e  diagram .

In  order to  determ ine w hether th e  liąuidus did, in  fac t, a t ta in  a 
m axim um  a t  some p o in t betw een 20 an d  35 p er cent. nickel, an  alloy 
contain ing 31-2 per cent. nickel was m elted  in  a mild steel p o t an d  a steel 
stopper w as forced in . The crucible an d  con ten ts were th e n  annealed 
a t  various pre-determ ined tem peratu res an d  ąuenched in  w ater. Care 
was tak en  in  ąuenching n o t to  d istu rb  th e  m eta l in  th e  po t. A vertical 
section of th e  crucible an d  con ten ts w as th e n  m ade, an d  th e  face 
polished an d  etched. I t  was hoped to  d e tec t w hether th e  alloy had  
been w holly o r p a r tly  liąu id  a t  th e  tem peratu re  of ąuenching by  exam in- 
ing th e  section for th e  presence of large an d  possibly segregated crysta ls 
of a  p rim ary  separation . No conclusive resu lts were ob ta ined  from  
these experim ents, a lthough  annealings were conducted  a t  tem pera
tu res betw een 530q an d  900° C.; all speeim ens on ąuenching showed 
segregation of p rim ary  crysta ls. The segregation, especially th a t  
occurring on  anneahng a t  th e  lower tem peratu res, w as very  m arked, 
a n d  confirm ed th e  au th o rs’ belief th a t  th e  absence of liąuidus arrests 
m igh t be due to  th is  cause.

F u rth e r  sam ples of th e  sam e alloy (31-2 p er cent. nickel) were n ex t 
poured  in to  a  th in , wedge-shaped copper m ould im m ersed in  a freezing 
m ix tu re  of ice and salt. I t  w as found on sectioning th e  wedge th a t  the  
tip  alw ays possessed a very  fine s tru c tu re  w hen pouring was carried  o u t 
above 650° C .; th is  ind icated  th a t  th e  alloy w as com pletely m olten  
above th is  tem peratu re .

T herm al curves were th en  tak en  on some of th e  sam e alloy in  th e  
sam e stainless iron  crucible, b u t  w ith  an  iron  stirring  rod  in troduced  
th rough  a hole in  th e  lid. A fter m elting, th e  alloy w as s tirred  con- 
tinuously  while a  cooling curve was tak en  alm ost dow n to  th e  eu tectic 
tem peratu re , an d  a well-defined liąu idus a rres t w as ob ta ined ; th e  
a rrest was also reproduced on heating . The rem ainder of th e  alloys 
betw een 20 an d  35 per cent. nickel were th e n  tre a te d  sim ilarly, an d  
rep ea t curves were obtained for alloys which yielded ilł-defined po in ts 
when n o t stirred . The liąuidus th u s ob ta ined  is shown in  Fig. 3.

W ith  alloys contain ing m ore th a n  ab o u t 40 per cent. nickel th e  
m ethod of stirring  w ith an  iron  rod  was n o t very  sa tisfactory , as m etal 
sticking to  th e  rod caugh t fire w hen i t  was carried  th rough  the  hole in  
th e  lid of the  crucible, an d  n o t only was the  com position of th e  alloy 
altered , b u t th e  stirring  rod  tended  to  jam  in  th e  hole. A piece of 
ap p a ra tu s  w as therefore m ade up  in  which th e  tendency to  segregate 
was g rea tly  reduced b y  continuously ro ta tin g  th e  specim en ab o u t 
a horizontal axis while observations for heating  and  cooling curves were



scoop, w hich fu rth e r checks segregation. The ap p ara tu s  has been 
described in  deta il by  one of th e  au thors elsewhere.f

A t th is  stage of th e  w ork i t  w as found th a t  in  alloys containing more 
th a n  25 per cent. nickel some iron had been dissolved from  th e  crucible. 
All these alloys had  been tak en  to  a high tem peratu re , of th e  order of 
900° C., in  th e  earlier a tte m p t to  determ ine th e  liąuidus, an d  some of 
tliem  h ad  been h ea ted  an d  cooled under these conditions m any tim es. 
I t  w as n o t surprising, therefore, to  find th a t  they  h ad  an  iron  con ten t 
increasing from  less th a n  0-2 per cent. iron  w hen ab o u t 30 per cent.

* K. E. Bingham and J. L. Haughton, J. Inst. Metals, 1923, 29, 71. 
f R. J. M. Payne, J. Sci. Instruments, 1934, 11, 90.

being m ade. The m ethod was used by  B ingham  an d  H augh ton  when 
studying th e  copper-n ickel-a lum inium  alloys.* In  th e  p resen t form 
of th e  ap p a ra tu s  the  therm ocouple an d  its  sheath  ro ta te  w ith  the  
crucible, in stead  of being s ta tionary , as in  th e  earlier form . The m uch 
closer fit of th e  couple sheath  in  th e  crucible which can  be th u s  obtained 
will te n d  to  keep sm ali th e  the rm al lag betw een alloy an d  couple. A 
fu rth e r im provem ent consists in  th e  in troduction  in to  th e  crucible of a
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nickel was p resen t, to  alm ost 0-5 p e r  cent. iron  w hen the alloy contained  
45 p e r  cent. nickel. I t  was proposed, therefore, to  redeterm ine tho 
liquidus from  25 per cent. nickel upw ards, tak ing  th c  u tm o st p recaution  
to  avoid contam ination . As a s ta rting  po in t, a  fresh stock alloy was 
m ade up. The m elting together of th e  nickel and m agnesium  was 
carried  o u t w ith  difficulty in  a  hard  alum ina crucible. L arge am ounts 
of flux were added  continuously to  m ake up for losses by absorption  by  
th e  crucible. The alloy was th e n  poured (burning meanwhile) in to  a 
chill m ould.

B y additions of m agnesium  to  th e  stock alloy, two new alloys 
con tain ing  ab o u t 30 an d  40 p er cent. nickel were m ade up, m elting 
again  being carried  o u t in  alum ina erucibles. The m etal w hen p repared  
was poured  in to  stainless iron  po ts  w hich h ad  been ligh tly  sprayed 
in te rna lly  w ith  m ould dressing. O bservations for th e rm al curves were 
th en  m ade on these alloys, care being tak en  th a t  th e  alloy a t  no tim e 
reached  tem peratu res m ore th a n  ab o u t 30° C. above th e  liąuidus. 
The alloys were sam pled a fte r the rm al analysis an d  iron  con ten ts of 
0-08 p er cent. w ere also found in  each case. I t  w as found th a t  th e  
liquidus po in ts for theso alloys lay  exactly  on th e  curve determ ined 
for alloys contain ing m uch g rea ter quan tities of iron. The effect of 
such proportions of iron  appears, therefore, to  be negligible, and  th e  
m ean of th e  arrests ob ta ined  on heating  an d  cooling for considerably 
con tam inated  alloys are included in  K g . 3. The difference betw een 
th e  a rrests on heating  and  cooling w as generally n o t m ore th a n  5° C., 
a lthough  in  th ree  cases i t  increased to  m ore th a n  10° C., being 20° C. in  
one alloy.

The tem peratu re  of the  eutectic a rres t does n o t appear to  be altered  
by  m ore th a n  1° C. b y  th e  presence of 0-5 per cent. iron.

(c) Alloys Containing More than  45 Per Cent. Nickel.

F our alloys containing 47, 51-3, 54-7, an d  55-5 per cent. nickel were 
exam ined in  th is  area. T herm al curves of th e  tw o alloys w ith  51-3 
an d  54 - 1 per cent. nickel were first tak en  w ithou t stirring , an d  showed 
only one a rres t above th e  eu tectic  tem peratu re  (the peritectic  arrest). 
On stirring , how ever, all alloys showed a liquidus p o in t in  add ition  to  
the  peritectic. Owing to  th e  high tem peratu re  to  which th e  alloys 
had  to  be tak en , i t  was impossible to  avoid  contam ination  w ith  iron, 
th e  am ounts p resen t being 0-49, 0 '52, 1-27, an d  1-34 per cen t., re- 
spectively. F o r th is  reason th e  d iagram  has been show n do tted  in  th is  
area, although, in  view of th e  negligible effect of iron  on th e  re s t of the  
diagram , i t  is unlikely th a t  any  serious error is introduced by its  presence 
here.
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Solid Solubility o f Nickel in  M agnesium.

An alloy containing 1 per cent. nickel was first m ade up by dissolving 
pure nickel foil in  sublim ed m agnesium , which. w as carefully m elted 
under flux in  a stainless steel crucible. Alloys contain ing less nickel 
w ere p repared  by  additions of m agnesium . Sam ples of the  alloys were 
th en  annealed  a t  various tem peratures. F o r th is  trea tm e n t th e  
sam ples were w rapped in  th in  sheet iron  (to p reven t co n tac t betw een 
alloy and  tube) an d  sealed in  vacuo in  a “ P y rex  ” glass tube. A t th e  
end of th e  annealing th e  tu b e  was broken under w ater and th e  sam ple 
exam ined microscopically. I t  was found  th a t  even a t  500° C the  
solid solubility  of nickel in  m agnesium  is less th a n  0-1 per cent. nickel.*

Microstructure.

The stru c tu re  of all th e  alloys w as found to  be norm al, except th a t ,  
even afte r prolonged annealing, alloys th e  com positions of w hich fali 
w ith in  th e  peritectic  rangę showed th e  presence of th ree  phases (i lg, 
Mg2Ni, MgNi2), owing to  th e  form ation  of a sheath  round  th e  p rim ary  
crysta ls and to  slow diffusion.

C o n c l u s io n s .

M agnesium an d  M g,Ni form  a sim ple eutectiferous system  w ith 
p rac tica lly  no solid solubility. The eutectic tem peratu re  is  508 C 
which agrees very  well w ith  th e  figurę ob ta ined  by  V oss (512 U ), 
who found th e  eutectic com position to  be a t  33 per cent. nickel, w hilst 
th e  p resen t au tho rs show i t  to  be a t  23-5 per cent. nickel. In  view of 
the very  g rea t con tam ination  of Voss’s alloys, th e  agreem ent m  eutectic 
tem pera tu re  is rem arkable. The presence of a  few te n th s  of 1 per cent. 
of iron  seems to  have little  or no effect on the  constitu tion  of th e  senes.
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T he A u t h o r s  : In  a private discussion, Dr. Rosenhain suggested th a t i t  
would be worth whilo carrying out some age-hardening experiments on the 
magnesium-niekel alloys, as i t  was often possible to determine sloping solu
bility lines by this method, even when the solubility was too smali to  bo 
readily established by micrographic methods. We intended to  act on this 
suggestion until we found th a t Gann * had already shown th a t in the alloys he 
had inyestigated thero was no sign of age-hardening, and, whilst his alloys 
were not ąuite so pure as ours, i t  did not seem worth wliile to repeat his 
experiments.

* J . A, Gann, loc. cit.
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GASES AND M ETAL SUREACES.

By P r o fe s s o r  E. IC. KIDEAL,* M.B.E., D.Sc., Pli.D., M.A., F.R.S.

T W E N T Y -F O U R TH  MAY L E C T U R E  TO T H E  IN S T IT U T E  
O F M ETALS, D E L IV E R E D  MAY 9, 1934.

Synopsis.

Attention is direoted to tho complex naturę of the surface structure of 
a metal and the influence of tho structure on the emulibria and the rate ot 
attainment of equilibrium of a metal with a gas. \  arious tjjpes of■ “dsorp- 
tion processes are shown to exist and a differentiation is made between van 
der Waals’ adsorption and chemi-adsorption where an eleetron switch has 
taken place. The existence of an energy of actwation in the latter tjpo 
of adsorption may give rise to tho slow- process of activated adsorption.
Tho formation of bimolecular layers is shown to be of frcquent occurrcnce 
and tho phenomenon of two-dimensional mobility is discussed. I t  is shown 
that a high surface mobility in tho second adsorbed layer plays an impor- 
tant part in the dynamics of the formation of the surface phase.

Different types of surface layers aro shown to exist which may bo 
comparcd to three-dimensional phases; tho e i^ r m ie n ta l  methods for 
observing two-dimensional phase changes are reyiewed. The e^idence fo 
the existenco of an internal surface existmg between the crystallites of th 
metal is considered, and it is demonstrated that such a  surface plays an im
portant part in adsorption processes. The differences between the interna
surface and the uniform bulk lattice aro discussed, and it is made elear that 
the heats of adsorption and energies of aetivated migration on the mtemal 
surface arc quite distinet from the heats of formation of compounds and 
energies of aetivated solution in the lattice. The expenmental e^dence 
in the case of copper for the gases hydrogen and oxygen is bnefly reTiewed.
The properties of surface compounds and the effect of metallic dispersion 
and lattice spacing aro discussed.

W h e n  your Council lionoured me by  extcnding an  inv ita tion  to  deliver 
th is  M ay lecture I  was doubtfu l w hether I  h ad  any th ing  to  say which 
m igh t be of in te res t o r of u tility  to  th e  m em bers of th e  In s titu te  of 

Metals.
As you are aw are, th e  a tten tio n  w hich has been devoted to  th e  

in te rac tion  of m etals w ith  gases by  a num ber of physicists an d  chem ists 
arises chiefly by  reason of th e  rem arkable properties exhibited  by  some 
m etals of effecting a ca ta ly tic  acceleration of m any  gaseous reactions.

* Professor of Colloid Science, Cambridge University.
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F rom  the  p o in t of view  of th e  m etallu rg ist these are all low -tem perature 
reactions, and  I  th o u g h t a t  first m igh t be of lit tle  in te rest to  you, b u t 
I  no te  th a t  no less th a n  four m etallu rg ical bodies— th e  B ritish  Non- 
F errous M etals R esearch A ssociation, th e  M etallurgy R esearch B oard, 
th e  Iro n  an d  Steel In s titu te , an d  th e  N ational Physical L ab o ra to ry — 
are devoting  no lit tle  p a r t  of th e ir  in te rest to  th e  problem s connected 
w ith  gas unsoundness in  m etals, th e  effects of gases in  east iron, steel, 
alum inium , copper, nickel, and  zinc. By studying  the  processes a t  work 
in  th e  in te rac tion  of gases an d  m etals a t  rc la tive ly  Iow tem peratures,

P ig. 1.

some insigh t m ay  be ob ta ined  in to  th e  factors operative a t  high tem 
pera tu res.

The physico-chem ical s tu d y  of th e  adsorp tion  of gases by  m etals has 
during  th e  la s t q u arte r of a cen tu ry  been pursued  by  tw o entirely  
different m ethods of a ttac k . In  one, th e  in te rac tio n  of th e  gas and  
m etal is stud ied  w hen th e  la t te r  is in  th e  form  of a  filam ent, a m ethod 
partieu la rly  su itab le  for studying  system s in  w hich th e  gases a tta c k  
th e  m etal an d  form  volatile products, o r in  conjunction  w ith  suitable 
physical m ethods of investigation  for those system s in  w hich a surface 
film is form ed. W e are indeb ted  to  Irv ing  L angm uir * for th e  elabora-

* Langmuir, J. Amer. Chem. Soc., 1912, 34,1310; 1913, 35,105, 931; 1919, 41, 
107.
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tion of th is  elegant m ethod, an d  i t  is som ew hat surprising th a t ,  a p a r t 
from  research labora to ries connected w ith  the  electric-lam p m dustry , 
more generał app lica tion  of the  m ethod  has n o t been made.

The o ther an d  m ore usual m ethod  of investigation  em ploys the  
m etal in  a  form  m ore ak in  to  th a t  in  ca ta ly tic  industria l use as granules 
up  to  1-2  m m . in  d iam eter, an d  prepared in  as porous or spongy a sta te  
as is com patible w ith  streng th . Since th e  specihc surface of th e  m etal 
available for exam ination  by  th is  m ethod  is rela tively  large, the  m ethod 
lends itself p articu la rly  well to  th e  s tudy  of the  adsorp tion  of gases by 
m etals, a lthough  even w ith  th e  filam ent o r hairp in  techniąue micro

Fia. 2.

m ethods arc frequently  applicable. The chief d isadvantage of th is  
m ethod  lies in  tlie extrem e difficulty of rem oving all tlie gas from  tlie 
system .

Figs. 1 and  2 show th e  generał experim ental arrangem ents for the 
tw o m ethods in  th e ir  m ost prim itive forms.

The Surface Structure.
In  considering the  generał problem  of th e  adsorption  of gases by  

m ctallic surfaces, i t  is evidently  im p o rtan t to  know w h at the exact 
configuration of a  m etallic surface is like. Since no surfaces are optically 
sm ooth, th e  ac tu a l area m ust always be g rea ter th a n  the  apparen t 
m acro-geom etrical area, th u s  in troducing th e  concept of specific sur
face as a  ra tio  of tru e  to  ap p aren t areas. I t  is elear th a t  th e  evaluation 
of th e  tru e  area of a  surface will depend on the  yard-stick  employed 

VOL. LTV. T
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for such m easurem ent, an d  i t  has been found  custom ary  to  em ploy 
m olecular yard-sticks for th e  purpose in  th e  form  of thc  determ ination  
of th e  m olecular area m ultip lied  b y  th e  num ber of molecules required 
to  form  a closely packed unim olecular layer on a m aero-geom etrical 
square centim etre of su rface ; or, a lternatively , by  a eom parison of the 
re la tive  num ber of molecules adsorbed on or dissolved ofE in  u n it  tim e a 
square cen tim etre of th e  surface under investigation  w ith  th e  num bers 
obtained under iden tical conditions for w h a t is eonsidered to  be a p iane 
surface. Chemical, electrical, electrolytic, and  optical m ethods liave 
been devised for th is  purpose. W hilst no one of these m ethods can give 
us an exact value for th e  specific surface, th ey  do a t  least reveal tw o 
po in ts  of very  g rea t in te r e s t : first, as w as to  be an tic ipa ted , surfaces 
w hich have been polished, an d  th u s  covered w ith  th e  Beilby layer of 
“ flowed ” m etal, possess th e  sm allest specific surface, com parable to  
solidified liquid m etals or draw n an d  supcrficially fused wires, th u s  
Taylor and  L angm uir * ob ta ined  a specific surface of 1-3 for a  tungsten  
w ire from  th e  num ber of cajsium atom s required  to  cover it. Bowden 
a n d  B ideal f  ob ta ined  1-4 fo r a  solidified alloy and 2-1 for polished 
p la tinum . Secondly, m eta l surfaces which have been “ ac tiva ted  ” so 
th a t  th ey  acquire bo th  m arked adsorptive an d  ca ta ly tic  p roperties n o t 
only possess, as we m igh t an tic ipate , large values for the  specific surface, 
b u t these surfaces are unstab le and  co n tra c t a t  o rd inary  tem peratu res 
qu ite rapidly . W e m ay cite th e  following figures for a piece of nickel 
w hich has undergone the  tre a tm e n t shown :

Treatment. Specific Surface.

R o lle d ..................................................................... 3-5
Do. anneal ed. . . . . . . 7-7
Do. sand papered . . . . . . 9' 7
Freshly “ activated ” by osidation and reduction 46
Do. 24 hrs. old . . . . . . 29

W hilst g rea t adsorptive powers and high ca ta ly tic  ac tiv ity  are  elearly 
re la ted  to  th e  ex ten t of th e  specific surface, i t  is eviden tly  desirable to  
learn  m ore abou t the  m icro tex tu re  of th e  surface and its  relationship  to  
bo th  th e  adsorption  process an d  th e  chem ical reactiv ity . E xam ination  
b o th  b y  m eans of X -rays an d  by  th e  d iffraction of electrons are now 
widely em ployed fo r th is  purpose, and  a g rea t deal of valuable inform a- 
tion  has been obta ined  concerning th e  m ean grain-size an d  s truc tu re  of 
th e  m icro-crystals p resen t in , an d  near, th e  surface layer. The process 
of “  ac tiva tion  ” undoub ted ly  causes th e  surface to  b reak  up, th e  m acro-

* Phys. Rev., 1933, [iii, 44, 423-458.
f  Proc. Boy. Soc., 192S, [A], 120, G3.
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crysta ls d isappear, and  tlie m icro-crystals becorne sm aller and  smaller, 
u n til p rac tica lly  no traces of a regular arrangem ent of atom s are rcvealed 
by  tlie m ethod. The reverse process of sin tering , th e  stage of collapse 
w hich merges in to  th e  o rd inary  process of annealing and  grain-grow tb, 
is likewise read ily  dem onstrated , an d  w hat is well know n in  the ease of 
annealing , viz. th e  plienom enon of re ta rded  grain-grow th by suitable 
im purities w hich eo a t th e  grains and  h inder th e  process of atom ie 
diffusion of th e  m etal, is no ted  also in  th e  p relim inary  stages of sintering. 
T he effect of po tassium  oxide and  alum ina form ing spinels w ith  iron 
oxide in  re ta rd ing  g rain-grow th in  iron  form ed by  reduction of the  oxide, 
serves as an  exam ple of th e  technical app lication  of th e  principle of 
endowing an  ac tive an d  unstab le  surface w ith  a  longer life.

F issures ex ist in betw een th e  regular crystalline grains, containing 
irregularly  placed aggregates of a tom s and  surface layers of atom s con- 
tra c te d  by  th e  surface tension (un til recen tly  te rm ed  th e  in tercrystalline 
cem ent), and  w hether or no th e  ease for th e  existence of th e  subcrystalline 
m osaic s tru c tu re  postu la ted  by  Smekal,* L ennard-Jones and D en t, i and 
Zwicky X is regarded as fully  established as yet, i t  is ev iden t th a t  the  
m ajo rity  of m etallic  surfaces m ust p resen t to  th e  ex terio r th e  facets and 
edges of crysta ls  b o th  sm ali an d  large, in  w hich th e  atom s are se t in  
regular a rray , an d  in tercrysta lline  channels and  cracks w hich are more 
porous to  gases th a n  th e  crysta ls  them selves.

This irregu larity  in  th e  n a tu rę  .of th e  surface has an  im p o rtan t 
bearing on such factors as solution in to  th e  m etal from  th e  surface phase, 
m igration  of th e  adsorbed molecules across th e  surface, and on the  
chem ieal rea c tiv ity  of th e  surface.

Types of Surface Complex. V an  der Waals’ Adsorption.

I t  m ay  be w orth  while to  s tu d y  th e  various possibilities which present 
them selves w hen a m etal surface is exposed to  a  gas. A t one tim e i t  
was considered m ost probable th a t  molecules im pinging on th e  m etal 
surface w ould rem ain  th e re  for a  sh o rt period, and afte r a  finite lifetim e 
on th e  surface “  th e  m olecular vm veilzeit ” would re-evaporate. As a 
resu lt of th is  a dynam ie equilibrium  betw een condensation on, and  re- 
evaporation  from , th e  surface ensues, and  the  surface a tta m s  an  
eąuilibrium  when p a r tly  covered w ith  gas—th e  adsorbed phase. lh is  
p ic tu re of th e  process of fo rm ation  of the  adsorbed phase we now know 
is n o t co rrec t, for in  p o in t of fac t some molecules are specularily re- 
flected, especially those im pinging on th e  surface a t  sm ali angles.§

* Physikal.Z., 1925,26,700; 1927,45,809- 15 253
t  Proc. Eoy. Soc., 1028, [A], 121, 247 |  Proc. Nał. Acad ^
§ Stern, Z. Physik, 1930, 61, 95; Johnson, J. Franklin Insi., 1930, 210, 14o.
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W e m ay p ic tu re  tlie  molecule undergoing adsorption  as en tering  tlie 
a ttrac tiv e  field of th e  surface, an d  due to  th e  influence of th e  a ttrac tiv e  
field of th e  molecule and  its  m irro r im age, w hich here represen t the

so-called van  der W aals’ 
forces, i t  is draw n in- 
w ards u n tilite n co u n te rs  
th e  repulsive fields; 
d iagram m atically  th e  
molecule m ay be re- 
garded as lying a t  th e  

d i s t a n c e  bo tto m  of a  p o ten tia l 
valley oscillating ab o u t 
a  m ean distance from  
th e  surface (Fig- 3).

E or simple molecules 
th e  a t trac tiv e  field out- 
side a  m eta l m ay, as 
shown b y  L ennard- 
Jones,* be tak en  as 
p roportional to  th e  
inagnetic susceptib ility  

of the  molecule. W e m ay no te in  passing th a t  th e  process of evaporation  
requires tho  supply  of a  definite am oun t of energy X.

Chemi- Adsorption.
So far we havo considered th e  case of molecules a t tra c te d  an d  held 

b y  w h a t are  generally  te rm ed  physical o r v a n  der W aals a t trac tiv e  
forces dependent on th e  m u tu a l po larizab ility  of th e  molecules. On 
the  o th e r hand , under su itab le circum stances an  electronic sw itch occurs, 
an d  a chem ical reaction  takes place betw een th e  adsorbed  m olecule 
an d  one o r m ore molecules of th e  su b stra te  form ing a  chem i-adsorbed 
com ples. I t  is custom ary  to  consider chem ical com pounds as belonging 
to  one o r o the r of tw o extrem e ty p e s ; one w here th e  s ta b ility  of th e  
com pound is due to  th e  operation  of coulom b forces betw een ions, and  
th e  o ther, w here a  bond  or a valency force in  th e  form  of a pair of 
electrons is shared betw een the  tw o atom s in  a  b inary  com pound. 
W e know , in  fac t, th a t  these tw o classes are n o t really  qu ite  d istinct, 
in  th a t  a  tran s itio n  from  one to  th e  o ther can  be eSected. As exam ples 
of these various types of adsorp tion  com plexes we m ay cite  th e  ra re  
gases on inica, an d  perhaps on tungsten , for a  ty p ica l v an  der W aals’ 
adsorp tion , csesium on tu n g sten  for adhesion b y  m eans of coulombic

* Trans. Faraday Soc., 1932, 28, 336.
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forces betw een ions, an d  oxygen on tungsten  as typ ical of a coyalent

com pound. , .
In  some cases i t  is eviden tly  possible to  ob ta in  m ore th a n  one surface

Chemical com bination  betw een th e  gas and  the  substra te . W e m ust 
now  inąu ire  how we can  determ ine w hether a  molecule is held to  the  
su b stra te  b y  v a n  der W aals’ forces or b y  chem ical reaction. W e m ay 
note from  a com parison of th e  rela tiyely  sm ali la te n t hea ts of vaponza- 
tio n  of liau ids in  w hich th e  m olecular adhesion is due en tirely  to  th e  
m u tua l po larization  of th e  molecules, w ith  th e  rela tively  large values 
for th e  energies necessary to  decompose chem ical com pounds or to  
b reak  bonds, th a t  th e  hea ts  of adsorp tion  m ay be used as a cn terio n
for a d istinction  betw een th e  tw o types. _ _

I t  does n o t necessarily follow th a t  th e  to ta l calorim etrie h ea t of 
adsorp tion  in  chem i-adsorption should be h ig h ; th u s  th e  calorim etric 
h e a t of chem i-adsorption of a d ia tom ic gas on a m etal surface m ay be 
rela tiyely  sm ali if  surface dissociation in to  atom s occurs on th e  surface. 
I t  is possible th a t  such is th e  case of, say, hydrogen  on copper wliich 

m ight be depicted  as

1 4 A .* ° U „ I I  ■ ■ ■ -Cu
I j t  H  . . . 'Cu

H s .  'Cu
As an  esam ple of a different ty p e  we m ay ta k e  th e  chem i-adsorption 

of hydrogen an d  of w ate r b y  ac tive charcoal. X -ray  exam ination  
reyeals th e  fac t th a t  ac tive  charcoal consists of m inu tę  graphite-like 
p la tes som ew hat m ore separated  from  each o ther (3-6 A.) th a n m n a tu ra l  
" rap h ite . The chem i-adsorption process apparen tly  goes on round the  
edges of th e  p la tes , an d  we can deseribe p ic torially  the  th ree  sim plest 
types of reactions as fo llow s:

+  H,

T akinc th e  usually  aeeeptcd hea ts  of linkage, we ob ta in  39,000,102,000, 
and  16,000 cal./grm .-m ol. as th e  hea ts of fo rm ation  of the  th ree sur ace

^ ' f u r t W n o r e ,  if charcoals containing these com pounds are hea ted  in  
a  vacuum  of P  =  10"6 m m . appreciable decom position will occur w hen

V 2 n m k T  j _ Spectroscopically we ob ta in  th e  values of t 0 =  -

* Frenkel, Z. Physik, 1929, 26, 117.
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tlie \vave num ber, an d  can  th u s  evaluate T 0°. These are found to  be 
300° C., 1200° C., and  0° C., respectively.

ACTIYATED A d SORFTION.

Chemical rcactions in  generał bo th  in  gases and in  liquids do n o t 
ta k e  place a t  every  m olecular collision; only a  certa in  num ber are 
fru itfu l, an d  i t  is assum ed th a t ,  in  add ition  to  a su itab le o rien ta tion  
called th e  steric fac to r, a definite energy of ac tiya tion  is necessary. 
W e should th u s  an tic ipa te  an energy of ac tiv a tio n  as necessary for the  
form ation  of th e  surface com pound, w hich we can  denote b y  E , an d  wo 
can depict th is  as a p o ten tia l b a rrie r  to  be overcome (Fig. 4). I f  the

molecule strik ing  th e  
surface is sub ject to  the 
v an  der W aals’ forces 
before entering  in to  
chem ical com bination, 
th is  has th e  effect of re- 
ducing E. F u rtherm orc , 
as the  iiw cstigations of 
P o lanyi have show n, in 
a large class of reactions 
involving atom s, th e  
energy of ac tiv a tio n  is 
negligibly sm ali. Thus 
on a priori grounds we 
m igh t an tic ip a te  th a t  
adsorp tion  w hich takes 

a  ra te  calculable from  th e  H erz 
tem pera tu res form ing a surface

CHEMI-AOSORBED M-H

F ig . 4.

place a lm ost instan taneously  
K nudson eąuation) an d  a t

(at
Iow

phase w ith  a  sm ali h e a t of adsorp tion , is a  reaction  involving purely  
van  der W aals’ forces; b u t surface chem ical com pounds are form ed 
w hen th e  h e a t of adsorp tion  is high, an d  in  those  cases where 
th e  energies of ac tiva tion  are h igh th e  surface phase w ill be form ed 
slowly, and  a t  inereasing speed a t  higher tem peratures. I f  th e  energy 
of ac tiva tion  is very  sm ali, chem i-adsorption will resu lt even a t  Iow 
tem peratures, and  th e  speed m ay  be com parable w ith  th a t  obtained 
for th e  process involving only v an  der W aals’ forces. The com plete 
curve for an  isobaric adsorp tion  involving a  chem i-reaction w ith  a 
rela tively  large energy of ac tiva tion  will consecjuently tak e  th e  form  
show n in Fig. 5, w here OA  represents th e  van  der W aals’ adsorption  
decreasing w ith  inereasing tem perature . A t “ A  ” th e  tem pera tu re  is 
h igh enough to  p erin it th e  process of chem ical adsorp tion  to  proceed w ith
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sufficicnt speed, so tlm t 111 th e  tim e in te rv a l adopted  for th e  expenm ent 
an  appreeiable ehem i-adsorption occurs. C - C  represents the tru e  
eauilibrium  of th e  chem i-adsorption isobar, -whilst over the  tem peratu re 
rangę T - T v  w here chem i-adsorption proceeds a t  a m easurablc ra te , 
the°process is te rm ed  “ a c tg a te d  adsorp tion .” Cases of tlu s  type  for 
m etals an d  gases were first ob ta ined  by  N ik itm  * la te r  b y  B enton an 
W liite ,f  H . S. T ay lo r,f  G arner and  K ingm an.§ These la t te r  investigators 
have also extended th e ir  w ork to  include various oxides, c.g. hydrogen 
on chrom ium  oxidc.|l W e shall have occasion to  note th a t  w hilst 
curves of th is  ty p e  are ob ta ined  for gases like hydrogen on m etals, 
o ther in te rp re ta tio n s m ay be giyen for th e ir  origin. A sim ilar ty p e  of 
Curve would be obtained n o t only for th e  tran s itio n  of a van  der aals

T T,
t e m p e r a t u r e ,

F ig . 5.

to  a chem i-adsorbed com plex w hen th e  cneigy of a c tn a tio n  
la tte r  is large enough, b u t also from  one type  o f  chem i-adsorbed coi - 
pound to  ano ther, provided th a t  th ey  differed sufficiently m  the ir

energies of activation . . . . ,
Chem i-adsorbed gases m ay undergo dissociation on h e a t ig ,  a 

th e  case w ith th e  m ajo rity  of hydrides and  m t n | s ,  o r th e  s to n g th  
of th e  imion of th e  gas to  th c  m etallic su b stra te  m ay ex 
the  m eta l gas com plex to  th e  m etal a n d  ̂ a p o r a t io n  m t ^ o r m g a  
m etallic com pound ensues. F requen tly  th c  surface fi m  m ost readdy  
volatilized is th e  m ost sa tu ra ted  com pound c.g. tungsten  hexacl 
resulting  from  th e  chem i-adsorption of chłonne on tungsten . 1 
energy of linkage of th c  reacting  molecule to  th e  substra te  deciease

% J. Amer.Chem.80c., % 3'
§ Trans. Faraday Soc., 1931,,87, 3-2.
|| Howard, Trans. Faraday 6oc., 1934, 30, Ztb.



296 M ay Lecture, 1934

as sa tu ra tio n  increases, as is exemplified by  tb e  following d a ta  for 
iodine an d  p la tinum . The values are given in  cal./grm .-m ol. P t — 
P t  124,000. P t - P t l  96,000. P t - P t l 2 57,800.

M u l t im o l e c u l a r  L a y e r s .

So fa r we have considered th e  surface pbase to  consist of molecules 
w hich have arrived  b y  d irec t im pingem ent on th e  surface from  the  
gas an d  ex ist th e re  held by  van  der W aals’ forces for a definite life-tim e 
t„ . These molecules m ay  also undergo chem ical com bination  w ith  the  
surface. The surface com pound m ay  dissociate again, giving a m ean 
life for th e  surface com plex t c .  As we liave seen, in  generał t c  >  xw, 
an d  also in  su itab le system s th e  tw o types of adsorbed molecules m ay 
ex ist side by  side. W e m igh t inąu ire  w hether a  layer th icker th a n  one 
m olecular layer can  ever be b u ilt up . I f  molecules s trik ing  th e  top  of an  
existing layer possess a  m ean life-tim e t 2 w hich is g rea ter th a n  th e  tim e 
of persistence on collision of tw o molecules in  th e  gas, th e  second layer 
will be m ore densely popu la ted  th a n  a  cross-section of th e  gas, and an  
adsorbed  phase results. W e see a t  once th a t  if th e  firs t layer be held 
b y  van  der W aals’ forces on ly  of m ean life-tim e r w, th e  field outside 
th is  layer will scarcely differ from  th a t  in  th e  gas, and  consequently  t 2 
will n o t be appreciably  longer th a n  th a t  of o rd inary  m olecular collisions, 
In  ra re  cases th e  field betw een a tom s in  th e  gas m ay be g rea ter th a n  
th a t  betw een th e  adsorbed a tom  and  th e  su b stra te , e.g. fo r m etal 
vapours condensing on a  surface possessing a  w eak field such as glasses, 
non-m etallic oxides w hich m ay  be regarded as chem i-adsorbed oxygen 
on m etals o r m etals w ith  adsorbed gas films. In  th is  case a unim olecular 
layer will n o t be form ed, b u t aggregates o r nuclei result.

If, on th e  o ther hand , th e  life-tim e of th e  first layer is long and 
re large, th e  forces holding th e  first layer are strong , as in  th e  case 
of chem ical rea c tio n ; th e  layer has now lost th e  properties of th e  gascous 
molecules, and  we m igh t indeed expect th e  form ation  of a second layer. 
Several instances of th is  can  be g iv e n ; th u s  Langm uir found th a t  oxygen 
could be adsorbed on a surface of tungsten  which h ad  already  a  chemi- 
adsorbed layer of oxygen on it. D r. W hipp has investigated  th e  
adsorption  of iodine on po tassium  iodide * an d  found th a t  a  bim olecular 
layer of iodine vapour can  be form ed on potassium  iodide. In  th e  case 
of th e  oxides referred  to  above w hich m ay be regarded as oxygen 
chem i-adsorbed on th e  m etal, b o tk  hydrogen an d  nitrogen are readily 
adsorbed. In  th is  la tte r  case i t  is ev iden t th a t  th e  hydrogen m ay be 
adsorbed b y  van  der W aals’ forces, or m ay  undergo reaction  w ith  the  
su b stra te  form ing chem i-adsorbed hydrogen or adsorbed w ater. The

* Proc. Hot/. Soc., 1933, [A], 141, 217.
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form  of th e  adsorp tion  isotherm  obtained when a  bim olecular layer is 
b u ilt up  will evidently  depend on th e  re la tive  lives of th e  molecules 
in  each layer. In  generał T j ! g >  t 2 , and  each form s a L angm uir isotherm  
a tta in in g  sa tu ra tio n  a t  very  different regions of pressure. In  some 
cases, e.g. iodine on K I ,  
th e  discrepancies be
tw een th e  life-tim es are ^ 
n o t so g rea t, an d  we z 
ob ta in  a  curve as in  <
F ig .  6 . E x p e r i m e n t s  £  

o n  t h e  a d s o r p t i o n  o f  o  

h y d r o g e n  o n  a  T c a lly  < 
c l e a n  t u n g s t e n  s u r f a c e ,  15 

r e c e n t l y  c a r r i e d  o u t  b y  

D r. R o b e r t s , *  s h o w  t h a t  
t l i e  m e t a l  i s  a lw a y s  j?10. g.

c o v e r e d  w i t h  a  c h e m i-
adsorbed layer so th a t  an y  van  der W aals’ adsorp tion  m ust ta k e  place 
on top  of th is .

O n  T w o -D im e n s i o n a l  M o b i l i t y .

In  considering the  form ation  of th e  adsorbed phase, i t  is pertin en t 
to  inquire w hether a molecule strik ing  the  surface from  th e  gas-phase 
possesses an y  la te ra l m obility  over th e  surface, for, if such is th e  case, 
th is  m u st prove an  im p o rta n t fac to r in  th e  form ation  of th e  phase. 
E vidence for such la te ra l m obility  w as first provided by Yolmer, who 
carried  o u t a num ber of in teresting  experim ents to  dem onstrate  it. 
I  m igh t m ention one of them  w hich possesses m any points of interest. 
I f  m ercury  vapour be supercooled, sm ali fiat hexagonal crysta ls of 
m ercury  grow from  nuclei form ed in  th e  v ap o u r; sińce th e  crystals 
consist of fiat hexagonal p la tes, i t  is evident th a t  the  hexagonal surfaces 
grow m ore rap id ly  th a n  th e  basal planes. Indeed, they  grow more 
rap id ly  th a n  can  be accounted for by  th e  ra te  of im pingem ent of m ercury 
atom s from  th e  v apour phase, an d  we m ust conclude th a t  th e y  are fcd 
by  a tom s strik ing  th e  basal planes and  m igrating over the  surface un til 
th ey  arrive  a t  th e  edges. W e have already  recognized a d istinction  
betw een molecules held  b y  van der W aals’ forces and  chem i-adsorbed 
molecules, and, curiously enough, th e  pow er of la tera l m igration in  th e  
surface phase w as first show n for the  m ore firm ly bound chem i-adsorbed 
atom s. Becker f  has show n by m easurem ent of th e  change in  therm iom c

* Proc. Carrib. Phil. Soc., 1934, 30, 79.
t  Phys. Rev., 1926, [ii], 28, 341; Trans. Amer. Ekctrochem. Soc., 1929, 55, 153, 

Bell Telephone Lab. Reprint, B.-210, 1926, 21).



298 M ay Lecture, 1934

properties of a  tu n g sten  surface th a t  adsorbed alkaline-earth  m etals 
such as barium  as well as chem i-adsorbed oxygen will m ig ra te  over th e  
surface. L angm uir an d  T aylor likewise m easured th e  m obility  of 
csesium atom s adsorbed on tungsten .*  Such la te ra l m ovem ent is 
n o t iden tical w ith  th e  free m ovem ent of molecules in  tliree dim ensions, 
for we observe a t  once th a t  if an  atom  is chem i-adsorbed to  one p articu la r 
atom  in  th e  su b stra te , in  o rder for i t  to  move a chem ical reaction  has to  
ensue. I t  is n o t necessary th a t  i t  should evaporate  in to  free space and 
re-condense on th e  neighbour, b u t i t  can  jum p or slide over from  one 
to  th e  o ther. This reąuireS th e  expenditure of energy to  jum p over tb e  
p o ten tia l ba rrie r existing  betw een the  atom s of th e  substra te , and  
freąuen tly  th e  values for th is  energy of ac tiv a tio n  for m igration  are 
h ig h ; for cassium on tungsten  th e  energy of ac tiva tion  for th is  la te ra l 
diffusion is no less th a n  12,000 cal./grm .-m ol., a ltbough  th e  la te n t 
h ea t of evaporation  is some 38,000 cal./grm .-m ol.

I t  is elear th a t  we can  no longer p ic tu re our m etallic surface as a 
uniform  sheet, b u t m u st consider an  atom  held to  an  atom  on  th e  
m etallic su b stra te  as in  a  so rt of well surrounded b y  a p o ten tia l barrier. 
F rom  th is  well i t  can  e ither evaporate  in to  free space or w ith  less, b u t 
sufficient energy, i t  can jum p over th e  barrie r in to  th e  well of a 
neighbouring atom .

L ennard-Jones |  has developed th e  theoretical im plication  for 
ac tiv a ted  m igration  in  some deta.il.

I t  is also elear th a t  a sligh t varia tio n  in  th e  atom ie spacing of th e  
surface atom s w ill a lte r very  profoundly  th e  contour of th e  p o ten tia l 
b arrie r w hich th e  adsorbed m igrating  a to m  has to  pass over. Thus, 
i t  is easy to  u n d erstan d  th a t  a few single atom s or sm ali clusters of 
atom s in  an y  e x ten t of surface m ay be isolated from  th e ir  neighbours 
by  a continuous high p o ten tia l barrier.

W e m ay  cite as an  exam ple of th is  m obility  E s te rm a n n s  J  investiga- 
tions on tho  deposition of silver on glass, for w hen only a  m onolayer was 
deposited th e  atom s collected in to  nuclei, each am ounting to  a t  least 
1000 atom s.

This fac to r of la te ra l m obility  is im p o rta n t in  building up the  
surface phase. W e have assum ed th a t  only molccules strik ing  the  surface 
are adsorbed; molecules s trik ing  th a t  p a r t  of th e  surface w hich is 
already  eovered w ith  a m onolayer m ay build  up  a  second layer which is, 
in  generał, only  sparsely popu la ted , beeause the  field holding th e  second 
layer is m uch w caker th a n  th a t  holding th e  first. I n  sp ite of th e  sh o rt 
life in  th e  second layer, the  molecule is re la tive ly  so mobile th a t  i t

* Phys. Rev., 1932, [iii, 40, 403. f  Trans. Faraday Soc., 1932, 28, 347. 
t  Z. physikal. Cham., 1923, 106, 403.
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can  trav e l very  considerable distances over tb e  surface un til i t  finds 
a  v ac an t hole in  th e  incom plete first lay er; th u s  th e  ra te  of building 
up  th e  first layer m ay  be g rea ter th a n  th a t  calculated  from  the  simple 
H erz K nudsen law. L angm uir has observed th is  phenom enon m  th e  
adsorp tion  of oxygen on tungsten , and  th is  was also found to  be tlie 
case w hen iodine yapour condensed on  potassium  iodide.

W ith  molecules held  b y  van  der W aals’ forces alone we m ight 
an tic ipate  a  m uch g rea ter surface m obility , for th e  energies of activation  
evcn for evaporation  are only of th e  order of a  few thousand  cal./grm .- 
mol. M any experim ents dem onstrating  th is  m obility  h ave been d e ra e d  
by  Volmer * an d  b y  M oll-t W e m ay  note th a t  i t  p lays an  im p o rtan t 
p a r t  in  ano ther in te resting  p ro p erty  of th e  surface phase. So far we 
have considered i t  as 
ranging betw een a two- 
dim ensional solid where 
no la te ra l m obility  exists 
an d  a tw o-dim ensional 
gas w here th e  energy 
of ac tiya tion  for la te ra l 
m igration  is Iow, and  
have neglected th e  la te ra l 
a ttra c tiv e  an d  repulsive 
forces betw een th e  ad- 
sorbed molecules in  the  
adsorbed phase itself. I t  
is ev iden t th a t ,  as in  
th ree  dim ensions, b o th  
solid and  liquid  phases 
should ex ist as well as gaseous an d  vaporous phases, and  transition  
phenom ena m igh t be expected where we should have on th e  surface a t  
th e  sam e tim e tw o phases in  equilibrium  w ith  one another.

I n  order to  dem onstrate  th is  phenom enon we reąu ire  some m ethod 
of exam ining th e  surface phase a t  d ifierent portions of th e  surface, an  
operation  read ily  perform ed a t  high tem peratu res by  m eans of therm - 
ionic emission. A t Iow tem peratures o ther m ethods have to  be employe . 
F i" . 7 shows th e  adsorption  isotlierm  of ethy l alcohol on tho ria  deter
m ined by  R ideal an d  IIo o v c r.j This form  of curvc is typ ical of tbe  
adsorp tion  of yapours on num erous solid surfaces. The form  of the  
cu rv e  is n o t a  sim ple adsorp tion  iso therm , for w hen a certain  critica 
pressure is a tta in ed  a rela tively  large q u an tity  of vapour is adsorbed 
a t  alm ost constan t pressure. This phenom enon is m dicative of ano ther

* Z. Physik, 1925, 35, 170. t  1928, 136, 183‘
J J. Amer. Chcrn. Soc., 192/, 49, 120.
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condensation  process com m cncing, an d  i t  is still a  m a tte r  of very 
considerable d o u b t w hether in  an y  p articu la r in stance th is  condensation 
process consists in  th e  filling up  of th e  m icro-capillaries in  th e  solid, 
as  occurs in  th e  ease of charcoal an d  possibly some gels, o r w hether i t  
is th e  form ation  of a  tw o-dim ensional liquid  phase, as m ay be th e  ease 
in  th e  condensation  of vapours on m etals such as gold.

Mr. Ouellet has exam ined b y  m eans of a  photo-electric  m ethod  th e
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condensation of vapours on a  gold surface, an d  Fig. 8 shows one of his 
curves.

I t  is elear th a t  on th e  gold surface th e re  exist tw o d is tin c t areas, 
th e  ex ten ts  of which vary  w ith  the  p a rtia l pressure of th e  vapour which 
possess different th reshold  values for photo-electric emission, and  we 
m ay infer th a t  these consist of th e  tw o-dim ensional vaporous an d  liąu id  
phases, respectiyely. C ondensation of th e  tw o-dim ensional vapours, 
as in  C. T. E . W ilson’s esperim en ts in  th ree  dim ensions, p robably  
occurs m ost rcad ily  round  im purities in  th e  form  of adsorbed ions form ing 
sm ali dipoles to  w hich th e  po lar molecules are a t trac ted .
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T h e  E f f e c t s  o f  E x t r a n e o u s  G a s e s  a n d  o f  S o l u b il it y  o n  i h e  
A d s o r p t io n  I s o t h e r m .

W e have seen th a t  th e  isobaric adsorp tion  curve is frequently  
discontinuous, an d  th a t  th e  tw o continuous portions of th e  curve 
can be in te rp re ted  as consisting of v an  der W aals adsorption  over the  
low -tem perature region an d  cliem i-adsorption over th e  h igh-tem perature 
reg io n ; such, indeed, appears to  be th e  case for the  adsorption  of hydro 
gen on various oxides. In  th e  case of th e  adsorp tion  of hydrogen on 
m etals, we have to  no te  th a t  i t  is ex trem ely  difficult to  ob ta in  a clean 
m etallic surface, owing to  th e  alm ost continuous evolution of gas from  
th e  in terior. Since, as we have no ted , gas m ay  be adsorbed  on to  a 
m onolayer of gas a lready  p resen t if th e  tem pera tu re  be Iow enough, 
evidence m u st be forthcom ing th a t  th e  original m etal was perfectly  clean 
before th e  curve O A , F ig . 5, m ay  be tru ły  identified w ith  the  v an  der W aals 
adsorp tion  on th e  m etal. Of recen t years several m ethods have been 
developed for th e  exam ination  of th e  surface of a m etal a t  o rd inary  
tem peratu res, w ith  th e  ob ject of ascertain ing w hether or no i t  is really  
free from  adsorbed gases. B o th  R upp  * an d  D avisson an d  Germ er t  
have shown b y  th e  m ethod of electron diflraction u tilizm g low-speed 
electrons th a t  b o th  nickel and  copper exh ib it m arked changes jn  th e ir  
electron difiraction  p a tte rn s  w hen b rough t in to  co n tac t w ith  hydrogen 
a t  p a rtia l pressures low er th a n  lO 4 m m . and  a t  o rd inary  tem peratures, 
suggesting th a t  chem i-adsorption of hydrogen takes place rem arkably  
read ily  w hen th e  surface is really  clean. W e m ay conclude th a t  th e  
curve O A  ob ta ined  w ith  these m etals rea lly  represents the  adsorption  
of hydrogen on a  surface already  covered w ith  adsorbed gas.

A nother m ethod  of exam ining a  surface a t  o rd inary  or Iow tem pera
tu res  for th e  presence of an  adsorbed film consists in  m easuring th e  
th reshold  value for th e  w ave-length of ligh t necessary to  effect pho to - 
electric emission. A lthough th e  m ethod is sufficiently sensitive for th e  
purpose, i t  has n o t y e t been em ployed for th e  specific purpose of 
controlling an  adsorp tion  iso therm  of a  gas, b u t th e  difficulties o fob tam - 
ing a sharp  th resho ld  value even in  high vacua for p la tinum  w hich has 
been in  con tac t w ith  either oxygen or hydrogen do n o t suppo rt th e  view 
th a t  v an  der W aals’ adsorption  is th e  characteristic form  of adsorption, 
a t  any  ra te  a t  o rd inary  tem peratures. One of th e  m ost sensitive m et o s 
for exam ining surfaces is being undertaken  by  D r. R o b erts  J  b j o serym g 
th e  change in  th e  accom m odation coeffieient of a  wire w hen clean 
and w hen covered w ith  an adsorbed film. U tilizing  neon as a detector

* Ann. Physik, 1930, 5, 453; 1932, 13, 101.



302 M ay Lecture, 1934

gas afc room  tem peratu ro , th e  accom m odation coefficient for a clean 
tungsten  w ire is 0-07, w hich rises to  0 6 0  when th e  w ire is covered with 
an  adsorbed  film. B y  th is  m ethod  i t  has been found th a t  tungsten  
adsorbs hydrogen b o th  rap id ly  and  strong ly  a t  tem peratu res as Iow 
as 79° K . and  a t  room  tem peratu re , suggesting th a t  chem i-adsorption 
of hydrogen oecurs w ith  an  energy of ac tiva tion  th a t  canno t exeeed 
2000 cal./grm .-m ol.

I t  is un fo rtunato  th a t  our in form ation  on th e  hea ts  of adsorption  
as well as on th e  energies of ac tiv a tio n  for chem i-adsorption is so scanty , 
sińce th e ir  varia tion  w ith  th e  tem p era tu re  should provide us w ith  
in fo rm ation  respecting  an y  efiects due to  an  a lte ra tio n  in  th e  la ttic e  
spacing on these th e rm al m agnitudes.

T he  I nternal  Surface  of Meta ls .

B y these m ethods of exam ination  we are led to  infer th a t  th e  curve
O A , F ig . 5, obtained in  th e  isobaric adsorption  of hydrogen on such m etals 
as copper and  nickel a t  Iow tem peratu res is n o t really  a  van  der W aals’ 
adsorp tion  isobar on th e  m etal, b u t a v a n  der W aals’ adsorp tion  on a 
surface a lready  covered w ith  extraneous im purities o r on chemi- 
adsorbed  hydrogen w hich has n o t been previously  desorbed. I f  th is  
be th e  case, i t  is eviden t th a t  th e  second po rtion  of th e  isobar, viz. CC' 
(likewise th e  tran sitio n a l region from  A  to  C w here an  ap p aren t tem pera- 
tu re-dependent u p tak e  of gas takes place) recp ircs a new  in te rp re ta tion . 
I t  is elear th a t  th is  canno t be caused by  th e  desorption  of an  im purity  
an d  th e  re-adsorp tion  of th e  hydrogen  on th e  clean m eta l unless th e  
im purity  were in  effect non-volatile o r preferen tially  adsorbed on th e  
walls of the  C o n ta in e r .  I t  seems m uch m ore probable th a t  some process 
of solution of th e  gas in to  th e  m eta l is tak in g  place, th e  ra te  of w hich 
is enhanced by  rising tem pera tu re , b u t  th e  to ta l am oun t of which 
decreases w ith  rising tem pera tu re  up  to  a t  least th e  tem peratu re  lim its 
of these investigations.

W e know a lready  th a t  gases are appreciably  soluble in  m etals a t  
high tem peratu res from  th e  classical experim ents of Sieverts.* I t  is 
also elear th a t  th e  tem peratu res of th e  gases under consideration are 
so fa r rem oved from  th e ir  critica l points, an d  th e  interna} pressures 
of th e  m etals are so high, th a t  th e  ac tu a l solubility  of a gas in  th e  sim ple 
m olecular form  as a  tru e  solution in  a m etallic la ttice  m ust be negligibly 
sm ali. W e m ust pre-suppose th a t  the  bu lk  of the  gas stored  in  a m etal 
is in  some form  o r o ther which is n o t m olecular. W e no te here th a t  
w hat m ay be te rm ed  th e  in te rn a l surface of a  m etallic g ranule m ust be an  
im p o rta n t fac to r in  the  whole m echanism  of adsorption  of gases, and

* Z. physikal. Chern., 1910, 68, 115 et seq.
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we shall now  exam ine liow we m ay ob ta in  some Inform ation as to  its
n a tu rę  an d  ex ten t. .

Several years ago D r. D unn  com m eneed a senes of m vestigations 
on behalf of th e  B ritish  N on-Ferrous M etals Research Association 
on th e  passage of zinc in to  copper and  o u t of b rass, and  he found th a t  
th e  diffusion of th is  elem ent obcyed, as w as to  be an ticipated , the 
o rd inary  diffusion law  of F ick , b u t th a t  th e  diffusion process had  tlie 
in teresting  p roperty  of possessing an  exponential tem peratu re coefficient 
like a chem ical reaction. The m igration  of zinc in  copper is th u s similiar 
to  th e  “ f  lalzwechsel ”  of ions in  solid ionic electrolytes, and  is n o t a 
continuous an d  steady  m ovem ent, b u t a species of jum ping from  place 
to  place of like configuration in  th e  la ttice , th e  energy of activation  
being a m easure of th e  m agnitude of th e  p o ten tia l barrier existmg 
betw een these places. The inyestigation  was extendcd to  exam ine tlie 
passage of a reactive gas in to  copper from  th e  sam e p o in t of view 
an d  com pleted by  D r. W ilk in s.f Tliese investigations can be regarded 
as a s tu d y  of th e  chem i-adsorption of oxygen b y  copper.- W hen cxposed 
to  oxygen an  ever-increasing thickness of cuprous oxide is form ed on 
th e  m etal, th e  th ickness of w hich can be m easured either by  obserym g 
th e  change in  electrical conductiy ity  or b y  th e  beautifu l m ethod of 
T am m ann based on th e  form ation  of N ew tonian m terference colours, 
a  principle em ployed so extensively by  U. R . E vans % m  his w ork on 
corrosion. In  agreem ent w ith  th e  classical experim ents of Pillm g and 
B edw orth,§ i t  w as found th a t  th e  ra te  of penetra tion  or chemi- 
adsorp tion  of oxygen b y  copper obeyed th e  F ick  diffusion law  b u t 
also th a t  th e  diffusion process was agam  exponentially  dependent

on th e  tem peratu re .
A nalysis of th e  curves revealed th e  fac t th a t  two reactions were

involved, each w ith  definite cnergics of ac tiya tion , the  low -tem peraturc 
one p redom inan t below 600° C. having a  yalue of h  =  9500 c a l./p p i.-  
mol. Clearly th e  passage of oxygen througli th e  ever-m creasing tlnclaiess 
of cuprous oxide can be effected b y  two different m ethods A clue 
to  th e  n a tu rę  of these two processes was found m  cxam im ng the  effects 
on th e  speed of th e  tw o reactions of an  a lte ra tion  in  th e  gas pressure 
and  of ac tiya ting  an d  annealing the copper. The conclusion was reached 
th a t  a t  high tem peratu res th e  oxygen ac tua lly  m igrates th rough  the 
la ttic e  of th e  cuprous oxide, b u t a t  Iow tem peratu res th e  osygen m igrates 
w ith  a lower energy of ac tiya tion  betw eep th e  m icro-crystals of the  
oxidized m etal. This low -tem perature ac tiva ted  m igration is the  one 
we are particu la rly  in terested  in , for th e  ra te  of diffusion in to  the  m etal

* Proc. Eoy. Soc., 1926, [A], 111, 210. t  Proc. f w f * - ’ ™ ^
t  “ Corrosion of Metals.” § J ■ Metals, 1923, 29, 5-9.
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is governed b y  tlie e x ten t an d  num ber of tlie  slip planes an d  in te r
crysta lline channels, an d  b y  th e  am oun t of gas ac tua lly  on th e  surface 
of th e  oxide.

I t  is n o t necessarily self-evident th a t  th e  oxygen m igrates along the  
slip p lanes in  a m an n er analogous, say, to  th e  diffusion of brom ine 
th ro u g h  carbon  te trach lo ride , for a  sim ilar passage of oxygcn would 
be ob ta ined  if th e  oxygen m igra ted  by  chain  displacem ent in  a  m anner 
originally  suggested by  G rottliuss and  developcd by Fow ler and B ernal * 
for th e  m ovem ent of th e  hydrogen ion in  w ater.

A nother very  in teresting  discovery w as m ade in  th is  investigation  
w hen study ing  th e  effect of oxygen pressure on th e  ra te  of oxidation. 
I t  was found th a t  for an y  p articu la r  piece of copper th e  ra te  of oxidation 
w as p roportional to  th e  am oun t of oxygen adsorbed on th e  oxide 
surface, th e  am oun t adsorbed being re la ted  to  th e  gas pressure by  m eans 
of th e  Langm uir adsorp tion  iso therm . A t a  eerta in  critica l high pressure 
th e  surface becom es sa tu ra te d , an d  th e  ra te  of o sida tion  is th e n  no 
longer dependen t on th e  oxygen pressure. No w i t  is found th a t  th e  
critica l pressure is dependen t on th e  n a tu rę  of th e  original copper. 
The critica l pressure is higher th e  m ore m icrocrystalline th e  copper and  
th e  g rea te r th e  num ber of c ry sta l boundaries; very  Iow pressures 
suffice fo r w ell-annealed copper, as is ev iden t from  th e  following figures :

T rc a tin e n t. L im iting  P ressu re  in m m . lig .

Original foil 9-5
Ono reduction and oxidution 25-2
Four do. 55
Eigkt do. 129-3
Sintered at 305° C. for 2 lirs. 20-43

W e can  conelude from  these experim ents th a t  the  adsorbed oxygen 
is n o t fixed on th e  cuprous oxide surface, b u t can undergo two- 
dim ensional m igration , and  th u s  approach an  in ter-crystalline boundary  
along th e  surface. T he surface is th u s  to  be com pared to  a bucket 
w ith  holes in  th e  b o ttom , th e  m ore holes p resen t th e  g rea ter h as  to  be 
th e  supply  of w ater to  keep th e  b o tto m  covered w ith  w ater. I t  is, of 
course, im probable th a t  th e  oxygen m igrates freely over th e  surface 
of th e  cuprous oxide, as im agined by  Volmer, an d  we in fer th a t  i t  is 
m ore likely th a t  an  energy of ac tiv a tio n , for m igration  from  p o in t to  
p o in t is involved.

So fa r we have surveyed th e  evidence for th e  surface an d  in tra - 
crysta lline m igration  of a  gas, and  th e  ąuestion  m igh t be raised as to  
th e  rela tionsh ip  betw een them . This problem  m igh t bc form ulated

* J. Chem, Phjs., 1933, 9, 516.
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F ig . 9.— P o ten tia l E nergy Curves for M igration of a  Helium  A tom  Through a 
Squaro of Helium  Atom s.

wc ob ta in  th e  conditions for K nudsen flow. I f  we im agine th a t  th e  
molecules condense w henever th e y  s trik e  th e  walls and  re-evaporate 
a t  random , th e  ra te  of passage dow n th e  w alls w ill now depeiid on 
the  life-tim e of the  adsorbed molecules, a s ta te  of affairs exam m ed bot 
theore tically  an d  experim entally  by  Clausing. This m ay be regarded 
as th e  type  of flow occurring th rough  a wide crack. The mechanism  
of passage changes again w hen the  tu b e  becomes so narrow  th a t  the  
fields of the  molecules form ing th e  wali s ta r t  to  overlap. ^

YOL. LIV.
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in ano ther way. I f  we consider th e  passage of gas dow n a tube , we 
no te th a t  a t  rela tively  high pressures b u t Iow pressure differences, 
the  gas flowing th rough  th e  tube in  accordance w ith  th e  conditions of 
N ew tonian flow, Poiseuille’s law  will be obeyed. A t pressures so Iow 
th a t  th e  tu b e  d iam eter is of the  order of a  m ean f r e e  p a th  and  th e  gas 
flows th rough  suffering sim ple reflection a t  each collision w ith  the  wali,

CURVEI DIAMETER SC1UARE 3 6  A 
„ 0  >, •' 3-8 A
„ m  „  >< 4 0 AO
„ jy „ 1> 4-2 A
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If  we a tte m p t to  push  a  molecule th rough  a single cross-section of 
the  tu b e  com prising a ring  of a tom s of the  solid, th en  i t  is cyident 
th a t  th e  sm aller th e  d iam eter of th e  ring  th e  g rea ter w ill be th e  po ten tia l 
barrie r of th e  solid to  th e  molecule a ttem p tin g  to  pass th rough  th e  ring. 
This case has been investiga ted  by  Mr. B arre r, who has m ade a  detailed 
study  of th e  passage of gases th rough  q’uartz . F ig. 9 is one of th e  sets 
of curves w hich he has derived following th e  suggestion of L ennaid-Jones 
in  respect to  th e  evaluation  of th e  m agnitudes of th e  force fields.

A nother in te resting  case is to  be no ted  in  th e  ease of passage of 
hydrogen and  th e  m ore recen tly  discovered heavy  hydrogen or deuterium  
th rough  palladium . F ig. 10 shows th e  curves ob ta ined  by  A. and  L.

T E M P E R A T U R E ,°C

F ig. 10.

F ark as for th e  re la tive  ra te s  of passage of th e  two gases th rough  a 
th in  palladium  tu b e  as a function  of th e  tem peratu re . W e are indebted  
to  D r. H arteck  of th e  Cavendisli L ab o ra to ry  for k indly  perform ing 
th e  tedious process of carry ing  th e  concen tra tion  of our specim en of 
heavy  w ater th rough  th e  la t te r  an d  tedious stages.

W e no te th a t  th e  tw o hydrogens differ in  th e ir  energies of activation  
for th e  passage th ro u g h  pallad ium  of ab o u t 860 cals. These are two 
different exam ples of w h a t M cBain te rm s persorption  o r passage th rough  
m olecular sieves. W e m ay concludc w ith  some degree of ce rta in ty  
th a t  for a  molecule to  en ter th e  m eta l e ither dow n a narrow  crack or 
in to  th e  la ttic e  from  th e  adsorbed phasc, w hether i t  is lield the re  by  
van der W aals’ forces of polarization o r is reta ined  in  the  chem i-adsorbed 
s ta te , a  definite energy of ac tiv a tio n  is necessary. The extension of 
th e  inyestigation  from  oxygen w hich form s a yisible layer of cuprous



Gases and Metal Surfaces 307

oxide on copper to  hydrogen w hich, w hen chem i-adsorbed by  copper, 
causes no m arked  change in  colour and m ay n o t necessarily form  a 
continuous phase, had  to  bo undertaken  by  ind irect m eans, nam ely by 
m easurem ent of the  ra te s  of up take  and gas liberation  as a  function 
n o t only of th e  gas pressure, b u t also of th e  surface concentration  w hich 
can  be varied  b y  a sudden varia tio n  in  th e  gas pressure. This 
inyestigation , carried o u t by  D r. W ard , revealed again the  dependence 
on th e  F ick  diffusion law  and tlie existence of a  definite energy of 
ac tiv a tio n  for th e  m igration  of th e  hydrogen in to  th e  copper.

I t  is n o t necessary to  p o in t o u t th a t  for d ia tom ic gases th e  chemi- 
adsorbed s ta te  m ay be in th e  atom ie form  or even ionic, as is the  ease

METAL

of oxygen in  copper. In  palladium  hydrogen is n o t only dissociated, 
b u t under th e  influence of a p o ten tia l grad ien t along a wire sa tu ra ted  
w ith  th e  gas, ionic m igration  takes place.

W e are now in  a  position to  draw  diagram s of the  ehanges in  po ten tia l 
energy w hich a sim ple gas molecule of hydrogen undergoes when i t  
passes th rough  a th in  sheet of m etal (Fig. 11). In  th e  first ease, e.g. on 
palladium , th e  molecule originally free a t  a becomes chem i-adsorbed 
as an  atom  a t  b, passes in to  th e  la ttice  a t  c an d  th ro u g h  the  la ttice  
c' c", &c., finally re-em erging as an  adsorbed molecule a t  b' and  being 
liberated  a t  a’. In  the  second ease, e.g. on copper, th e  molecule originally 
free a t  a becom es elfemi-adsorbed a t  b, passes in to  an  in tercrystalline 
crack a t  c, and  m igrates th rough  th e  netw ork  of cracks, ac tua l penetra- 
tio n  of th e  la ttice  being smali.
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I t  w ill be no ted  th a t  each tran s itio n  involves th e  passage over a 
po ten tia l barrie r. W e haye seen th a t  in  some cases, e.g. hydrogen on
tu n g sten  th e  tran sitio n  a ---- >■ b m ay  n o t involvc an  appreciable energy
of ac tiva tion  w hen th e  m eta l is clean and th e  van  der W aals’ forces are
tak en  in to  consideration and  th a t  th e  tran sitio n  b ---- >  c m a y  involve
a large one dependent, am ong o ther factors, on th e  la ttice  constan t 
or size of th e  crack, as has been show n for gases passing th rough  ąu a rtz , 
w hilst th e  energy involved in  th e  tran sitio n  c to  c ' m ay  be very  sm ali, 
as w itnessed by  th e  apparen tly  h igh m obility  of hydrogen ions in  a 
pallad ium  la ttice , o r very  large, as is the  case in  th e  ap p aren t im m obility 
of oxygen atom s or ions in  a copper la ttice .

W e m ay a tte m p t to  in se rt num erical y a lu e s ; th e  h ea t of adsorption  
of hydrogen on copper m easured calorim etrically  is ab o u t 10,000 
cal./grm .-m ol. Since dissociation occurs on adsorp tion , th e  tru e  h ea t 
of adsorp tion  p er gram  atom  is ab o u t 55,000 cal./grm .-m ol., th e  energy 
necessary to  pass over th e  p o ten tia l b a rrie r  from  the  surface to  the 
in te rio r dow n a  slip p iane being ab o u t 16,000 cal./grm .-cm .

I  m ay cite N orton  and  M arshall’s * figures for th e  case where la ttice  
com pounds are found in  th e  case of th e  n itrides of tu n g sten  and  
m olybdenum , the  hca ts  of fo rm ation  are — 74,700 an d  — 38,500, 
respectiyely, th e  energy of ac tiya ted  desorption  being 50,500 and  
26,600 cal./grm .-m ol.

F inally , we m ust no te how read ily  access to  th e  in te rn a l surface 
o r liberation  from  th e  in te rn a l surface m ay be affected by  a lte ra tion  
in  the  m agnitude of th e  p o ten tia l barrie r a t  th e  en trance. This, as wc 
have seen, m ay  be efiected b y  sligh t a lte ra tio n  in th e  spacing of the  
atom s, b u t  i t  m ust also be a lte red  very  appreciab ly  b y  th e  presence 
of a  m onolayer of extraneous m ateria ł. No d irec t experim ents w ith  
gases appear to  have been m ade on th is  po in t, b u t the  effect of “  traces ” 
of poisons on ca ta ly tic  ac tiv ity  is well known.

In  con trasting  th e  en try  of oxygen in to  copper w ith  th a t  of hydrogen, 
we no te th a t  w hilst oxygen can  m igrate  th rough  the boundary  layers 
of copper oxide an d  form  a  diffusion g rad ien t therein , i t  pcnetra tes 
each grain , b u t  w ith  a higher energy of a c tiv a tio n ; a t  th e  sam e tim e 
th e  energies of m igration  of oxygen a tom s th rough  m etallic copper 
an d  of cuprous oxide th rough  copper are so g rea t th a t  a t  least up  to  
th e  v ic in ity  of th e  m elting p o in t of copper the  ra te  of oxide form ation 
even th rough  a th ick  layer of oxide g rea tly  exceeds either of these o ther 
processes, w ith  the  resu lt th a t  th e  cuprous oxide form ation  is confmed 
exclusively to  a copper/coppcr oxide interface, -and no diffusion of 
atom ie or ionic oxygen nor m olecular solution of cuprous oxide in

* A mer. Insi. Min. Met. Eng. Preprint, 1932, Feb., 1-28.
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copper takes place. The sam e appears to  be tru c  in a num ber of cases, 
such as p la tin u m  an d  tungsten  oxides, investigatcd  by  Y an P raagh. 
I t  is an  in teresting  speculation as to  how th ick  a layer of cuprous oxide 
on copper is necessary before all th e  characteristics of a bulk phase 
of cuprous oxide appear, e.g. dissociation pressure, m elting  po in t, and 
th e  like. V an P raagh  showed th a t  a layer of tungsten  iodide com puted 
to  be less th a n  100 molecules th ick  possessed bu lk  characteristics. I t  
is eviden t th a t  one has to  ensure th a t  no dispersion to  form  solid solutions 
takes place during th e  prepara tion  or exam ination  of the  speeimen.

In  th e  case of hydrogen, on th e  o ther band , the  la ttice  solubility, 
o r th e  am oun t of hydride held in  solid solution a t  the  pressures and 
tem p era tu re  of th e  experim ents, is extrem ely sm ali, w hilst the  energy 
of ac tiva tion  for th e  m igration  of th e  hydrogen atom  or ion, i.e. for th e  
dissociation of th e  copper hydride on th e  in te rna l surface and  the move- 
m en t of th e  resu lting  atom  or ion to  th e  neighbouring copper atom  
along th e  grain  boundaries, is relatiyely  sm ali, so th a t  a t  th e  tem peratu re 
of investigation  a diffusion g rad ien t of hydrogen atom s or lons can be 
established over th e  in te rn a l surface of the  m etal, and  equilibrium  is 
a tta in ed  w hen th e  in te rn a l surface is populated  to  a definite surface
density . .

These diSerences are, I  th in k , im p o rtan t, for they  cm phasize the  
c o n tra s t betw een th e  behayiour of those solid b inary  m ixtures which 
form  solid solutions and those w hich are com pletely im m iscib le; th u s  
in  th e  system  calcium  oxide/calcium  carbonate th e  relative am ounts 
of each phase p resen t change w ith  th e  sinallest energy of activation  
by grow th  an d  d im inution  a t  th e  in terface between each phase, and 
nucleus form ation  is an  a lte rn a tiv e  w ith  a large energy of ac tiva tion  to  
rem ove m etas tab ility . Such a system  exhibits a g rea t co n tra st to  
th a t,  say, of an am algam  of m ercury an d  thalhum .

F rom  these considerations we see th ą t  when a gas enters a meta , 
tw o d is tin c t processes aro a t  w ork : the  gas travels along the  slip planes 
and  in  th e  in tercrystalline spaces, and  also in to  the la ttice  itself. lh e  
finał d istribu tion  of th e  gas is th u s  in  two phases: one in  th e  la ttice , 
and  th e  o ther d istribu ted  on w hat I  have described as the  in te rnal 
surface of th e  m etal. W e are n o t here concerned w ith  the fate  of the  
gas in  th e  la ttice , beyond observing th a t ,  as we have shęwn, the gas 
m ust be p resen t in  tlie form  of some com pound, sińce the  actuul 
so lub ility  of gases in  m etals is negligibly smali. Again, sińce the m a jo n ty  
of com pounds, such as th e  n itrides and hydrides of iron, coppc.r, an 
nickel, are m arkedly  endotlierm ic in  the ir form ation, the “ apparen t 
la ttic e  solubility  ”  m ust inerease w ith elevation of the  tem perature , 
an  inference in  accordance w ith  m etallurgical da ta . On the  o thei lian ,
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tlie  fo rm ation  of surface liydrides and  n itrides are strongly  exotherm ic 
reactions, and  sucli appears to  be th e  case for com pound form ation  
on th e  in te rn a l surface.

I t  is n o t im probable th a t  th e  em b rittlem en t of iron in  caustic  soda 
an d  in  sodium  n itra te  is due to  th e  passage of gas in to  w h a t I  have 
te rm cd  th e  in te rn a l surface of th e  m etal, i.e. along th e  grain  boundaries, 
and weld decay is due to  corrosion occurring  a t  th e  in te rn a l surface.

On t h e  R e l a t i o n s h i p  b e t w e e n  A d s o r p t i o n  a n d  L a t t ic e  C o m p o u n d s .

Gases like n itrogen  and  hydrogen  rea c t w ith  m any  m etals to  form  
n itrides and liydrides, th e  form ation  of w hich are endotherm ic processes. 
O ur knowledge of these is due chiefly to  th e  investigations of Sieverts,* 
H iittig  t  an d  P a n e th .f  These com pounds we m ay  regard  as la ttice  
com pounds, as th ey  appear fręouen tly  to  be in  solid solution in  the  
la ttic e  of th e  m etal. W e have already  advanced  argum ents as to  w hy 
tlie gases m u st be p resen t in  th e  form  of com pounds, and  th is  view is 
confirm ed w hen we consider th e  large changes w hich occur in  the  apparen t 
solubility  of a  gas in  a m etal w hen we traverse  th e  m elting  p o in t or 
pass th ro u g h  an  allo tropic m odification, as in  th e  case of n itrogen and 
iron in  th e  a ^ p  transition .§

In  add ition  to  these la ttice  com pounds, we have seen th a t  chemi- 
adsorp tion  processes lead  to  th e  fo rm ation  of surface com pounds, 
usually  exotherm ic processes, and  th a t  these surface com pounds 
m ay be either superficial or in te rcrysta lline . F inally , gaseous m etallic 
n itrides an d  hydrides m ay be form ed either b y  th e  in te raction  of m etallic 
vapours w ith  hydrogen a t  high tem p era tu re s  || o r by  th e  in te rac tion  
of a tom ie hydrogen w ith  m etallic  foil as carried  o u t b y  Pietsch.^f W hilst 
th e  experim ental d a ta  are som ew hat u n ce rta in , i t  is in te resting  to  
com pute th e  hea ts  of fo rm ation  of th e  com pound CuH  from  copper and 
m olecular hydrogen, th e  m eta l a tom s concerned being first in  a regular 
la ttice , secondly on th e  surface of th e  m etal, an d  la s tly  vaporized in 
th e  form  of a  m onatom ic vapour.

W e ob ta in  th e  following values :—

Cu +  JH 2 =  CuH -  10,000 cal.
L a tticc .

Cu +  |H 2 =  CuH  +  5,000 cal.
Surface.

Cu +  | I I 2 =  CuH +  19,000 cal.
Y apour.

* Z. Metallkunde, 1929, 21, 39. f  Z. angew. Chem., 1926, 39, 67.
t  Ber., 1920, 53, 1710. § Sievcrts, Z. 'physikal. Chem., 1931,155, 299.
|| Cf. Farkas, Z. physikal. Chem., 1929, 5, 467.
1f Z. Elekirochem., 1933, 39, 577.
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Since tlie liea t of vaporization  of copper is some 60,000 cal., tlie 
lica t of solution of copper hydride m ust be some 30,000 cal. I t  is 
in te resting  to  no tę th a t  th c  h e a t of fo rm ation  of th e  surface com pounds 
is a  m ean value betw een th a t  fo r th e  gaseous and la ttice  compounds.

I t  is elear th a t  th e  s tren g th  of union of th e  CuH bond is dependent 
on its  environm cnt, an d  in  th is  respect th e  dep th  of the  p o ten tia l barrier 
betw een th e  hydrogen atom  and  a copper a tom  will be dependent on the  
prox im ity  of th e  neighbouring atom s, as was exemplified in  the  case

Fio. 12.

of th e  van  der W aals’ forces operative between a gas atom  and  th e  
oxygen a tom s in  a silica skeleton th rough  w hich th e  gas is passm g. 
Our p o ten tia l energy curves will th u s form  a regular series dependent 
on th e  closeness of approach of the  neighbouring copper atom s (Fig. 12.) 
Some sem i-quan tita tive a ttem p ts  have been m ade to  explore th e  
“  rarified” m etals b y  exam in ing thcbehav iourof condensed atom sponges, 
th u s  w hen m etallic wires undergo vaporization  in  gases a t  Iow p artia l 
pressures, th e  phenom enon of “ cleaning up ” is no ted , an d  provides 
us w ith  one of th e  m ost in teresting  m ethods for th e  contro l of the  State 
of th e  m etal. Investigations have been carried o u t by  Langm uir,

* J. Amer. Chem* Soc., 1913, 41» 1139, 1918.
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F rankenburger,*  an d  by  B astow .f In  the  casc of tungsten , a  n itride 
WNo is form ed in  the  gas phase w hich decomposes the rm ally  only 
a t  very  high tem peratures. W ith  m olybdenum  tw o n itrides are form ed 
in  th e  gas-phase; one liberatcs its  n itrogen  a t  room  tem peratu res, b u t 
th e  o ther is stab le up to  360° C. A no ther type  of reaction  is no ted  w ith  
iron  and  p la tinum , for these m etals do n o t appear to  com bine w ith  
n itrogen  or hydrogen in  th e  gaseous s ta te , b u t do so when th ey  are 
adsorbed on a cooled surface in  an  unsintered or p a rtly  sintered sta te . 
On elevation of the  tem peratu re , th u s  p e rm ittin g  sin tering  to  take 
place, th e  gases are evolved. The gases adsorbed b y  th e  deposited 
m etallic a tom s were found to  be chem i-adsorbed in  th a t  th ey  behaved 
chem ically as n itrides and hydrides.

W liilst the  experim ental d a ta  are a t  p resen t in  a very  unsatisfactory  
s ta te , we m ay note a  parallelism  betw een these hea ts of fo rm ation  
an d  the  effect of surface sa tu ra tio n  on th e  h ea t of desorption  of a 
com pound, w hich I  m entioned earlier in  m y lecture in  reference to  
p la tin u m  and  iodine.

* Z. Elektrochem., 1929, 35, 359, 591 ct seq. f  Chem|  Soc., 1931, 1950.
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OBITUARY.

W a lt e r  R o sen h a in , Past-President of tho In s titu te , diod a t  his homo 

on M arch 17, 1934, * J N f ^ nhain  of Melbourne, A ustralia, and

graduated  in  Physics f o r t L ,T h i b i t i o n  of 1851,
research soholarships of tho ^ y  id where lie became a  mem ber of
which enabled h im  to como to  C a m b r d g e w  nerę i ^  ^ i i  Engiiwser-
St. Jo lm ’s College was obtained in  th is  subject.
ing, and  his first degree of B.C.E.JM eiDoumo, Ąlfred Ew ing’s labor-
E o rtu n a te ly  fo r th o  science of n  j gy» , engineer h a d  becom e
a to ry  a t  C am bridge a t  a  tim e  ^
in te res ted  in  th e  th en  new  e x p en m  . te re s t  W a lte r  R o sen h a in  in  stu d y in g
of th e  m ieroseope. E w in g  w as a  teoh n iąu e , a n d  th e  re su lt

partieularly  in  the  determ ined the futuro courso of R osenhain’s
These three years a t  Cambrudg , , . w ork_ xhe  tim e had  no t

career, for in  th a t  tim e he had  n a j;v jn „ by  tho praetiee of
arrived, liowever, when i t  was p  < Chanee Brothers, glass manu-
p h y s i e a l  m etallurgy, and  he joine Scientific Adviser, principally in
facturers, of Smethwick Birm ingham  as S c ie n tJ ^  ^  he held for
connection w ith  o p tiea |£ to ssan  S 1 b k  Qlass M anufaoture,
six y ea rs ; h is 1^1920 D uring the G reat W ar, his knowledge

G e r m a n  optical glass were cu t ofE. ps-mnmstanoes to  apply m ost of his
A lthough a t  th is  tim e pursue his studies

energies in  other directions, Ros n laboratory o£ his own, working
in  physical m etallurgy, w hich J J k ^ a s ^ U  3 married in  1901,
in  the evenings and m h . s  spare, tim e. m  ™  of his specimens. In
sliared his work and lielped h „sion 0f soientifie papers, and to  keep
th is  w ay he was able to  m aintain  wj,iCh  he had  grown to  love.
actively in  touch w ith  • reput'ation by his forceful and  original
D uring th is period, ho added to  developed th a t lucid ity  m
contributions to  m etallurgical discussions, an a  ^  j  ^now n. j n 1906, 
w riting and speech for which h e l .  already COm pleted his well-known
D r. (now Sir H arold) Carpenter, N ational Physical L aboratory,
research on th e  iron-carbon d ii^ r  MeUll a t  Manchester University, 
was called to  the newly foundod Oh gir Richar(j  Glazebrook,
and  Rosenhain was appomted to suceeed , k  rccognizing
th o  f irs t  D irec to r of th e  L ab o ra to ry . d e “  to  e s t S i s h
th e  grow ing  im p o rtan ce  ^ m ^ u r g y  c t Ł a n d  in v ite d  R oacnha in  to

U " .  S r S T s ^ S i S a i *  o f  t h .  “ D e p a r t m e n t  o f
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Metallurgical Chcmistry.” No choioe could havc been happier, for he ąuickly 
developed tliis dopartment until i t  became perliaps tho foromost and best- 
known laboratory of its kind in tho world. In  his new appointmont, Roscn- 
hain began th a t period of intense ac tm ty  wbich continucd without remission 
praetically to tho tim e of bis death. Ho roalized tho important part th a t the 
science of physical metallurgy was to play in tlie developmcnt of metallurgical 
and engineering industrics, and, above all, ho appreciated tho need for 
inoreased fundamental knowledge in all directions. He carried out or initiated 
numerous researebes into the constitution of alloy systems, using refined 
methods of investigation, many of which were developed in his own laboratory, 
and conducted many researches into the physical structure of metallic alloys, 
particularly in relation to properties and bohayiour in serrico. Throughout 
this period, bis work was governed by a desiro to found a fundamental science 
of metals and alloys, and tho immense contribution which ho personally 
made to achievo this end is woli seen in his “ Introduction to  Physical Metal
lurgy,” first published in 1914. He was engaged on a rcvision of this book 
a t  the time of his d ea th ; tho work is being carried on by Dr. J . L. Haughton, 
and tho new editioii should appear during the summer of 1934.

Rosenhain’s most outstanding work was perliaps th a t in support of tho 
so-called amorphous theory, which he developed and defended with his 
characteristic originality, ingenuity, and skill, both in the laboratory and the 
debating hall. The original work of Beilby appealed naturally to ono who had 
already niado so many investigations into the deformation and cold-working 
of metals, and ho accepted Boilby’s conclusions with enthusiasm and estended 
and aniplified thom with resource and energy. Even tliough liis views did 

'no t find universal acceptance, a glance a t  the metallurgical literaturo of the 
past 25 years shows how profoundly they have influenced metallurgical 
opinion throughout tho world.

Although Rosenhain’s work covered the whole field of metallurgy, both 
ferrous and non-ferrous, his work on aluminium and its alloys was specially 
noteworthy. Before tho Grcat War, he had already carried out investigations 
of light alloys for the Alloys Research Committee of the Institution of Mech- 
anical Engineers, and these became greatly intensified owing to the need for 
studying new materials, particularly in connection with tho dovelopment of 
aeronautics. The work done under his direction a t tho National Physical 
Laboratory was of tho greatest possible valuo in  this connection, and has led 
to tho development of a number of useful new materials, including the now 
well known “ Y ” -alloy. Among the many other im portant inyestigations 
carried out, either by liimself or under his direction, aro those dealing with 
impurities in copper, the heat-treatment of stcel, gas in aluminium alloys, 
alloys of zinc, dental alloys, beryllium and its alloys, the naturo of solid 
solutions, and the constitution of the alloys of iron. His researches, however, 
covered a much wider field, and a complete list of his publications would 
occupy many pages. His research work brought him many honours. Ho 
was awarded the D.Sc. degreo of his own University, and, in 1913, was elected 
to a Fellowship of the Royal Society; ho was awarded the Carnegie and 
Bessemcr Medals of the Iron and Steel Institute, and tlio Thomas Turner 
Gold Medal of the Uniyersity of Birmingham. In  1932 ho was elected an 
Honorary Member of the Deutsche Gesellschaft fur Metallkunde. He was 
invited to deliver im portant lectures, not only by many bodies in  this country, 
but also abroad, and for this purpose he paid visits to  the U.S.A., Germany, 
Switzerland, Sweden, India, and Australia.

Dr. Rosenhain’s activities were by no mcans confinod to his scientific 
research, for ho engaged in  many other forms of metallurgical work. He was 
an Original Member of the Institute of Metals, and a Member of Council from 
1910 onwards. For many years, he was Chairman of the Publieation Com-
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mittee, and his actiyities and sound judgment in this office had a great 
influence on the developraont of tlie Institute, particularly on its publications. 
Ho was May Lecturer in 1923, and President from 1928 to 1930. His yaluable 
services were recognized by his election to a Fellowship of the Institute. 
Ho was a  Member of Council of the British Non-Perrous Metals Research 
Association and of tho British Cast-Iron Research Association; he played 
an activc part in the deyelopmcnt of both those bodies, and his interest in 
them wras maintained until his d ea th : his services to industry through these 
connections were undoubtedly yery great. He also served on many tech- 
nical committees of the Department of Scientific and Industrial Research, 
the Air Ministry, tho Dcntal Board, tho British Standards Institution, and 
other bodies.

One of the major interests of his later years was the promotion ot contact 
and understanding between metallurgists throughout tlie world, and he 
was largely responsible for the formation of the New International Association 
for Testing Materials; in 1927 he was appointed British delegatc on the 
permanent comniittec of tho Association and President in 1931.

Dr. Rosenhain resigned from the National Physical Laboratory in 1931, 
in order to take up privato practice as a consulting metallurgist; in this 
capacity he was closely connected with the British Aluminium Company, Ltd., 
the Broughton Copper Company, Ltd., and Messrs. J .  Stone & Company, Ltd. 
The decision to leaye the department which he had created was one which be 
took only after yery careful consideration, and the break with the laboratory 
he lovcd caused him much grief. The principal reason which mflucnced him 
will be recognized by those who knew him as typical of the m an ; i t  was th a t 
he eould not lightly contemplato the possibility of being compelled to retire 
a t  the ago of 60 or 65 or, indeed, a t any age, and wished to establish work of 
his own to which he could continue to deyote his actiyities.

Rosenliain’s death leavcs a big gap in tho ranks of metallurgists throughout 
tho world. Pew men have shown a greater yersatility or haye been moro active 
either in research or in writing. His views were freąuently unorthodox, but 
always stim ulating; i t  could scarcely bo othenvise, for he contmually sougbt 
to tako his subjcct further; lic was neyer bound by popular opimon, and never 
hesitated to express and defend his own yiews, while he welcomed and appre- 
ciated a similar frankness in othors; he loyed a scientific argument, and he 
was a skilful cxponent in debate. His elear diction and extraordmary com- 
mand of language made him a most attractiyo speaker, and members of the 
Institu te  of Metals will rccall the many oceasions on which they have hstened 
with admiration to his contributions to their proceedings.

His death a t the comparatiyely early age of 58 takes him from us a t the 
height of his intellcctual powers, and lcayes us with the fuli consciousness of 
the loss our scienco has suffered.

M o r r is  B r o a d  P o w l e r  d ie d  o n  P e b r u a ry  8 , 1934.
He was born in London on July 19, 1870, bis father bemg a wax refiner 

and a patentee and inanufacturer of nightlights.
He had a yaried education, going first to the Brighton School of Scienco 

and A rt (under South Remington), where he liad as tutors Professor Jago 
and Professor Young, and later entenng London U n i y e r s i t y ,  where be took 
his Intennecliata B.Sc. Instead, howeyer, of completmg the course, he 
went on to  the Roval School of Minca, South Kensington. , , .

On completion of his studics a t tho latter, he entered his father s business 
in tho early nincties. In 1895 he went to Holland to instract Messrs. Verkado 
of Zaandam in the manufacturo of nighthghts. I t  was on this visit th a t he 
met his futurę wife—Miss Geertruida V e r k a d e — who was the daughter of the 
head of tho firm. They were married in 1898, by which time he had entered
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the scrvice of Messrs. Chris. Thomas & Brothers, L td ., soap manufacturers, 
of Bristol, who wero commencing tho manufacture of nightlights. In  1900 
ho joined Messrs. Capper Pass & Son, Ltd., smelters and refiners, of Bristol, 
of which firm . ho oventually became a Direetor and with which he 
romained until his death. On entering this business ho specdily provcd 
his adaptability, and became a first-class metallurgist, and many processes 
still in use owe their origin or improvement to his skiU.

In  his oarly years he was well known as an atheletc, taking part success- 
fully in moro than one “ N ational” cross-country run, besides winning many 
cyciing races a t Herne Hill and tho Oval, and holding several cyeling reeords.

To those who knew him well, his passing will leave a gap hard to fili, his 
affectionate disposition and unfailing courtesy and cheerfulness being his 
most endearing attributes. Mr. Eowlcr was elected a member of the Institute 
of Metals on September 8, 1924.

W illia m  E d w a rd  G ibbs, Ramsay Professor of Chemical Engineering 
in tho Uniyersity of London, died on January  18, 1934, a t the early age of 44.

After graduating in 1909 with honours in  chemistry from Liverpool 
University, he went to  Singapore as assistant chemist to the Straits Trading 
Company, and his esperienco with this firm enabled him to develop on his 
return to  England an electrolytie method of extracting tin  from fused ores. 
Ho was granted his first patent for this process. Subseąuently, he was 
assistant to Dr. G. D. Bengough, and carried on a year’s research on tbe cor- 
rosion of brass condenser tubes by sea-water, the results of which were finally 
embodied in the Third Report to the Corrosion Committee of the Institu te 
of Metals, published in 1916. He was far-sighted enough to realize the part 
th a t electrochemical phenomena play in corrosion processes, and included 
electrode potential measurements in his work. Aeration and temperaturo 
of the sea-water were also shown to play an im portant part. In  1914, he was 
appointed Special Lecturer in Metallurgy in the Uniyersity of Liyerpool.

After six months with the Aeronautical Inspection Departm ent, Professor 
Gibbs was appointed Chief Chemist of the Government Rolling Mills a t 
Southampton. The zine oxide fumes from the brass foufidry of these mills were 
yery troublesome, and he found that, if wastc steam wero injected into this 
smoke, tlie steam condensed on the zine oxide nuclei and caused tliem to 
coagulate.

Tho subject of dusts was enlarged by him in a  book, published in 1924, 
on “ Clouds and Smokes,” dealing exhaustively with both the theoretical 
and practical aspeets of his subject. Later, ho wrote another book—“ The 
Dust Hazard in Industry ”—on dust explosions and poisonous or harmful 
smokes.

During the years 1918—1928, ho was Chief Chemist of the Salt Union, Ltd., 
a t Runcorn; and then went to the Department of Chemical Engineering a t 
Uniyersity College, London, which he developed until he brought it into the 
position of esteem in the world of applied science which it holds to-day. 
Ho found in  teaching tho yocation for which he was eminently fitted and his 
kindly personality endeared him to all who came into contact with him.

Professor Gibbs was elected a member of the Institute of Metals on March 
21, 1917.

J o h n  B r io h t  H o b ly n  died yery suddenly on December 24, 1933, a t the 
Buto Nursing Home, in his 54th year.

Ho was bom a t Dewsbury in 1880, and was educated a t Dowsbury Tech- 
nical College. In  1897, he was awarded a Queen’s prize in practical chemistry 
by tho Board of Education, taking third place in England against many 
tliousands of competitors older than himself. In  1898, he obtained Honours
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P art I  in practical inorganic chemistry in tlie Board of Education examination, 
and in 1899 obtained honours in organie chemistry under the same authority.

In  1901, he passed as Hinchcliffe exhibitioner to tlie Royal College of 
Science, University of London, and was first in  England with First-Class 
Honours in P art I I  of the Board of Education examination in practical 
chemistry in 1903, and was again first with Eirst-Class Honours P art I I  in 
theoretical chemistry in 1904, when he was also awarded the Associatesliip of 
the Boyal College of Science in the first-class dm sion in chemistry. He 
obtained the Associatesliip of tho Institu te of Chemistry in 1905 by exam- 
ination and the Eellowship in 1912.

Mr. Hoblyn went to  Luton in 1904 as Scienco Master of the Modern 
School, and after staying there for eleven years, became, a t tho cxpress 
wisli of the directors, Chief Chemist and Motallurgist of Vauxhall Motors, 
L td. This position ho held until his death. In  the eourse of his work, 
he became an authority on the teclmology of lubricating oils and perpetuated 
his name in the Hoblyn oxidation test.

Mr. Hoblyn was largely responsible for tho inauguration of the Vauxhall 
Scientific Society, and was its President from 1918 to 1923. In 1917 he 
instituted a training scheme for apprentices a t Vauxhall Motors, Ltd., the 
effect of which may be seen in a number of tho training schemes of to-day. 
He also took a keen interest in local afiairs, and was a co-opted member of 
the Public Libraries Committee, a representative of tho County Council on 
the Board of Governors of Luton Modern and High Schools, and until recontly 
he was also a member of the Local Employment Committee, which office, 
liowever, he resigned owing to ill health.

He was President of tho old Lutonians’ Club, and member of the Old 
Luton Modemians’ Club and of the Imperial College of Freomasons, London. 
At the time of his death ho was Chairman of the Committee of tho Institution 
of Automobile Engineers dealing with the rationalization of British steels. 
He was also keenly interested in  sport, and oceasionally captained Vauxhall
elevens. .

Mr, Hoblyn was elected a  member of the Institute of Metals on oeptember
11, 1918.

C a m ille  M a tig n o n  died suddenly on Mareli 18, 1934, a t tho Collóge do 
France.

He was born on January 3, 1867, and was educated a t tho religious houses 
of Troyes and St. Ouen, and a t 19 entered tlie Ecole Normalo Supeneure. 
He left this after haying obtained a scienco degree in 1889, to become, for four 
years, assistant to Marcelin Berthelot.

During this period, M. Matignon prepared his thesis for the degree of 
Doctor of Science, choosing the ureides as his subjeet. This paper he read in 
1892. He also collaborated with Berthelot in thermochemical research, 
their joint work including the deterinination of the heate of formation of 
niany fundamental substances such as water, carbon dioxide, methane, &c.

A t 26, he became Maitre do Confćrences a t Lille. He was subsequently 
appointed Maitre de Confćrences a t  the Sorbonne and assisted Berthelot 
with teaching. A t 29 he was awarded the Jecker prize by the Acadómie des 
Sciences.

He was searcely forty when ho became a Master of Chemistry and was 
nominated to tho chair of minerał chemistry a t the College de France.

M. Matignon was an offieer of the Legion d ’Honneur, member of tho 
Chemical Section of tho Acadćmic des Sciences in 1926, President of tho 
Sociótó Chiuiitjue do France sińce 1932, President of the Consoil d’Hygiene 
e t de Salubritó Publitpie de la Seine, President of the Confćdóration  ̂des 
Soeietes Scientifiques Franęaises, Viec-President of the Societó do Chimie
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Industrielle, and cditor of the im portant industrial periodical Chimie et 
Industrie.

M. Matignon’s scientific work is represented by moro than 200 original 
papers, and he contributcd moro than 300 figures to  tho science of chcmical 
energy: lieat of fusion and of yaporization, direct reaction, specific heat, 
heats of solution, dilution, and neutralization. As each of his figures is tho 
result of sevcral measurements, the amount of work necessary for this con- 
tribution may readily be gauged. He was also responsiblo for two laws— 
tho law of “ Lo Chatclier Matignon ” dealing with the chango in entropy of 
monovariant systems dissociating into a solid and a gaseous phaso, and tho 
“ law of volatiiity,” which is an application of the law of Berthollet to a solid 
system.

W ith Bourion ho studied the rare metals and their compounds, partieularly 
a generał method for tho preparation of the anhydrous ehlorides, which 
has sińce becomc classic and which has been applied with suceess to  tho 
ehlorides of the rare earths. An entircly new chemistry was thus created 
which resulted in the preparation of about 70 new compounds. We also 
owe to  M. Matignon an im portant series of rescarches on the fixation of 
nitrogen and its compounds.

During the War, he was appointed a member of the Commission on N itro
gen, and in this capacity travelled to England, Italy, and Occupied Germany.

His work on nitrogen led to  the perfecting of processes for the nitration 
of aluminium, the catalytic synthesis of ammonia, the preparation of carb- 
amido from ammonia, of ammonium sulphato from gypsum, of the glyeols, 
the action of water on methane, &c. Ho also mado a study of special glass, 
as this was of interest to the Freneh public health service.

In  spite of all the honours bestowed on him, M. Matignon lcept throughout 
his lifo his liking for simplicity. He was remarkable for his incisive powers 
of tliought, and will always be to those who knew him the model of a noble 
scientist and a great Frenchman.

M. Matignon was elected a member of the Institute of Metals on February 
15, 1934. H e n r i M otjreu.

G ra n d ’ Uff . In o . Ltjioi O rla n d o , Cavaliere del Lavoro, passed away 
suddenly in Milan on November 1, 1933. He was born in Genoa in April, 
1862, and went to Leghorn a t a very early ago. For the last fifteen years 
he lived in the metropolis of Lombardy.

He was the son of Senator Luigi Orlando, whoso name is eonneeted with 
the history of the Resurrection of Italy  and who was tho founder of tho 
Cantieri Liyornesi. A true captain of industry and a tireless worker, a 
great many of the industries of Tuscany owo to him their existence and 
their present thriying eondition. I t  was in  tho field of metallurgy, however, 
th a t his work was speeially remarkable, and tho Societa Metallurgica Italiana 
represents his most outstanding achievement. Ho becamo Managing Director 
of this company in  1902, and oyercoming technical, financial, and business 
difficulties, he sueceeded in raising it to the highest level of tho industrial life 
of thc country, making of it one of the most solid organizations. Side by sido 
with tho Metallurgica Italiana, and always in order to inerease its develop- 
inent, Signor Orlando foimded in Tuscany the Societa Livomese for water 
conveyance, tho Societa Ligure-Toscana di Elettricita, the Sindicato di 
Assicurazione Mutua per gli infortuni sul Lavoro di Firenze; the Societa 
Tubi Mannesmann of Lombardy, with works a t Dalmine, the Societa Impor- 
taziono Metalli, the Societa Metalli Layorati e Porcellane, and seyeral other 
less im portant companies.

During tho W ar, ho placed all the means he had ayailable a t tho disposal 
of the National Defenee; created fresh works and increased the efficiency of
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cxisting ones, in  order to  provide abundantly  tho m unitions which I ta ly  
and  tho allies rcąuircd.

A t tho timo of his death  hc was Chairman of the Societa Metallurgica 
Ita liana , of tho Societa M etallurgica Brosciana gi& Tempini, Societa E lettrica  
doi Valdarno, tho Societa L itoranea Toscana, the Societa Generale Industrie 
Metallurgiche, the Societi G. B. Izar, the SocietA Metalli L avorati e Por- 
cellane, tho Silurificio W hitehead of F ium e, and of the Ferroyia Alto Pistoicse. 
H e was Managing D irector of the Societó, Telefonica T irrena, of the Societa. 
R om ana di E lettrieitó , the  Societa Forze Idrauliclie dell’Appennino Centrale, 
th e  Societa E lte, the Sociot& 'Edificio, the Societa La Centrale for tho financing 
of electrical undertakings, tho Fondiaria Libica, th e  Colonie Alborto Lodolo, 
and  of o ther lesser coneerns. H e was for m any years the Managing Director 
of the Credito Etaliano and  of tho Societa del Tirso, of which, indeed, ho was 
ono of th e  founders. H e was also Vice-Chairman of the Opera Nazionalo 
Orfano di Guerra Anormali Psichici.

H is passing is regretted by all who know him.
Signor Orlando was elected a  member of tho In s titu te  of Metals on F eb ruary  

1 5 ,  1 9 3 4 .
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on the Influenco of Gases in an 8 per 
Cent. Copper-Aluminium Alloy on 
Normal and Invcrse Segregation,” 
109.
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Atkinson, R. H. Discussion on “ Alloys 
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the Influenco of Gases in an 8 per Cent. 
Copper-Aluminium Alloy on Normal 
and Invcrso Segregation,” 108.

Bain, H. Foster. Elected member, 285.
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Constitution of Copper-Iron-Silicon 
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Viscous Properties of Extruded Eutec
tic Alloys of Lead-Tin and Bismuth- 
Tin,” 139.
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tic Alloys of Lead-Tin and Bismuth- 
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180; discussion on “ Note on tho In
fluenco of Gases in an 8 per Cent. 
Copper-Aluminium Alloy on Normal 
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cussion on “ The Viscous Properties 
of Extruded Eutectic Alloys of Lcad- 
Tiii and Bismuth-Tin,” 140.
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Eatwell, Henry Thomas. Elccted m em 
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discussion on “ A Study of the In 
fluence of the Intercrystalline Boun
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Hargreaves, F. Discussion on “ A Note 
on Some Formuła; Concorning Visct>us 
and Plastic Flow in Soft Metals,” 
136; discussion on “ A Study of the 
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Properties of Extruded Eutectic 
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Tin,” 136.

Harris, Jacob Henry. Eleeted student 
member, 285.

Harrison, Stanley Taylor. Electcd stu
dent member, 24.

Hartigan, Thomas Joseph. Eleeted 
member, 23.

Haughton, John  L. Eleeted Member of 
Council, 22; seconds vote of thanks to 
President for his address, 26; discus
sion on “ The Constitution of Copper- 
Iron-Silicon Alloys,” 249; discussion 
on “ Transformatious in the Copper- 
Palladium Alloys,” 272.

Haughton, John L., and Payne, Ronald 
J. M. Paper : “ Alloys o£ Magnes
ium  Research. P a rt I.—The Consti
tution oE the Magnesium-Ricli Alloys 
o£ Magnesium and Nickel,”  275. 

Hauser, Alesander. Eleeted member,
285.

Hayes, Joseph. Eleeted member, 2S5. 
Hedges, E rnest Sydney. Electcd mem

ber, 23.
Hilt, Eugene Henry Hugh. Elccted 

member, 23.
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Hoar, Thomas Percy. E lected member,
23.

Hoblyn, Edward Henry Treflry. Elec- 
ted  m ember, 2S5.

Hoblyn, John Bright. O bituary notice,
316.

Hoesen, Henry B. Van. E lected m em 
ber, 285.

Homer, Charles Egbert. E lected s tu 
den t mem ber, 24.

Hopkins, Norman Maynard. E lected 
studen t member, 285.

Hora, John Marcel Raymond. Elected 
studen t member, 285.

Humphreys, William Gerald. Elected 
member, 23.

Hutton, R. S. E lected M em ber of 
Couneil, 22; d i s e u s s i o n  o n  “ Alloys of 
Silvcr and  Beryllium,” 176, 179.

Jacques, Arthur. E lected studen t mem
ber, 23.

Jacgues, Frank. E lected member, 286.
Jenkins, John  Ephraim . E lected s tu 

den t member, 24.
Jones, W. D. C o r r e s p o n d e n c e  o n  “ The 

Diffusion of Zinc and Iron  a t  Tem 
peratures below th e  Melting Poin t of 
Zinc,” 191.

Kamieński, Erwin. Elected member, 23.
Keeble, Hubert W illiam. E lected s tu 

d en t member, 285.
Kerr, Robert. E lected member, 23.
Kirsebom, Gustaf Newton. E lected 

member, 286.

Lancaster, H. C. E lected Vico-Presi- 
dent, 22; seconds voto of tlianks to 
retiring President, 25.

Lewis, Philip Staeey. E lected member,
23.

Lodder, Leslie A rthur John. E lected 
mem ber, 285.

Louyot, Robert. E lected member, 23.

Mace, Cyril W illiam. E lected studen t 
member, 23.

McFarland, David Ford. E lected m em 
ber, 24.

MacGregor, ła n  Kinloch. E lected  s tu 
den t member, 285.

Mclntosh, Alexander Benjamin. Elcc- 
ted  stu d en t member, 285.

Matignon, Camille. E lected  member, 
24; obituary  notice, 317.

Mazzola, Mario. E lected mem ber, 24.
Mehl, Robert Franklin. E lected  m em 

ber, 24.
Meiklc, G. D i s e u s s i o n  o n  “  Transverse 

Tests on Sand-Cast A lum inium  Alloy 
Bars,”  99.

Melvin, (Sir) Martin J. E lected m em 
ber, 23.

Mitchinson, Robert. E lected member,
24.

Moore, Harold. E lected President, 22; 
moves adoption of report of Couneil, 
19; Presidential Address, 29; reply 
to vote of thanks for Presidential 
address, 26; d i s e u s s i o n  o n  “  Note 
on tlie Influence of Gases in an S per 
Cent. Coppcr-Aluminium  Alloy on 
Norma! and Inyerse Segregation,” 
109; d i s e u s s i o n  o n  “  Transverse 
Tests on Sand-Cast Aluminium Alloy 
Bars,” 100.

Morcorn, E. L. E lected Vicc-President, 
22 .

Morris, Roland William. E lected m em 
ber, 24.

Mukumoto, Wasaburow. E lected m em 
ber, 24.

Mundey, A. H. Seconds adoption of re
port of Ilon . Treaśurer, 22.

Murphy, A. J . P a p e r  : “  The Consti
tution oi Copper-Iron-Silicon Alloys,”
250.

Nagao, Takeo. E lected member, 23.
Neave, Digby Perey Cornwall. E lec

ted  member, 23.
Nicosia, Beniamino. E lected member,

23.

Orlando, Luigi. O bituary notice, 318.
Orlando, Salvatore. E lected member,

24.
Orr, Hazlett Francis. E lected studen t 

member, 23.

Payne, Ronald J. M. S e e  Haugliton, 
John  L.

Pearce, J. G. C o r r e s p o n d e n c e .  o n  “ Trans- 
verse Tests on Sand-Cast Aluminium 
Alloy Bars,” 101.

Pearson, C. E. P a p e r  : “  The Viscous 
Properties ol Extruded Eutectic Al
loys of Lead-Tin and Bism uth-Tin,”  
111.

Phillips, C. E., and Grogan, J .  D. 1 a p e r  : 
“ Transverse Tests on Sand-Cast Alu
minium Alloy Bars,”  89.

Portevin, Albert. C o r r e s p o tu l e n c e  o n  
“  Minimum Dimensions of Test 
Samples for Brinell and Diamond 
Pyram id H ardness T ests,” 85.

Portevin, Albert, and Bastien, P . P a p e r  . 
“  Castability oJ Ternary Alloys,”  45.

Priestman, Robert Thomas. Elected 
mem ber, 23.

Rao, Mannigay Um anath. Elected 
member, 23.



Readman, John Abercromby. E lected 
stu d en t mem ber, 28G.

Rice-Oxley, Francis Bowyer. E lected  
member, 286.

Rideal, E. K. M a y  L e c t u r e  :  “  Gases 
and Metal Surfaces,”  287.

Rigg, Gilbert. P a p e r  : “  The Diflusion 
o£ Zinc and Iron  a t Temperatures be
low the Melting Point o£ Zinc,”  183. 

Robinson, John Herbert. E lected  s tu 
d en t member, 23.

Rosenhain, W alter. Mcssa.ge of sym- 
p a th y , 20; obituary  noticc, 313. 

Rouppe van der Voort, Paulus Nicolaas 
Franciscus Maria. E lected member, 
23.

Sallitt, W illiam Baines. E lected s tu 
den t member, 286.

Sanders, Alexander. E l e c t e d  m e m b e r ,
286.

Savage, Herbert. E lected member, 285. 
Schirner, Karl. E lected member, 23. 
Schneckenburger, Emil. E lected  m em 

ber, 23.
Schneider, W illiam George. E lected 

member, 285.
Shao, Chia Chin. E lected m em ber, 24. 
SiS, Alfred. E lected m em ber, 24. 
Simpson, Joseph Gordon. E lected mem

ber, 23.
Slater, Horace. E lected m em ber, 24. 
Slater, I. G. P a p e r  : “  Note on the 

Influence of Gases in an  8 per Cent. 
Copper-Aluminium Alloy on Normal 
and Inverse Segregation,”  103.

Sloman, H. A. P a p e r  : “ Alloys of
Silver and Beryllium,”  161.
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