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Reed.....................

The INSTITUTE of METALS
36 V ic t o r ia  St r e e t , L o n d o n , S .W .l.

Founded 1908. Incorporated 1910.

To the Secretary,
The Institute of Metals.

X, the UNDERSIGNED* .....................................................................................
being.................. years of ago and desirous of becoming a f ............... ......................
Member of the Institute of Metals, agree that if elected I will be governed by 
the Regulations and Bye-Iaws of the Institute from time to time extant and 
observe the obligations imposed on Members under the Articles of Association 
of the Institute, and that I will advance the interests of the Institute so far as 
may be in my power; and we, the undersigned, from our personal knowledge,
do hereby recommend the said................................................................. for election.

*Name of applicant in fu ll........................................................................................

Address.............. ............................................ ...........................................................

^Business or Profession ........................................................................................

Qualification..............................................................................................................

Degrees and/or honorifio distinctions................................................... .................

Dated this.................. ...............day of.................................................. . 19.......

Signatures
...................................................................................................... . - o f  three

Members.

Form A. (Membership Application)

The Council, having approved the above recommendation,
declare the applicant to be duly elected as.........................................
Member of the I nstitute  of Metals.

T o  be tilled up 
by the 

Council.

36 V ictoria  Street , Chairman.
W estminster , L ondon , S.W.l.

Dated this............. ....................day of.................... ..............19........

f  For Qualifications of Members, see Rule 6, other side.
f  Name and address of firm (or other body) should be stated, as well as position 

held.
(It would be a convenience if the candidate’s card were sent with this form.)

Cl.



EXTRACTS FROM THE RULES
(MEMORANDUM AND ARTICLES OP ASSOOLATION.)

MEMBERS AND MEMBERSHIP
Rule 5.— Members o f  the Institute shall be Honorary Members, Fellows, Ordinary Members 

or Student Members.
Rule 6 .— Ordinary Members shall be of such age (not being less than twenty-one years) as shall 

be determined from time to time by the Council and/or provided In the Bye-lawB. They shall be 
either:

(а) persons engaged in the manufacture, working, or use o f non-ferrous metals and alloys;
or

(б) persons o f scientific, technical, or literary attainments, connected with or interested in
the metal trades or with the application of non-ferrous metals and alloys, or engaged 
in their scientific investigations.

Student Members shall be admitted and retained as Student Members within such limits o f age 
[ 17-2G years] as shall be determined from time to time by  the Council and/or provided in the Bye-laws, 
and shall be either

(а) Students o f Metallurgy; or
(б) pupils or assistants o f persons qualified for ordinary membership, whether such persons

are actually members of the Institute or not.
Student Members shall not be eligible for election on the Council, nor shall they be entitled to 

vote at the meetings o f the Institute, or to  nominate candidates for ordinary membership.
Rule 7.— Subjcct to  the foregoing tw o clauses, and as hereinafter provided, election to  member­

ship shall be by the Council, and all applications for membership shall be in writing in the form 
[overleaf] marked ** A ,”  or such other form as may from time to time be authorized by the Council,/.•« 
and such application must be signed by the applicant and not less than three members o f the 
Institute.

Membership shall not begin until the entrance fee and first annual subscription have been 
paid. „y

Rule 8.— Application fo r  membership as Ordinary or Student Members shall be submitted to 
the Council for approval. The names o f  the approved applicants shall be placed on a list w’hich ^  
B hall be exhibited in the library o f  the Institute for at least fifteen days Immediately after the Council 
Meeting at which such names were approved. Copies o f such lists shall be supplied to  the Secretaries 
o f Local Sections o f the Institute for inspection by members, and in any other manner to  members as 
may from time to time be prescribed by the Council.

Any objection to  any candidate whose name is so exhibited or notified to  members shall be 
made in writing to  the Secretary within twenty-one days o f the date when the list shall first be so 
exhibited.

A t a subsequent Council Meeting the applications for membership o f persons whose names shall 
have been so exhibited shall be further considered, and the Council may, in their absolute discretion, 
elect or reject such applicants, and may refuse any application although previously approved without 
giving any reason for such refusal. Non-election shall not necessarily prejudice the candidate for 
election concerned in any future application for election.

SUBSCRIPTIONS
Rule 9.— Unless and until otherwise determined by the Council and/or provided in the Bye-laws 

the subscription o f each Ordinary Member shall be £3 35. per annum, and o f each Student Member 
£1 1 s. per annum. Ordinary Members shall pav an Entrance Fee o f  £2 2s. each and Student Members 
an Entrance Fee o f £1 la. each. (Entrance Fee for Students has been temporarily suspended.)

Rules and/or regulations may be made by the Council from time to time for the transference of 
Student Members from that status to that o f Ordinary Members, including the fixing o f an entrance 
fee to  be payable on any such transfer o f  such a sum as the Council may from time to time prescribe, 
and/or the waiver o f  any such.

The Council may, in fixing such sum, take into consideration the prior payment o f entrance fees 
by  Student Members.

Subscriptions shall be payable on election and subsequently in advance on July 1st in each year, 
or otherwise as shall be determined from time to time by the Council and/or provided in the Bye- 
laws.

DUTIES AND OBLIGATIONS OF MEMBERS
Rule 12.— Every member shall be bou n d :

(а) T o  further to the best o f  his ability and judgment the objects, purposes, Interests, and
influence o f the Institute.

(б) T o  observe the provisions o f  the Memorandum o f Association of the Institute, the Articles,
and the Bye-laws.

(c) T o  pay at all times, and In the manner prescribed, such entrance fees on election, such 
fees on transference from one class o f membership to  another, and such annual sub­
scriptions as shall for the time being be prescribed.

(<i) To pay and make good to the Institute any loss or damage to the property of the Institute 
caused by his wilful act or default.

Rule 13.— Every member, in all his professional relations, shall be guided by the highest principles 
o f honour, and uphold the dignity o f his profession and the reputation o f the Institute.
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THE INSTITUTE OF METALS

MINUTES OF PROCEEDINGS.

AUTUMN MEETING.

T h e  T w e n t y -N in th  A u tu m n  M e e t in g  of the Institute o f Metals was held 
in Sheffield from September 6-9, 1937, by invitation of the Sheffield Local 
Section and other local friends o f the Institute.

Monday, September 6.
The meeting opened in the evening, when members and their ladies 

attended a Reception by the Lord Mayor o f  Sheffield (Councillor Mrs. A. E. 
Longden, J.P.) and the Senior Pro-Chancellor o f the University o f Sheffield 
(Lieutenant-Colonel Sir Henry Stephenson, Bart., D.S.O., D.L., LL.D., 
J.P.) in the Mappin Hall o f the University.

W elcom e  to  Sh e f f ie l d .

The L o rd  M a y o r , in extending a welcome on behalf o f the City, said 
that it was a very great pleasure to have the privilege o f meeting those who 
were attending that important conference. She offered to each one o f them, 
on behalf o f the City, a very hearty welcome to Sheffield. She hoped that 
they would find the environment o f the city conducive to good judgment-, 
and that their deliberations might be o f mutual benefit and would lead to the 
cementing o f friendships. , , 1

Metals were something about which many Sheffield men knew a great deal, 
and questions relating to their use should afford ample scope for discussion 
and provide many themes o f interest during the members’ stay in the City. 
They in Sheffield had recently had some very lean years, but fortunately 
to-day trade had improved wonderfully, and they rejoiced that the effects of 
that improvement were showing themselves in the happiness and contentment 
o f their people. They wore delighted that the members o f the Institute of 
Metals had come to visit them at such a time, and to share the happier period 
that had come to Sheffield. She sincerely hoped that the members wrould 
spend a very pleasant time in Sheffield, and that when their meeting was 
ended they would feel that it had been well worth while.

Sir H e n r y  Ste p h e n so n  said that he would like to echo, on behalf o f the 
University, the welcome to Sheffield which had been given to the members 
o f  the Institute by the Lord Mayor. It was a very great pleasure to the 
University to afford facilities to scientific and learned bodies when they came 
to the City, and it was, he thought, in that home o f iron and steel a particular 
compliment that those who were interested in the non-ferrous metals should 
make Sheffield their place o f meeting. He wished the members a very happy 
visit to Sheffield.

The P r e s id e n t , in reply, said that the members o f the Institute and their 
ladies were very grateful for the welcome which had been given to them so 
warmly that evening. In view o f the efforts of the Reception Committee,
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under Professor Andrew, and by the citizens o f  Sheffield, the meeting could 
not possibly be other than eminently successful.

They were particularly happy to meet in Sheffield, with its wonderful 
traditions o f industry and science. None o f them could fail to recall, as they 
stood in that Hall and in that building, the names o f those who made the old 
Sheffield Technical School, tho University College o f Sheffield, and afterwards 
the University, and he would particularly like to remind the younger members 
o f the Institute how deep was our debt to ono o f  Sheffield’s greatest citizens, 
Dr. H. C. Sorby, who gave us one of the most wonderful instruments for tho 
investigation o f metallurgical problems which there had ever been, namely 
tho metallurgical mieroseope. He was quite sure that the city o f  Sorby and 
Arnold, and o f the School of Metallurgy which was founded in those early 
days and which had been carried on by Dr. Desch, and by Dr. Andrew, would 
continue to be a Mecca for metallurgists.

B u sin ess  M e e t in g .
After tho Reception, a business meeting was held in tho Department of 

Applied Science o f  the University o f Sheffield, the President, Mr. W. R. 
Barclay, O.B.E., occupying the chair.

The P r e s id e n t  : The holding o f a business meeting before the Autumn 
Lecture is a departure from precedent, but I  am sure the members will agree 
that it is an advantage to hold the busincs3 part o f the Autumn Meeting at 
an early stage.

The Minutes of the General Meeting held in London on May 5, 1937, were 
taken as read and confirmed.

N o m in atio n s  o f  Off ic e r s  f o r  1938-1939.
The Se c r e t a r y  (Mr. G. Shaw Scott, M.Sc.) read the list o f members nomin­

ated by the Council to fill vacancies as Officers for tho year 1938-1939, as 
follows :

President.
Dr. C. H. Desch, D.Sc., Ph.D., P.R.S.

Vice-President.
Professor J. H. A ndrew, D.Sc.

Members of Council.
J. W. D o n a ld so n , D.Sc.

Engineer Vice-Admiral G. P r e e c e , C.B.
H. S. T a s k e r , B.A.

The P r e s id e n t  : I know that the members o f  the Institute will share the 
gratification o f  the Council that Dr. Desch has accepted our offer of tho 
Presidency for 1938-39. Those o f you who know' Dr. Desch will not need 
me to say anything about him, but I should like to remind those who may 
have forgotten that Dr. Desch is an Original Member o f the Institute and was 
one o f the first contributors to its proceedings. Those o f  you who eare to 
refer to the first volume o f our Journal will find his name as the contributor 
o f a most valuable paper on a subject then little known, namely intermetallic 
compounds. Dr. Desch has served the Institute very faithfully and loyally 
ever since. He has been a member o f  our Council for some years, and a Vice- 
President, and I  feel sure that the traditions o f the Institute of Metals will be 
upheld very worthily by him.

We shall all welcome Professor Andrew as one o f our Vice-Presidents, as 
also the newr Members o f Council. I  am sure that, although we are losing greatly
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esteemed members o f the Council under our retirement scheme, we shall bo 
strengthened by the addition of these new ones. , ,

As my predecessor said two years ago, this Institute is a democratic body. 
Sometimes it may not seem so, but it is so. Any ten members have the 
privilege of nominating any other members for the vacancies on the C om a  
provided that the nominations are received by the Secretary by 12.30 p.m. 
to-morrow. I f  any such nominations are received there will be a ballot, the 
result o f which will be declared at the General Meeting m March.

E l e c t i o n  o f  M em b ers  a n d  S t u d e n t  M em b ers .
The Se c r e t a r y  read a list o f  members and student members elected on 

July 8 and August 20, 1937, as follows :
M e m b e r s  E le c te d  on  J u l y  8, 1937.

B owden , Frank Philip, Ph.D., D.Sc.
B r a d le y , Harold, M.Mct.
C a s t l e , George Cyril .
Cooper, W. L., M.C., M.A. .
D elport, Vincent Paul, B.Sc.
Goetz, Professor Alexander, Dr.-phil.
I sbell, William Tren, M.S. ,
R ussell, Reuben Sussex, B.Sc.
Smaldon, Henry Oliver 
W eeber , Karl Hermann, Dipl--Ing. 
W oodhead, Percy

St u d e n t  M e m b e r s  E lec ted

B urden , Walter Henry 'Aldwyn 
Child , Frank Carr, B.Sc. .
Cotton, Raymond Frederick, B.Sc. 
D rasiikotzy, Rjitibor, B.Sc.
H ysel , Victor Barclay, B.Sc.
M ountford, Norman Duncan Gerard . 
N orris, Leonard Matthew .
P a r k e r , Robert Stanley .
R itchie , Peter . . . . . .
T hornhill, Raymond Spencer, M.A., Ph.D. 
T humper, Arnold Frederick 
T uxford , Harry Weston 
W right, Norman Gardner, B.Sc. .

Cambridge.
Runcorn.
Solihull.
Bristol.
London.
Pasadena, Cal., U.S.A.
Bonne Terre, Mo., U.S.A. 
Melbourne, Australia.
Sutton Coldfield.
Manchester.
Wakefield.

on  J u l y  8, 1937.
Wolverhampton.
Durham.
Birmingham.
Birmingham.
Coleshill.
Heaton, Newcastle-upon-Tyne.
Birmingham.
Newcastle-upon-Tyne.
Low Fell, Co. Durham. 
Cambridge.
Birmingham.
Darlaston.
Ponteland, Northumberland.

M em ber s  E le c te d  on  A u g u st  26, 1937.
van Arkf.l, Hendrik Jacobus 
B anoelin' ,  Jacques, Dr.-es-Sc.
Carlisle, Charles George 
Carpenter, Francis William Alan 
Colbeck, Eric Winearls, M.A.
D upuy, Eugene Louis, Dr.-es-Sc. .
F almouth, The Rt. Hon. Viscount Evelyn 

Hugh John . . . .
Gillott, George Francis, B.Met. .
Gordon, Frederick Felix, Assoc.Met. 
Greninger , Alden Buchannon. A.B., Met.E.,

Sc.D...............................................
G riffin , Ronald Ernest 
H arbord , Vernon, A.R.S.M..
H arris, Herbert, Ph.D., B.Sc., A.R.C.S.,

D.I.C..............................................
H eroenroetiier, Ernst J. .

The Hague, Holland. 
Levallois (Seine), Franco. 
Sheffield.
Calcutta.
Northwich.
Paris, France.

London.
Oxford.
Sheffield.

Cambridge, Mass.
Birmingham.
Kenley.

, U.S.A.

Renfrew.
Detroit, Mich., U.S.A.
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M a t t h e w s , Stanley Edward 
M i l l e r , James Edwin .
N e w a l l , Archibald Park 
jPa h k y n , Roderick William, M.A, . 
PorE, Ernest Lcgh 
R e ic i i w a l d , Otto F. .
Sw A R trr, Professor Daya, B.Sc., Ph.D. 
V o g e l , Julius Leonard Fox . 
W e r n i n o , Karl Hermann 
W i c k e r s h e i m e r , Ernest, D.M. 
W i l l i a m s , Enoch

London.
Chesterfield.
Glasgow.
Alderley Edge.
Gorscinon, Swansea.
London.
Benares, India.
Widnes.
Bcrlin-Borsigwalde, Germany. 
Strasbourg, France.
Sidcup.

St u d e n t  M e m b e r s  E le c te d  o s  A u g u st  26, 1937.
B a n f i e l d , Thomas Arthur, Ph.D., A.R.C.S.,

D.I.C..............................................
B r im e l o w , E r n e s t  I r v in g ,  B .E n g .  .
C l a r k , William Davidson, B.A.
D a r r a h , Brian Douglas, B.A.
D o w s o n , Arthur Gordon, B.A., Ph.D.
D o y l e ,  John D a v is ,  B.Met.E.
D o y l e , William Michael, B.Eng. .
F a i r f a x , Ernest . . . .
J ones, David John, B.Sc.
K a c î r e k , Milos . . . .
K in o , Robert, B.Sc.
L e y t c k , Ronald Herbert, B.Se.
L l e w e l l y n , Geirionydd, B.Sc.

M a t h ia s , Ernest Victor, B.Sc. 
M i l n e s , Aubrey Henry, B.Sc. 
M o r d e n , John Frederick Charles . 
Newman, Ernest George Vincent,

A.R.S.M.........................................
P e a r s o n , Robert John.
R e e s , Taliesyn David, B.Sc.
R o a d l e y , John Arthur, B .S c .  
S m it h a m , William 
S t a n l e y , Douglas Gordon .
T e d d s , Dennis Frederick Bernard . 
T h o m a s , George Lorraine, B.Sc. 
W o r n e r , Hill Wesley, B.Sc.

B.Sc.,

Birmingham.
South Farnborough.
Lancaster.
London.
Cambridge.
Richmond.
Farnborough.
London.
Neath.
Prague, Czechoslovakia, 
Birmingham.
Sheffield.
Cumgorse, G.c.G., Glamorgan­

shire.
Swansea.
Sheffield.
Ilford.

London.
Melbourne, Australia.
Swansea.
Loughborough.
Swansea.
Leeds.
Coventry.
Kettering.
Melbourne, Australia.

F u tu r e  M e e t in g s .
The P r e s id e n t  : The Annual General Meeting o f the Institute will be 

held in London on March 8, 9, and 10, 1938. I  am also entrusted with the 
most important announcement that the next Annual Autumn Meeting of 
tho Institute will be held in the United States o f America in October 1938, 
jointly with the Iron and Steel Institute, and by the invitation, most cordially 
given, o f the American Institute of Mining and Metallurgical Engineers, the 
American Iron and Steel Institute, and tho American Society for Metals.
I have, both orally and by letter, received warm assurances o f a very hearty 
welcome to the members o f the two Institutes, and I  hope that the meeting 
in the United States will bo very strongly supported by the members o f this 
Institute.

A u tu m n  L ecture

Dr. D. R. P y e , C.B., M.A., F.R.S., Director o f  Scientific Research, Tho 
Air Ministry, then delivered the Autumn Lecture on “  Metallurgy and the 
Aero-Engine.”
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At the conclusion o f the lecture (which, is printed in full 011 pp. 19-34 of 

this volume), Professor J. H. Andrew, Member o f Council, proposed a hearty 
vote o f thanks to the lecturer, which was passed with acclamation.

Members and their ladies then adjourned to tho Mappm Hall for light 
refreshment, music, and dancing.

Tuesday, September 7.
Morning.

The morning session, for the reading and discussion o f papers, was held 
in the Mappin Hall at the Department of Applied Science o f the University, 
■Mr. W. R. Barclay, O.B.E., President, occupying the Chair.

The P r e s id e n t  at the commencement o f the proceedings extended a very 
cordial welcomo to the overseas members and friends who were attending tho

Papers by tho following authors were then presented and discussed: 
W. 0 . Alexander and D. Hanson; W. 0 . Alexander and N. B. Vaughan, 
L. Kenworthy; D. W . Girins; and B. Chalmers.

At the conclusion o f the session, tho President proposed, and there was 
carried with acclamation, a hearty vote o f thanks to tho authors.

In the morning the ladies left Sheffield for an all-day visit to the Dukeries 
and Firbeck Hall Club.

Afternoon.
After lunch at the Royal Victoria Station Hotel, members visited, by 

invitation, the w-orks of Messrs. Brown Bayley’s Steel Works, Ltd., Messrs. 
English Steel Corporation, Ltd., Messrs. Mellowes and Company, Ltd., and 
Messrs. United Steel Companies, Ltd.

Evening.
Members and their ladies were the guests of the Lord Mayor o f Sheffield 

at a Reception at the Town Hall.

Wednesday, September 8.
Morning.

Tho meeting was resumed in the Mappin Hall o f the University, Sir. 
W . R . Barclay, O.B.E., President, occupying the Chair.

P a p e r s .
Papers by the following authors w-ere presented and discussed : H. A. 

Unckel (in the absence o f the author), C. Sykes and H. Wilkinson, T>. Hanson 
and W. T. Pell-Walpole (two papers), and G. B. Brook and A. G. AVaddington.

At the conclusion of the session, the President proposed, and there was 
carried with acclamation, a hearty vote of thanks to tho authors for their 
papers.

V o tes  oe  T h a n k s .
The P r e s id e n t  : We are indebted for the arrangements for this meeting 

to a large number of friends, and I  therefore propose :
That the best thanks of tho members in General Meeting assembled be 

accorded to :
(1) The Sheffield Local Section and the Sheffield industrialists, for theii 

invitation to hold this meeting,
(2) The Lord Mayor o f Sheffield (Councillor Mrs. A. E. Longden, J-P-),
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the Lady Mayoress (Miss Mary Longdcn), and the Senior Pro-Chancellor o f 
the University o f Sheffield (Lieut.-Colonel Sir Henry K. Stephenson) for their 
cordial welcome to Sheffield, and for their hospitality.

(3) The following firms, who have granted permission to members and their 
ladies to visit their works, and for their hospitality :

Edgar Allen and Company, Ltd.
Brown Bayley’s Steel Works, Ltd.
English Steel Corporation, Ltd.
Thos. Firth and John Brown, Ltd.
Hadfields, Ltd.
Mellowes and Company, Ltd.
United Steel Companies, Ltd.
Walker and Hall, Ltd.

(4) The Dukeries and Firbeek Hall Club, Arthur Davy and Sons, Ltd., and 
the Snowite Laundry for their hospitality.

(5) Professor J. H. Andrew, D.Sc., Chairman, Mr. E. J. Thackeray, 
Honorary Secretary, and the members o f the Local Reception Committee for 
their hospitality and for their most valuable work.

(6) Professor and Mrs. Andrew for their hospitality to members and their 
ladies on the occasion o f  the all-day tour to some of the beauty spots o f 
Derbyshire.

(7) The authorities o f the University o f Sheffield, for their kindness in 
placing rooms in the Department o f Applied Science at our disposal, and for 
the many facilities given us for carrying on the business o f  our Autumn 
Meeting.

In these votes of thanks wo have not hitherto made special reference to 
the ladies and to the work o f  the Ladies’ Committee. This time I  feel that 
you would regard it as a serious omission i f  we did not do so. The ladies 
o f the Reception Committee, under Mrs. Andrew and Mrs. Kenneth Gray, have 
undertaken a great deal o f work and organization in making most generous 
provision for the entertainment o f the visiting ladies.

Professor R . S. H u tto n , M.A., D.Sc., Fellow : I  appreciate very much 
the honour o f seconding the resolution, because, like the President, I  look 
back to the days when we both lived in tlais city. It is particularly interesting 
to return on such an occasion as this and to note the great advances which 
have been made, and the great changes which have taken place, in Sheffield. 
We have all appreciated very deeply the arrangements made in connection 
with this meeting, and the splendid hospitality which our Sheffield friends 
have offered to us. In listening to the names included in this resolution, it 
was brought home to me what alterations have taken place in Sheffield since 
last we were hero; even the names of the firms who have offered us hospitality 
have in most cases changed out o f all recognition.

\\ e hope that we have eomc to Sheffield at a moment when the renaissance 
of the non-ferrous metal industries o f this city will commence. Many o f our 
members may not bo aivare what a very important centre o f the non-ferrous 
trades the city o f Sheffield represents. There are many thousands o f workers 
here who are engaged in the silver and other non-ferrous metal industries, and 
those who have had an opportunity o f visiting some o f the works will appre­
ciate what an important branch o f our non-ferrous metal industry exists in 
this centre.

The business meetings then terminated.
In tho morning the ladies visited the food factory o f Messrs. Arthur D aw  

and Sons, Ltd.
VOL. LXI.
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Afternoon.

After lunch at the Royal Victoria Station Hotel, members and their ladies 
visited the works o f :  Messrs. Edgar Allen and Company, Ltd., Messrs. 
Hadfields, Ltd., and Messrs. Walker and Hall, Ltd., and the Snowite Laundry.

Evening.
Members and their ladies were the guests o f the Local Reception Committee 

at a Banquet and Dance at the Royal Victoria Station Hotel.

Thursday, September 9.
Members and their ladies took part in a whole day excursion through some 

o f the places o f beauty in Derbyshire, lunch being served at the Palace Hotel, 
Buxton.

The party was entertained to tea at the Rising Sun Hotel, Bamford, by 
Professor and Mrs. J. H. Andrew, and returned to Sheffield, where the meeting 
terminated.
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AUTUMN LECTUKE, 1937.

METALLURGY AND THE AERO-ENGINE. 71
By D. R. PYK,* C.B., M.A., Sc.D., F.R.S.

SIXTEENTH AUTUMN LECTURE TO THE INSTITUTE OF 
METALS, DELIVERED SEPTEMBER 6, 1937.

Synopsis.

The remarkablo increaso of recent years in the power of aero-engines 
has been largely due to improvements in the quality of the fuel available, 
but it could not have been achieved without many parallel improvements 
of a metallurgical character. The increase of power has involved thermal 
and mechanical problems, and of tho former, those associated with the 
piston and exhaust valve are the most formidable. On the mechanical 
side, the problem is that of maintaining two surfaces at high temperatures 
rubbing without seizure. It is of importance to consider what treatment 
of the metal surfaces themselves will render them less liable to seizure when 
the lubricant can no longer provide sufficient protection. Metal surfaces, 
normally crystalline in their atomic structure, can in some circumstances 
be rendered amorphous, and there aro reasons for thinking that in this state 
they form more satisfactory bearing surfaces. A study of the ultimate 
structure of metal surfaces, such as is provided by the physicist, may be 
expected to afford valuable assistance in the engineer’s problem of bearinn- 
surfaces. °

M ay I first say how much I appreciate the honour of being invited to 
deliver this annual Autumn Lecture to the Institute of Metals. The 
President, in conveying the invitation of your Council, intimated that 
I might address you upon any subject I chose; but it is probable that 
when the Council decided to invite me they had in mind more specially 
my connection with the Air Ministry and aeronautical research; and 
when casting about in my mind for a subject on which I might hope to 
interest the members of the Institute of Metals, and at the same time 
avoid putting too great a strain upon the patience of their ladies, it 
seemed to me that a review of some of the changes in aero-engine design 
and construction during the last five years, more especially from the 
metallurgical point of view, would enable me to place before you some 
of the outstanding problems which face the aeronautical engineer at 
this moment, and for the solution of which we need the assistance of 
your expert knowledge.

If one compares two aero-engines of roughly the same type and
* Director o f Scientific Research, Air Ministry.
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cylinder capacity, the one of 1937 vintage and tlie other of about six 
years earlier, the outstanding fact is that in six years the maximum 
power output,_ expressed as horse-power per cubic foot of cylinder 
capacity, has increased by amounts which vary in different designs 
between 50 and 100 per cent.

In outward appearance the engines are very similar. How, then, 
does one achieve an output nearly twice that of its predecessor of six 
years ago? Many people would reply that this satisfactory result is 
almost entirely due to the improved quality of the fuel supplied to it, 
because this allows the combustible mixture to be supplied at a much 
higher temperature and pressure, and at the same time to be more 
highly compressed in the cylinders, without the combustion taking on 
the characteristics of a detonation which is destructive in its effects. 
It is true that without this improved fuel only a small part of the 
100 per cent, increase of power could have been achieved; but it is of 
interest to enquire in what respects the engine itself has had to be 
developed, step by step, with the improvement in the fuel and the 
greater quantity of combustible mixture supplied to each cylinder per 
stroke, to enable it to withstand this forcible feeding and to digest the 
special diet. TV e shall see that for the most part it is the metallurgist 
who has been called in as the physician.

^ ou must understand that if the present-day fuel had been available 
fh e years ago the power of the engines could not have been safely 
increased by more than a comparatively small amount. It is impossible 
to say just where the engines would have failed—probably half a dozen 
engines would each have failed in a different way—but fail they would, 
either in bearings, cylinder bolts, valves, pistons, sparking plugs, or 
what not; for in the aero-engine the design is trimmed to the power 
within so fine a limit that one might almost compare it to the Deacon’s 
masterpiece, the wonderful one-horse shay, that

Was built in such a logical way
It ran 100 years to a day

and on the stroke of the century the Deacon’s grandson found himself 
deposited in the road amid a pile of chips which a moment before had 
been the one-horse shay.

Of the two pairs of engines shown in Figs. 1 and 2, each outwardly so 
similar, there is hardly one major component of which either the 
material or its treatment has not been modified and improved in the 
last five years to meet the far more severe conditions of to-day.

The problems introduced by an increase of power one may classify 
broadly as thermal and mechanical. On the thermal side the problem
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can be stated in general terms by saying that an internal combustion 
engine draws into its cylinder per minute a certain weight of com­
bustible mixture which depends upon the product of the engine speed 
and the density of the air supplied. Combustion of the mixture then 
generates an amount of heat per minute in direct proportion to its 
weight, and of this total heat generated a certain fraction—which we 
call the engine’s thermal efficiency—is converted into mechanical work 
at the crankshaft.

Now the possibility of increasing this fraction of the total heat 
generated which an engine converts into mechanical work is strictly 
limited. It is fundamentally impossible to increase it very greatly, 
and as between the engines of to-day and of six or seven years ago the 
increase has in fact not been more than about 10 per cent. The 
important conclusion from this fact to which I want to direct your 
attention is that an increase of power of 100 per cent., is inevitably 
accompanied by an increase, in nearly the same ratio, of the waste 
heat, which must be got rid of with the exhaust gases and by conduction 
through the various metal components of the cylinder.

The greater part of this increase of waste heat goes out with the 
exhaust gases; but for 100 per cent, increase of total heat generated 
per minute there is at least a 40 per cent, increase of that communicated 
to the cylinder walls and other components, to be got rid of by con­
duction. Moreover, that conduction has to be effected without allow­
ing rises of temperature in the various components which will prejudice 
their mechanical working one with another, for example, the pistons 
with the cylinder walls, and the valves in their guides. So far as 
direct conduction through the cylinder walls is concerned we find that 
in order to dissipate this heat without an excessive rise of temperature 
in the cylinder barrel and head, the fin area on air-cooled cylinders of 
the same size has been increased by about 95 per cent, in the last five 
years. Even so there has probably been some increase in the average 
temperature of the inner surface of the cylinder barrel which may now 
be as high as 180° C.

The material employed for cylinder heads of air-cooled engines has 
not changed much in recent years, and development has been rather 
towards improving the forging and machining qualities. The light 
alloys have good conductivity compared with steel in any case, and as 
compared with the thermal problems inherent in pistons, valves, valve 
seats, and sparking plugs, those of the cylinder head itself are less acute. 
As regards steel for the cylinder barrel, the essential requirements are 
good machining qualities combined with the possibility of special 
treatment of the working surface. The question o f surface condition
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as affecting friction and lubrication I propose to return to later on. 
Although operating temperatures are vitally important, the subject falls 
more appropriately into the class of mechanical problems, to be dealt 
with later.

Of all the many components in which a weakness may cause break­
down of an engine, there are two which remain, perhaps, the major 
preoccupation of the designer : the piston, and the crankshaft and its 
bearings; the problems of the piston being chiefly thermal, and of the 
crankshaft, mechanical. The problem of the piston and its ailments 
must have something of the same difficulty to the experimental engineer 
as the human brain has to the physician and surgeon. It is the most 
sensitive and vital part of the organism, and at the same time the least 
possible to observe in operation, or to treat. Let me first outline its 
problems in the face of the 100 per cent, increase of power for the same 
size of cylinder to which I have referred. It cannot avoid receiving as 
much as 40 per cent, more heat per minute over its top surface, and all 
the heat it receives must be dissipated either to the cylinder walls 
across an oil film, or from the under-side to the air and oil in the crank­
case. Cooling from the under-side of the piston is comparatively small, 
and the only possibility of avoiding a big rise of temperature in the 
material is to have a higher thermal conductivity in the material, or to 
increase the thickness of the piston crown, so that the heat is rapidly 
transferred to the periphery without large differences of temperature 
along the radius. The change from a cast iron to an aluminium alloy 
piston, under the same full throttle conditions, caused a fall of the 
maximum temperature in a 4-inch diameter piston from about 450° 
to 250° C., owing to the better heat conductivity and the greater thick­
ness allowable of the light metal. It is typical, however, that these 
figures can only be given as rough approximations, because of the 
virtual impossibility of direct observation under real working conditions. 
Temperature observations by thermocouples have been successfully 
made up to about 1500 r.p.m. with the aid of elaborate gear on a single 
cylinder engine, but the difficulty of leading out the electrical con­
nections to stationary measuring points outside the engine is extreme, 
and to do so would be impossible on a complete aero-engine. Even on 
a single cylinder engine the number of connections limits the number 
of thermocouples to about 6. From examination of the re-crystalliza­
tion of aluminium alloy pistons after use, we guess that the temperature 
at the centre of the crown, even with this material, may nowadays reach 
temperatures in the neighbourhood of 450° C. What it really is, is 
perhaps not very important, because whatever the honid truth may be 
the aero-engine designer will always force piston temperatures as high
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as the design and the material permit. In the last five years the ability 
of piston materials to maintain the necessary strength at high tempera­
tures has undoubtedly improved, although reliable figures would be 
difficult to put before you. Nevertheless, for the sake of the necessary 
strength, and also to allow of an adequate rate of heat-flow to the 
periphery, it has been necessary to thicken the piston crown and put 
up with a heavier piston. A point which I wish to leave in your minds 
is that any new material of specific gravity not greater than 3-0—but 
the lower the better—and of thermal conductivity not inferior to Y- 
alloy, which at the same time is able to maintain its mechanical 
properties better than Y-alloy at temperatures of 300° C. and over, 
will be of major importance to the aero-engine of the future.

The 100 per cent, increase in the waste heat from the cylinder has 
profoundly affected the design and metallurgy of the exhaust valve 
in the last five years. It would surely be difficult to find anywhere so 
many thermal, chemical, and metallurgical problems concentrated in 
so small a space. The difficulty of direct observation is not so great 
with the valve as with the piston, but the problem is far more complex. 
The successful development of the poppet valve and the seat on to which 
it closes calls for the most expert observation, and a critical analysis 
of the facts based upon wide knowledge of materials and engine design. 
For example, suppose an attempted run of 100 hrs. at high output 
has been stopped through a failure such as that illustrated in Fig. 3, 
which one describes loosely as “  burning ”  of the valve. There is a 
variety of possible causes : overheating by itself, if sufficiently severe, 
might do it; but it is more probable that local overheating was due to 
some distortion of the valve or its seating ring in the cylinder head, 
on account of unsymmetrical expansion with temperature. This 
prevents perfect closure of the valve and allows an escape of burning 
gas under the full cylinder pressure. Or again, the imperfect closure 
may have been of a more accidental character caused by the pinching 
of a little piece of carbon or scale between the valve and its seat; and 
besides these mechanical and thermal possibilities, there is the chemical 
aspect introduced by the presence of tetraethyl lead in the fuel.

All the fuels demanded to-day by engines of the highest output 
owe their quality in some degree to the presence of the well-known 
“  ethyl fluid.”  This is a mixture of tetraethyl lead with ethylene di­
bromide and other substances, and it introduces a whole series of 
problems for the exhaust valve. It decomposes during the combustion 
in the cylinder with the formation of lead oxide and lead bromide, and 
the former of these, at the temperature of the exhaust gas, has disastrous 
effects upon the steel of the valves. These are effects which are not
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serious in tlie automobile engine—do not, I pray you, take this as a 
warning not to use ethyl petrol in your car, or I shall get into trouble 
with my friends who produce it. The effects of the lead compounds 
on the exhaust valve are very much dependent on the valve temperature, 
and hence on engine output, and only become very serious when the 
valve is working under conditions faT more severe than are ever met 
with in the automobile engine. Engine conditions, indeed, are extra­
ordinarily critical. It has been found that a cylinder which will survive 
a hundred hours running quite happily when developing a brake mean 
effective pressure of 180 lb. per sq. in., will consistently fail through 
exhaust valve trouble when the power is increased by 10 per cent.

The most popular valve steel in use to-day is one containing 12 to
14 per cent, each of nickel and chromium, but in spite of a high innate 
resistance to corrosion attack it is not able, by itself, to withstand 
oxidation in the presence of lead oxide at high temperatures. To get 
over this, advance has been along two lines: firstly, a complete re-design 
of the valve to maintain better cooling; and secondly, the covering of 
the seating ring, and now even the whole head of the valve, by Stellite, 
a very hard alloy composed of cobalt, chromium, and tungsten, with 
about per cent, of carbon, which has a better resistance to the effect 
of the lead.

The problem of cooling the valve is, like that in the piston, one of 
transferring the heat from the point where it is received—the head to 
some point where it can be got rid of; ultimately, of course, to the 
surrounding air, but immediately to the metal of the cylinder body. 
With the mushroom valve there is little hope of getting rid of the heat 
directly from the head, and the problem is that of transporting it to 
the cooler stem, and thence across the working surface between the stem 
and the valve guide.

Twenty years ago, experiments were made at the Royal Aircraft 
Establishment on the removal of heat from the head to the stem by 
making the valve hollow and filling it with a fluid which was shaken up 
and down by the valve’s motion. At first, mercury was tried, and 
later a eutectic mixture of potassium and lithium nitrates. The 
suggestion was at that time premature, because the steel-makers were 
able to producc better and better non-scaling steels which could work 
for long periods at a red heat, prior to the introduction of tetraethyl 
lead. In the last five years the introduction of the chemical problem has 
forced designers to find means for getting better cooling, and to face the 
complication and expense of the hollow valve, containing metallic 
sodium as its heat carrier, which is now becoming universal in high-duty 
engines. In Fig. 4 are shown cross-sections of three slightly varying
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Fig. 2.—A. Rolls Rovce Kestrel XVI (1937). Power for “  Take Oil ”  870 H.P. 
B. Kestrei II S (1931). Power for “  Take Off ” 534 H.P.
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types of “  liquid-cooled ”  exhaust valve. The sodium is solid when cold, 
but melts at about the temperature of boiling water.

Eve$ this complex design, however, combined with the Stellite surface 
treatment, has not sufficed to cure the troubles of the exhaust valve. 
There is evidence of a rapid increase in the rate of attack even on 
Stellite, in the presence of lead oxide, between 600° and 700° C. and 
again above about 900° C. The practice of covering the whole top 
surface of the valve, moreover, to prevent scaling, has led to trouble 
owing to a difference between the coefficients of expansion of the steel 
and the Stellite which has been found to cause cracking of the Stellite 
over the head surface, so that the covering has completely disintegrated 
after 50 or 100 hrs. of high-duty running. A new material composed 
of about 80 per cent, nickel and 20 per cent, chromium has recently been 
tried for the same purpose and appears not to suffer in the same way 
when spread over the valve head. A possible further development is 
the fabrication of the entire solid parts of the valve from this non- 
ferrous alloy, thus avoiding the difficult welding processes involved in 
the composite valve. Finally, although the liquid sodium filling 
suffices to convey heat more rapidly from the valve head to the stem, 
it still remains to get this heat across the rubbing surface between the 
stem and the valve guide. Here also is an interesting problem, 
mechanical and metallurgical, which I shall deal with in the second 
half of my lecture.

I have compared the piston to the human brain, from the difficulty 
of observing it in operation, and one might almost compare the sparking 
plugs to one’s teeth from the frequency with which they need attention. 
Here again the problems are thermal and chemical, and although they 
centre mainly on the insulating material, mica or porcelain, and are 
therefore outside the scope of this lecture, there are also points of great 
metallurgical interest on which the co-operation of the pure physicist 
might be of value.

The magneto is called upon to produce a spark across the plug points 
in a gas at about 10 atmospheres pressure, while itself surrounded by 
air which may be at only i  to J of normal atmospheric pressure. The 
necessary sparking voltage is increased by supercharging, while surface 
leakage and corona discharges are promoted by the low pressure outside 
the cylinder. It is obvious, therefore, that the magneto problem be­
comes more and more severe with highly supercharged engines at great 
heights and that all possible means must be used of reducing the 
minimum voltage which the magneto has to supply across the plug 
points. It is found that this voltage is very much greater when it is 
of an “  impulsive ”  character—that is, rapidly rising and falling again
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as it is in a magneto—than when a steady voltage is gradually increased 
until a spark passes; and moreover that the magnitude of the impulsive 
voltage depends very much on the metal of which the plug points are 
made. For example, the “  impulse ratio,”  that is the ratio of the 
impulsive to the steady voltage, was found to be only l ' l  with nickel 
as compared to 1'6 with tungsten points. It depended also upon 
whether the high tension lead was positive or negative.

The choice of materials must take other things into account also. 
The sparking voltage depends on the length of the spark gap, and 
erosion of the plug points under the electric discharge produces in 
service a steady increase of the gap and of the voltage. The increase in 
length of the gap under comparable conditions was found to vary in 
the ratio of nearly 20 :1  from in. in 100 hrs. for tungsten up to
linnr in- f°r nickel.

The frequency of sparking plug replacement will depend upon the 
rate of erosion, and it is clear that the metals we should choose from 
the point of view of voltage impulse ratio are not the best from the 
point of view of erosion. In the matter of erosion the chemical problems 
of fuel containing tetraethyl lead come in also. There is definite 
evidence of an increase in the rate of erosion on a change over to leaded 
fuel. These very practical problems of impulse ratio and rate of erosion 
are seen to take us straight away to problems in pure physics in which 
the relative ease of throwing off the atoms of different metals from the 
plug points under the electric forces, and of electrons from the atoms 
themselves, needs to be studied.

Apart from the electrical aspect, the sparking plug has to be designed 
to fulfil two contradictory conditions : it has to be so hot that any 
lubricating oil splashed on it will be burned away, and yet so cool that 
there is no danger that ignition of the fuel-air mixture can occur at the 
hot points before the spark passes. These are, indeed, the over­
ruling conditions, for hitherto the magneto, although hard pressed, 
has been equal to the electrical problem. An interesting new develop­
ment is a plug on which the negative points are formed from fine 
platinum or platinum-iridium wires in. in diameter placed radially 
and close to the flat-topped positive electrode as illustrated in Fig. 5. 
The fine wires eventually erode away, but being parallel to the flat 
top of the central electrode, this does not alter the size of the gap. 
Furthermore, the fineness of the wire probably allows rapid cooling 
of the sparking points during the induction stroke of the engine, and 
this prevents pre-ignition. The plug seems to have an uncanny power, 
also, of clearing itself when oiled up. An interesting point in connection 
with the erosion is that when platinum-iridium wire was used it was
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mainly the platinum which was removed, leaving the iridium behind; 
but when pure platinum wire was used the resistance to erosion was 
greater than that of the platinum-iridium alloy under similar conditions.

Let me turn, now, to the problems where the emphasis is mechanical 
rather than thermal, although the temperatures at which things work 
are at all times a vital factor. In this part of my lecture, I propose to 
leave aside for the most part the comparison of present and past designs 
and materials, and to consider some of the basic questions in physics 
and metallurgy which lie behind the engineers’ problems of the future 
as I see them. Before I leave the practical engine, however, it is of 
interest to point out that the mechanical problem of maintaining two 
surfaces rubbing without seizure occurs in a variety of forms in the 
internal combustion engine. There is the crankshaft in its bearings, 
in the first place, and the piston in the cylinder; but equally important 
and interesting to the metallurgist is the problem of wear between the 
valve stems and their guides, and of the camshaft and other parts of 
the valve gear. In each one of these directions the last five years have 
brought changes in the material and the technique used in the prepara­
tion of the working surfaces, always in the direction of providing greater 
hardness to resist wear and “  pick-up ”  under heavy loads. In both 
liquid- and air-cooled engines we find, for the cylinder surfaces, either a 
change to special steels capable of extreme hardening or to chromium- 
plated surfaces. Similarly, the so-called lead-bronze has almost entirely 
replaced white metal as the bearing material, and this in its turn has 
involved the use of a hardened steel shaft to prevent excessive wear.

The problem of wear, seizure, and “  pick-up ”  between metal surfaces 
obviously cannot be considered apart from the question of lubrication, 
which under ideal conditions may preclude metallic contact entirely. 
Indeed, turning to the other end of the scale, it may be said that every 
surface, unless it has been chemically cleaned with the greatest care, 
is lubricated in some degree. Many of you will be familiar with the 
embarrassing manner in which a teacup will slide about in a dry saucer, 
and you may have learnt by experiment that a splash of hot tea will 
make it stick. The explanation is that even in the best regulated house­
holds it is normal for the supposedly clean, dry cup and saucer to be 
covered by a grease film, which is dispersed by the presence of water.

Having digressed into the realm of teacups, I am now going to 
continue the digression still further from everyday engineering and 
talk about metal surfaces in terms of molecules and molecular dimen­
sions. Any surface, solid or liquid, is composed of molecules in motion, 
and a perfectly smooth surface would be one in which any irregularities 
were of molecular dimensions. We can picture the free surface of an
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undisturbed liquid as being smooth in that sense. It was the view of 
the late Lord Rayleigh that the difference between a liquid and a finely 
polished solid surface was not great, and that elevations on the solid 
surface would be of molecular dimensions. At the same time it must 
be remembered that our finest test for the flatness, as distinct from 
smoothness, of a surface would only detect hills and valleys equal to a 
height of about a thousand molecules. While accepting Rayleigh’s 
view, therefore, that the smoothness of a solid surface may approach 
that of a liquid, we may yet picture the most perfectly prepared plane 
surface as rather like a good golf green, smooth, but with ups and 
downs; and almost any bearing surface met with in engineering as 
being like a piece of smooth rolling downland. Fig. 6 is intended to

give some idea of what two supposedly flat surfaces, pressed together 
with an oil film between, would look like if sufficiently magnified. They 
touch only at the two points A and B.

When two surfaces slide past one another they may, in effect, be 
floating past one another on an almost continuous film of oil. This 
would be the state of things in a well lubricated crankshaft bearing. 
On the other hand, the conditions may not be favourable to the main­
tenance of a continuous oil film. This is true between the piston and 
the cylinder, and more especially between the piston rings and the 
cylinder. In these circumstances the metal surfaces, as they slide past 
one another, come into contact, but only intermittently, and at 
points which are constantly changing. Remembering Fig. 6, we can 
say that there is contact at the hilltops when these come opposite to 
one another, but that between-whiles the surfaces are separated by 
an oil film thick enough to contain many thousands of oil molecules. 
Thirdly, the surfaces may carry no visible lubricant at all, like the tea­
cup, as may happen between a valve stem and its guide; or the load 
may be so concentrated, as on the working surface of a cam, that any 
thick film of oil is instantly squeezed away. I will mention, in passing, 
an interesting case of invisible lubrication between a steel valve and



its bronze guide. It was on a well-known radial air-cooled engine. 
No special lubrication was provided for the valve-stern, but it was 
quite able to run for some hundreds of hours without appreciable wear 
of the guide. Then some experiments were made, running the engine 
on a very economical fuel-air mixture so that there was insufficient 
fuel to use up all the oxygen of the air, and it was found that the engine 
could not be run for more than 20 lirs. on account of excessive wear 
of the valve guides. The explanation appears to have been that under 
normal conditions a minute quantity of oil, or perhaps only oil vapour, 
was finding its way down by the valve stem and providing an invisible 
lubricating film. But when there was any free oxygen left over by the 
fuel, the oil vapour was burnt up and the wear increased by many 
hundreds per cent.

We must now touch upon what friction and wear really are and why 
they are reduced by a lubricating film. It used to be thought that the 
force of friction which opposes the sliding of one surface over another 
was always due to a sort of interlocking of minute asperities at the points 
of contact, however perfectly the surfaces might bo polished. That 
view is now given up and we believe that the resistance to motion is 
due to cohesive forces between the molecules themselves acting across 
the interface between the surfaces; and that these forces are of the same 
kind as the cohesive force between the molecules of a solid on which 
its strength depends. These cohesive forces between the molecules 
are very powerful at short range, but the range is extremely small. 
Remembering the “  golf green ”  character of any smooth surface when 
considered in terms of molecular dimensions, it is clear that it is only 
over a small fraction of the apparent area of contact of two surfaces 
that the molecules will be brought within each other’s range of attrac­
tion and that owing to the short range of action of the cohesivc forces 
even a single and quite invisible layer of oil molecules between two 
surfaces will suffice to prevent the molecules in each from getting to 
grips ■nnth one another. Whenever and wherever they do so, however, 
they will cohere with a force equal to that of the metal itself and some 
molecules of one surface will be torn away, held firm by the molecules 
of the other : in other words, either wear or “  picking-up ”  will occur.
It is of interest that even in a well-lubricated shaft bearing, minute 
adhesions have been observed to take place between the shaft and the 
bearing metals without these adhesions having proceeded to the point 
of a seizure. The experimental evidence is that a sliding of one surface 
on another will always cause some slight abrasion, due to this metallic 
cohesion, unless the surfaces are protected by a layer of oil molecules. 
Even when they are so protected, temperatures are produced in the
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surface layers, wherever there is contact, which are so high as to decom­
pose the oil, and we have to imagine an extremely rapid succession of 
break-downs and repairs of the oil film. It .may be that the force of 
friction, once complete fluid lubrication has ceased, is due to the cohesion 
and parting again of innumerable pairs or groups of molecules, and that 
the observed value of the force is really an average result derived from 
a rapidly alternating state. If this is so, the likelihood of wear or of 
seizure must depend ultimately on the magnitude of the cohesive forces 
between the molecules on the two surfaces. Now the nature of these 
molecular forces which may be fatal to a bearing are essentially the same 
as the forces of chemical affinity, and just as the elements show a wide 
diversity in their eagerness to form chemical compounds with one 
another, so bearing surfaces must differ in their readiness to cohere 
when lubrication has failed. There are, of course, plenty of instances 
of two metals, A and B, which will work harmoniously together when 
A and C, under exactly the same conditions of load and temperature,
will produce a seizure.

Our ability to preserve metal surfaces rubbing without seizure, 
in spite of heavier loading and rising temperatures, is vital to progress 
with the high-duty internal combustion engine, and I propose now to 
refer in more detail to the nature and behaviour of surfaces and their
influence on the engineer’s problem.

So long as a complete unbroken oil film is maintained, this question 
of the proper “  pairing ”  of metals does not arise, but even in a well- 
lubricated bearing there are the humps and hollows already described, 
and whenever two humps pass one another so that they are helping to 
carry the load on the bearing, then the oil is squeezed away until there 
is no more than a single layer or so of oil molecules between the surfaces; 
very high temperatures are produced, and intermittent failure of the oil 
film and metallic cohesions will occur. So long as this state persists, 
the two surfaces are said to be in the state of boundary lubrication.

It is easy to understand why high temperatures of the metal surfaces 
make the danger of seizure more acute. In the first place the rate at 
which the oil is squeezed away from between the surface humps as they 
approach will depend on its viscosity. As temperatures rise the 
viscosity falls, the thick film of oil is more quickly dispersed and the 
dangerous condition of boundary lubrication is earlier established. 
Besides this, however, there is the effect of a higher temperature on the 
danger of metallic cohesion when the oil film breaks down. At a higher 
temperature all chemical activity is enhanced and there is, therefore, 
■prima facie, likely to be a direct effect of temperature in the direction 
of promoting metallic cohesion and seizure.
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Accepting that between two heavily loaded surfaces in contact a 
condition of boundary lubrication, though intermittent, is constantly 
recurring and that however good the oil, opportunities for metallic 
cohesion will occur, it is of great interest to consider what it may be 
possible to do to the metallic surfaces themselves to obtain relief and 
reduce the danger of seizure.

I have spoken already of the parallel between the forces of metallic 
cohesion and of chemical affinity and of the engineer’s experience that 
some metals show less readiness to seize together than others. I want 
now to speak of the light thrown by recent research work on the ultimate 
nature of surfaces, and how they may differ, and from that to suggest how 
the special treatment of surfaces may perhaps assist in the engineer’s 
problem. The normal condition of a smooth metallic surface may be 
described as a crystalline aggregate with the atoms or molecules within 
each crystal arranged in a regular manner according to a “  space- 
lattice ” which is characteristic of the metal. On the surfaces of most 
liquids, on the other hand, the molecules, if we could see them, would 
appear completely without order of any kind, and there are many 
solids also which have this amorphous atomic structure.

Beilby one of your Past-Presidents—after a careful microscopic 
study 35 years ago of the process of polishing, suggested that this did 
not consist simply of a rubbing away of asperities to smaller and smaller 
dimensions, but that the act of polishing produced a fundamental 
change in the character of the surface either of a metal or non-metallic 
crystal, during which the crystalline character is lost and the molecules 
become arranged “  all higgledy-piggledy ”  in the way characteristic of 
a liquid surface. The correctness of Beilby’s conclusion and the 
frequent occurrence of this amorphous layer, now known as the “  Beilby 
layer,”  on a polished metal, is generally accepted. It has received 
remarkable confirmation from the work of Bowden, and more recently 
from that of Pinch and others with the electron camera. Bowden 
show ed that when two metals were rubbed together, even quite 
lightly, temperatures could be recorded electrically at the surface 
which quickly rose to the melting point of one of the metals, and 
that by no increase of load and rubbing speed could the tempera­
ture be made to rise higher. He has since extended his observations 
more particularly to polishing, and finds evidence that the surface 
temperature, when a surface is rubbed with a pobsher, always rises to 
the melting point of the polished surface. It must be understood, of 
course, that the very high temperatures are confined to an excessively 
thm layer on the surface, and do not spread perceptibly throughout the 
body of the metal.
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An obvious deduction from these observations is that during the 
act of polishing, a liquid or semi-liquid layer of the metal is smeared 
over the underlying crystalline surface and, hardening again immedi­
ately, retains the amorphous character it had as a liquid.

Pinch has confirmed this conclusion, but has further reached the 
extremely interesting and important one that this amorphous layer 
left by polishing may or may not remain amorphous according to the 
material polished and how it has been treated. I shall return presently 
to the practical importance of this conclusion. The thickness of the 
amorphous layer varies widely according to the material and the amount 
of polishing, from a layer only 20-30 atoms thick up to one of 100,000 
or more. By examination of some new and some used aero-engine 
cylinders, Finch found that the “  running-in ”  process between the 
piston and cylinder results in an extremely thick Beilby layer being 
formed: so thick, that several rubbings with fine emery paper were 
necessary to remove the hard amorphous layer and re-expose the 
crystalline substratum.

It is, of course, common knowledge to the engineer that he must not 
allow an engine to give its full power until the “  running-in ”  process 
is complete, or scoring and seizure between the piston and cylinder will 
infallibly occur. This conforms with the physicists’ observations upon 
the Beilby layer, that metal in this amorphous condition is in general 
harder and tougher than the crystalline variety. Moreover, what is 
probably more important, so long as the surface is crystalline one must 
expect its ultimate nature to be, as it were, a forest of minute crystalline 
peaks, rather than of the nature of a liquid at rest on which the surface 
irregularities are of molecular dimensions. It is fairly obvious that a 
metal surface of this latter type will be much more easily protected by 
an exceedingly thin oil film than a surface on which there are crystalline 
peaks each hundreds of thousands of atoms high, which will pierce the 
oil film and make metallic contact, with local high temperatures and an 
immediate danger, or even certainty, of some metallic cohesion.

Now let me return to Finch’s observation that polished surfaces 
may or may not remain amorphous. The forces exerted by the atoms 
in the underlymg crystal always try to rearrange the atoms in the 
amorphous Beilby layer, and in some materials they succeed, so that 
the polish layer is found to show some crystalline character under the 
electron beam. On other materials the amorphous layer shows a great 
reluctance to recrvstallize, The forces of order exerted from the under­
lying crystal fail to bring about any rearrangement. I may mention 
in passing, as a matter of some interest, that the diamond is in a class 
by itself. Professor Finch was never able to detect the slightest trace
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of surface flow as a result of polishing. The polish on a diamond appears 
to be simply a rubbing down of the crystalline excrescences to smaller 
and smaller dimensions without their ever losing their typically crystal­
line character.

Diamonds seem a long way from the internal combustion engine, 
and yet it is quite possible these phenomena we have been discussing 
may prove of great importance, if they lead to means for controlling 
the condition of the surface layer of metals used as bearing surfaces.

One of the substances which exhibited a stable amorphous layer after 
polishing was spinel, which is a magnesium aluminate with aluminium 
oxide in solid solution. Finch has suggested that if a suitably oxidized 
magnesium-aluminium alloy surface is used, it is possible by polishing 
this “  to form spinel with a permanently amorphous and therefore 
smooth Beilby layer.”  The usual aluminium alloys used for pistons, 
0 11 the other hand, become spontaneously covered with a thin layer of 
very hard aluminium oxide. This oxide layer is, or can be made, 
amorphous; but Finch’s observations gave evidence that during the 
process of running-in, the oxide layer, instead of settling down into a 
smooth amorphous bearing surface, became converted into a layer of 
minute sapphire crystals. It has long been known that the wear of 
the cylinder barrel is more severe with an aluminium than with a cast- 
iron piston in spite of the greater softness of the former. It has hitherto 
been supposed this was due to the embedding of abrasive particles in 
the soft aluminium piston, but the explanation of Finch that aluminium 
forms its own peculiar kind of grinding surface with sapphire teeth, is 
not only more picturesque, but probably more true also.

Cast iron is an example of a material long known to be in the first 
rank as a bearing material, and here recent research has shown con­
clusively that it owes its quality to a unique faculty for preparing its 
own bearing surface. Cast iron contains minute particles of free carbon 
in the form of graphite. The methods of X-ray and electron diffraction 
have shown that the carbon atoms in graphite are built up together in 
the form of thin flat plates or flakes, and that when a smooth surface 
of cast iron is polished, this has the effect of bringing out the occluded 
graphite flakes and of spreading them out over the iron surface so that 
their slip planes are parallel to it. In this way they act as a lubricating 
layer protecting the iron from abrasion. It is this unique power of 
forming a good bearing surface which keeps cast iron supreme as a 
piston ring material in spite of its being entirely unsuitable from almost 
every other point of view. It has poor elastic properties, it is brittle, 
and it conducts heat badly, but the essential thing is that a piston ring 
must continue to rub without seizure under conditions in which satis-
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factory lubrication is impossible, and therefore we put up with the 
shortcomings of cast iron because of its peculiar virtue in this one respect.

A piston ring may seem an insignificant trifle in the whole design, 
but it is, perhaps, the most critical element in the piston, and this I 
have likened to the brain of the whole mechanism. I think I shall not 
be far wrong if I suggest that more money has been spent in bringing 
the modern piston ring to its present imperfect stage of development 
than on any other single element of the design, and the problem is still 
one in which there is great scope for the metallurgical physicist. The 
reason why piston ring development is so expensive is that nothing short 
of prolonged tests at nearly full load in the actual engine will search out 
its weakness, and the failure, if it comes, may be the starting point of 
widespread damage.

I have said enough now to show you that engine development is 
almost synonymous with development of the material the engine is 
made o f ; an improved fuel may allow a higher supercharge, but full 
use cannot be made of it without parallel improvements in a hundred 
other directions to meet the more severe conditions of heat flow and 
mechanical loading. The new problems range from the call for a 150- 
ton steel to the need for a more stable lubricating oil or an improved 
insulator for the sparking plug; but undoubtedly it is the metallurgist 
who must chiefly and always be at hand to advise, and he in his turn 
must be ready to listen to what the pure physicist can tell him.

I have emphasized the importance of a knowledge of surface con­
ditions and the ultimate structure of metal surfaces in terms of atomic 
arrangement, because I think I see there the necessary line of advance 
in the crucial problem of rubbing without seizure. Hitherto we have 
been able to rely safely upon an oil film to keep down the extent of the 
metallic contacts; but as the temperatures of the working surfaces 
increase the viscosity of the oil gives less and less protection, and the 
nature of the metal surfaces will play a more and more important role 
in the avoidance of seizure.

The line taken by the engineer to-day is to make use of one of the 
recognized methods, of which there are several, of producing a hardened 
surface; but do we know accurately, in terms of the ultimate atomic 
structure, why one surface is hard and another soft 1 If the physicist 
would tell us that, we might make a big step towards the goal of the 
perfect piston ring and the unseizable bearing surface. And there are 
plenty of other problems about which we engineers will continue to 
grope in our blinkers if we do not get the physicist to teach us the 
ultimate nature of the materials with which we work.
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INVERSE SEGREGATION: A REVIEW.*
By N. B. VAUGHAN,f  M.Sc., Mem ber .

Synopsis.
Tho literature relating to inverse segrégation is reviewed. The 

nature of the phenomenon is described, and a selection is given from the 
published experimental data to illustrate the influence of the various 
factors which have been found to affect the extent of inverse segregation ; 
these factors include : composition of the alloy, casting temperature, 
pouring speed, mould material and temperature, and the relative size of 
ingot to mould. The papers from which the figures quoted have been 
chiefly taken are by Woronoff, Bohner, Claus and Goeke, and Genders.

The numerous theories which have been advanced to account for 
inverse segregation are summarized, and tho main supporting evidence is 
indicated. The principal theories are those of Smith (Lc Chatelier’s law). 
Benedicks (Ludwig-Soret eiïcct), Masing (undercooling), Kühnel (con­
traction pressure of solidified shell), Bauer and Arndt (interdendritic flow), 
Masing and Haase (crystallization pressure), Genders (gas evolution), and 
Watson (dendrite migration). No attempt has been made, however, by 
the author to appraise the different theories.

T h is  review of published information relating to the phenomenon of 
inverse segregation has been prepared as the initial step in an investiga­
tion of the subject which is being undertaken by the British Non-Ferrous 
Metals Research Association. Its purpose is to summarize existing 
knowledge and to give a brief account of the various theories that have 
been advanced.

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

It has been found that ingots of alloys which solidify over a range of 
temperature are rarely uniform in composition. Such segregation does 
not necessarily imply the presence of two phases, since the composition 
of a solid solution may vary from point to point.

From consideration of the equilibrium diagram of a binary alloy 
system it is possible to visualize one type of segregation. The first 
crystals to separate from the molten alloy are rich in higher melting 
point constituent and occupy a position close to the mould face. As 
solidification proceeds, the crystals grow towards the centre of the ingot, 
pushing before them the residual liquid, which is becoming continually 
enriched in the lower melting point constituent. The latter might be

* Manuscript received March 23, 1937.
t  Investigator, British Non-Ferrous Metals Research Association, London.
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expected to be found, therefore, in greatest quantity in the central, last- 
solidifying part of the ingot. The segregation in this case is described as 
“  normal,”  and analyses show that it does occur. On the other hand, 
segregation in the opposite direction is frequently found, i.e. the lower 
melting point constituent is concentrated towards the outside of the 
ingot. This type of segregation is now usually described as “  inverse.”  
Many theories have been advanced to account for it, but so far none 
has been found completely satisfactory.

The phenomenon of inverse segregation was observed in copper- 
silver alloys as long ago as 1580,1 and references were frequently made 
to it in succeeding centuries.2,3

Investigation into its cause may be said to date from 1875, when 
Roberts-Austen 4 began researches which extended over many years. 
The early work was performed chiefly on the precious metals, not only 
on gold and silver alloys in which the phenomenon was of considerable 
practical concern, but also on alloys of platinum with gold, palladium, 
and rhodium.7,8> 10 Attempts to obtain uniform “  trial plates ”  against 
which to compare the fineness of gold and silver coinage, are described 
in early Royal Mint Reports.5

At this period the phenomenon was always referred to as “  liqua­
tion.”  The term “  inverse segregation ”  was introduced only 16 years 
ago, but it gained rapid acceptance, being a welcome alternative to 
liquation which already had one well-established meaning in metal­
lurgy. A few workers still prefer the older term, however, and both are 
still liable to occur in literature.

I I .  S o m e  E x p e r im e n t a l  D a t a  o n  I n v e r s e  S e g r e g a t io n .

The first investigations were directed to the determination of 
variations in composition in different parts of particular ingots, and there 
was little attempt at correlation of the results or at the formulation 
of a general theory to account for liquation. Silver-copper alloys 
received a great deal of attention,2,3'4' 5,9;15 and at the Mint work has
been continued on them. One method of procedure, as described 
in the Annual Report for 1924, was to explore different parts of
“  fillets ”  or strips which had been rolled from bars cast in vertical chill 
moulds for, coinage purposes. Assays were carried out on samples 
in the form of small strips £ in. wide, taken parallel to the direction of 
rolling, at positions corresponding to the top, middle, and bottom of the 
original ingot. The width of the fillets was such that 18-22 determina­
tions were made across each. The results of these assays show a regular 
gradation of composition from edge to centre, and on the whole there is 
a close approximation to a symmetrical distribution on each side of the
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centre line of tlie fillet. Table I shows figures given by Smith,42 which 
are typical of those obtained at the Mint.

T a b l e  I. (Smith.42)

Composition o f Alloy, 
Silver per 1000.

Direction of Liquation 
of Silver.

Maximum Differences Due to Liquation, 
Parts o f Silver per 1000.

Top. Middle. Bottom.

925 t o w a r d s  c e n tr e 3-5 4-8 1-5
900 »  » 5-8 0-4 1-3
835 4-1 6-3 1-6
800 7-0 6-9 2-4
750 7-0 3-7 0-6
720 u n ifo r m 0-5 0-4 0-4
700 to w a r d s  o u ts id e 2-8 0-7 0-8
650 ,, 4-7 11-0 1-6
500 tt >t 4-7 12-4 3-2

Researches on the occurrence of inverse segregation in commercial 
alloys, of which there have now been a great number, began in 1921, 
when Bauer and Arndt22 investigated 16 alloys from ten different 
systems in an endeavour to find some general relation between alloys 
which exhibit the phenomenon. In three systems (copper-nickel, 
copper-zinc, and mercury-lead) no segregation took place at all; in two 
others (gold-silver and iron-carbon) the segregation was normal, while 
in the remaining five systems (eopper-tin, copper-manganese, alumin- 
ium-zinc, aluminium-copper, and silver-copper) it was inverse. The 
moulds used by Bauer and Arndt were of two sizes, machined from 
cast-iron cubes of 125 and 130 mm. side, respectively. In the smaller 
cube a hole was machined 50 mm. in diameter at the top, 30 mm. in 
diameter at the bottom, and 60 mm. high, and in the larger a hole 90 
mm. in diameter at the top, 60 mm. in diameter at the bottom, and 100 
mm. high. These moulds were used both cold, for obtaining rapid 
cooling, and red hot for slow cooling of the ingots. No details of casting 
conditions are given.

Bauer and Arndt concluded that the conditions necessary for the 
production of inverse segregation are a long solidification range in the 
alloy concerned and a considerable temperature gradient between the 
outside and centre of the ingot. The alloy may be of either the solid 
solution or the simple eutectic type, as Iokibe 62 showed later. They 
also evolved a theory to account for inverse segregation, which has since 
aroused considerable discussion and undergone modification by later 
workers. The two main conditions given above, however, have never 
been disputed, and have, indeed, always been borne out in other 
researches.
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Consideration of a number of results led Masing and Haase 48 to 

suggest that there are two distinct types of inverse segregation, probably 
due to separate causes. There is the type that occurs in solid solution 
alloys rapidly solidified in a chill mould, which is detectable only by

T a b l e  II. (Woronofi.64)

Average, Exudations.

Iron, Per Cent Silicon, Per Cent. Iron, Per Cent. Silicon, Per Cent.

0-30 0-30 1-31 0-73
0-45 1-60
0-54 0-30 1-54 0-75
0-70 0-42 0-93 0-99

chemical analysis ; and there is the type which takes the form of exuda­
tions, forced to the surface of the ingot at a late stage in the course of 
solidification. These exudations usually consist of a very low melting- 
point constituent in the alloy, and in some cases impurities are ejected 
in this form. Table II shows figures for the composition of exudations 
found on commercial aluminium ingots as given by Woronoff.51

The distribution of low melt­
ing point constituent across the 
section of the ingot is quite 
different in the two types of 
inverse segregation, as shown in 
Fig. 1. Curve I shows the 
variation in tin content in a 
chill-cast bronze ingot. The in­
crease in tin is more or less 
uniform from centre to outside. 
Curve II shows the variation in

F i g . 1.—Variations in Tin Content Found 
in Bronze Ingots after (I) Rapid, 
and (II) Slow Cooling. (Masing and 
Haase.)

a slowly cooled ingot. Near the 
centre the tin content is uniform; 
then there is a tendency to 
normal segregation; and finally 
a sharp increase in tin occurs 
at the edge. The essentially 

different natures of these two curves, convinced Masing and Haase 
that there are two quite separate phenomena here, and they pro­
posed that the term “ inverse segregation”  should be applied only 
to the former kind (as shown in Curve I). They illustrate their 
contention by Fig. 2, which is purely qualitative, Bohner,63 as 
the result of experiments in which the mould temperature could be
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RATE OF SOLIDIFICATION 

I \ i g . 2.—Relation Between Segregation 
and Rate of Solidification. (Masing.)

varied over a wide range, decided that the relation between segregation 
and rate of solidification could be expressed by Fig. 3. The two 
diagrams can presumably be reconciled on the assumption that the first 
will apply in cases where there is a very low melting point constituent 
which can be expelled at a late 
stage in solidification, whereas 
the second will apply more parti­
cularly to a single-phase solid 
solution.

As has been mentioned 
already, the segregation of 
many alloys has now been in­
vestigated. To the list of those 
which show no inverse segrega­
tion may be added aluminium 
bronze (Claus and Goederitz 50),
Silumin, and Elektron (Bauer 
and Vogel58); the latter have 
also confirmed that no inverse 
segregation occurs in brasses.
It should be noted, however, 
that exudations may occur if 
additions, such as lead, are 
made which lead to the forma­
tion of a low melting point- 
constituent; for instance, Price 
and Phillips41 found that in 
an alloy of average composition 
—copper 70-21, tin 1-21, and 
lead 0-01 per cent., exudations 
occurred having a composition 
copper 66‘66, tin 4'02, and lead 
0'03 per cent., and containing 
a large amount of copper-tin 
eutectoid : no description was 
given of how the ingots were 
cast. Alloys at the other end of the copper-zinc system display 
pronounced inverse segregation, which reaches a maximum in the
15 per cent, copper alloy. Considerable research has been done on 
these alloys, first by Iokibe 31 and later by Masing and Haase 35 and 
Haase,64 not because of their importance in practice, but because 
they also show considerable expansion on slow solidification, and

RATE OF SOLIDIFICATION 

I’lG. 3.—Relation Between Segregation 
and Rate of Solidification. (Bohner.)
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T able III. (Woronofi.54)

(1) Influence of Casting Temperature. (No other details given.)

” 0 .

Surface. Centre. Difference.

Copper, 
Per Cent.

Iron, 
Per Cent.

Copper, 
Pei Cent.

Iron, 
Per Cent.

Copper, 
Per Cent.

Iron, 
Per Cent.

750 3-94 1-00 3 0 6 0-07 0-28 0-33
730 3-98 0-95 3-Gl 0-72 0-37 0-23 -
700 3-90 0-91 3-39 0-56 0-57 0-35

(2) Influence of Mould Temperature. (No other details given).

Mould Temperature.
Copper, Per Cent.

Exudations. Surface Layer. Centre.

Water-cooled 15-24 8-42 3-71Uncooled . . . . 13-59 7-23 3-96
150° C.................................... 11-10 4-88 3-74
200° C.................................... 8-79 4-99 3-69

(3) Influence of Hate of Pouring. Weight ftf the Ingot 20 ]<£. Casting 
Temperature 730° C. Chill Mould.

Mean Bate of
Surface. Centre. Difference.

Pouring,
Kg./Second. Copper, Iron, Copper, Iron,

Per Cent Per Cent. Per Cent. Per Cent, Per Cent. Per Cent.

0-40 3-89 0-81 3-66 0-56 0-23 0-250-15 4-04 0-80 3-50 0-62 0-54 0-18

(4) Influence of Relative Size of Ingot and Mould. (No other details given.)

Mould
Diameter Thickness o f 

Ingot, mm.

Surface. Centre. Difference.

Ingot
Diameter Copper, 

Per Cent.
Iron, 

Per Cent.
Copper, 

Per Cent.
Iron, 

Per Cent.
Copper, 

Per Cent.
Iron, 

Per Cent.

4 : 1 20 3-48 0-64 3-24 0-57 0-24 0-072 : 1 45 4-04 3-6« 0-381 : 1 90 3-68 0-68 3-14 0-50 0-54 0-18

(5) Influence of Mould Material. (No other details given.)

Type of Mould. Mould Diameter Copper, Per Cent,
Ingot Diameter

Surface. Centre. Difference.
Sand

Chill 1 : 1 
2 : 1  
3 :1

4-09
4-29
4-33
4-48
4-58

4-08
4-21
4-00
3-81
3-S7

0-01
0-08
0-33
0-67
0-71



attempts have been made to correlate the two phenomena (see 
p. 50).

Apart from the precious metals, the alloys to which most attention has 
been devoted by investigators, are bronzes and aluminium-copper alloys. 
Since the size and shape of the ingots and the conditions of casting 
vary in every case it is difficult to attempt comparison between the data 
published by different workers. It cannot be too strongly emphasized 
that results are applicable only to the conditions under which the experi­
mental ingots were produced, and that anything which causes change in 
the temperature gradient in the casting, such as casting temperature 
and speed, nature, size and temperature of mould, will lead to a different 
set of results. The influence of these factors on the extent of inverse 
segregation is demonstrated by results given by Woronoff51 for 
Duralumin, as shown in Table III.
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T a b l e  IV .—Copper Content, Per Cent. (Bohner.63)

Position of Sample in Ingot.
Mould Temperature.

15' 0. 230' O. 300° O. 600”  O.

Top Outside 5-45 5-34 5-01 4-75
Centre 5-00 5-01 4-96 4-90

J-way down Outside 5-40 5-77 4-04 5-01
Centre 4-65 4-38 4-80 5-91

i-way down Outside 5-65 5-95 5-03 5 1 4
Centre 4-90 4-80 7'84 7-50

f-way down Outside 5-46 5-78 5-55 5-53
Centre 4-80 4-75 7-15 7'20

Bottom Outside 5-60 5-42 5-G1 5-65
Centre 5-58 5-25 5-51 5-65

The influence of mould temperature is further demonstrated by 
experiments of Bohner,03 who, by sufficiently increasing the mould 
temperature, caused inverse segregation to be replaced by the normal 
kind. The percentages of copper found in different parts of ingots cast 
into moulds at various temperatures are given in Table IV. The alloy 
was cast at 720° C. into a taper mould made of welded sheet iron 6 mm. 
thick. The ingots were 165 mm. in diameter at the bottom, 195 mm. 
in diameter at the top, and 325 mm. high. To bring the mould to the 
different temperatures used, it was placed in a gas-heated bath contain­
ing a molten eutectic mixture of sodium and potassium nitrates, the 
bath being strongly agitated. When the ingots had cooled to about 
500° C., they were quenched in cold water in order to minimize diffusion.

Bohner 59 also investigated the effect on inverse segregation of small 
additions of other elements (manganese, titanium, and silicon) to 6 per
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cent, aluminium-copper alloys. Only limited amounts can be added, 
since excess leads to the formation of large brittle crystals in the ingot 
centre which have a harmful effect on further working. From the 
figures given in Table V, manganese appears to be the most useful addi­
tion for reducing inverse segregation. The ingots were 200 mm. in 
diameter and 700 mm. high. The alloys were cast at 690°-710° C. into

T a b le  V. (Bohner.59)

Copper, Per Cent.

Outside. Centre. Difference.

(1) Alloy ,4 : Silicon 0-26, Iron 0-28, Copper 6-23 Per Cent.
Top . . . . 6-75 503 1-72
$ way down . 0-09 5-18 1-51
5 . . .  
Bottom

6-56 5-56 1-00
6-56 6-19 0-37

(2) Alloy B ■ Silicon 0-36, Iron 0-52, Copper 6-32, Manganese 0-73 Per Cent.
Top . 6-51 5-75 0-76
\ way down . 6-57 5-82 0-75
1 . 6-41 6-03 0-38
Bottom 6-39 6-06 0-33
(3) Alloy C : Silicon 0-27, Iron 0-38, Copper 6-31, Manganese 0-27, Titanium 

0-21 Per Cent.
Top . . . . 6-79 5-63 1-16
J way down . 6-82 5-79 1-03
t  „  . . . 6-79 5-88 0-91
Bottom 6-66 6-14 0-52
(4) Alloy D : Silicon 0-28, Iron 0-37, Copper 5-42, Titanium 0■33 Per Cent.
Top . 5-94 4-65 1-29
It way down . 0-04 5-08 0-96
1 » •
Bottom 5-78 5-21 0-57
(5) Alloy E :  Silicon 108, Iron 0-29, Copper 5-30 Per Cent.
Top . . . . 5-87 4-67 1-20
i  wav down . 5-85 5-01 0-84
f .............................
Bottom

5-82 5-41 0-41
5-81 5-SI 0-00

a cast-iron mould heated to 210°-230° C. The wall thickness of the 
mould was 55 mm. and the thickness of the bottom was 75 mm. At the 
end of the solidification of the alloy, the mould had a temperature of 
320°-350° C. Pouring from the crucible took 150-180 seconds and 
feeding, which required about 2-25 kg. of metal, 3 i-4  minutes.

The influence of various casting conditions on the segregation in 
bronzes has been investigated by Claus and Goeke,52 from whose work 
the following figures given in Table VI are taken. The segregation is
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in all cases inverse. The experiments were carried out with round bars 
400 mm. long and 40 mm. in diameter. The alloys were melted some­
times in a coke-fired crucible furnace and sometimes in an oil-fired 
furnace, both fuels containing some sulphur. The copper was first 
melted under a protective covering of wood charcoal, then phosphor- 
copper was added to deoxidize it ; and finally the tin was added and the

T a b le  VI. (Claus and Goeke.52)
(1) Influence of Composition. All Cast in Vertical Dry-Sand Mould.

Position in Bar.
Excess Copper in Centre, Per Cent.

C Per Cent. Tin. 10 Per Cent.Tin. M  Per Cent. Tin. 20 Per Cent. Tin.

Top 0-S 1-2 1-2 0-5Middle 0-0 0-8 0-8 0-iiBottom . 0-7 0-9 00 0-7

(2) Influence of Casting Temperature in the case of 6 Per Cent. Tin AUoy. Cast 
in Vertical Dry-Sand Mould.

Position in Ear.

Top .
Middle
Bottom

Excess Copper in Centre, Per Cent.

1220° C. 1100“ c.
0-8 0-0
0-0 0-6
0-7 0-1

(3) Influence of Mould Material in the case of 10 Per Cent. Tin AUoy. Cast at
1200° C.

Position in Bar.

Excess Copper In Centre, Per Cent.

Mould Vertical. Mould Horizontal.

Dry Sand. Green Sand. CMu. Dry Sand. Green Sand.

Top . 1-2 0-9 1-9 0-4 0-7Middle 0-8 1-3 1-9 0-4 0-7Bottom 0-9 0-4 2-0 0-4 0-5

whole well stirred. The charge was about 120 kg. and the melting 
time 45 minutes. After reaching the required temperature, the metal 
"as taken from the furnace with a hand ladle and poured by hand. 
The casting temperature was in general 200° C. above the liquidus 
temperature of the particular alloy, and it was measured with an 
optical pyrometer. The sand used for the moulds contained 6-8 per 
cent, water. It was left in this condition for the green-sand moulds, and 
'veil dried for the drv-sand moulds. The chill mould was of cast iron
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machined so that ingots cast in it had the same dimensions as those cast 
in sand.

Genders 47 found that the mode of pouring also influences the extent 
of inverse segregation. His results are summarized in Table VII, the 
ingots used being in slab form 12 x  6 X 1 in. Analyses were carried 
out on shavings taken from layers in. thick. The alloy used was 
5 per cent, bronze. No other particulars are given.

T a b l e  VII. (Genders.47)

Position in Bar. Tin, Per Cent.

I. Chill-Cast, Tap-Poured.
Bottom Regular inverse segregation. 
Centro Normal sogregation changing 

to inverse.
Top
II. Chill-Cast, Bottom-Poured.

Bottom Regular inverse segregation. 
Centre Irregular inverse segregation. 
Top Regular inverso sogregation.
III. Rotary Chill-Cast Ingot (Durville). 
Bottom Regular inverse segregation. 
Centro „  „  „
Top
IV. Sand-Cast.
Segregation slight and irregular.

5-34 per cent.outside—4-91 centre.
4-96-5-20 (midwayHt'SO.

5 01-o lG in.)—1-88.

5-18-4-94.
5-30-5-08 in.)-5-22 (i in.)—5-0 
5-20-4-89.

5-88-5-28.
5-93-5-29.
5-95-5-48.

The main inference to be drawn from the results set out in the fore­
going tables is that the extent of inverse segregation in an ingot of an 
alloy of particular composition is dependent primarily on rate of cooling. 
This determines the time during which homogenization by diffusion can 
take place, which in turn decides the actual solidification interval of 
the alloy, as opposed to the theoretical interval indicated by the equili­
brium diagram. Changes in the conditions of casting such as have 
been made in the experimental work described above, influence the 
degree of segregation only in so far as they in some way alter the rate 
of cooling in the ingot. For example, a high casting temperature leads 
to less segregation than does a low one, since the mould walls become 
hotter, the thermal gradients in the ingot are reduced, solidification time 
is prolonged and diffusion can proceed further. The same effect can be 
produced by the use of a sand mould, so that the rate of loss of heat is 
low, or by preheating the chill mould, which, as Bohner showed, if carried 
far enough results in a reversal of the direction of segregation. On the 
other hand, intensification of the chilling action by water-cooling the
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mould or greatly increasing the ratio of mould thickness to ingot dia­
meter leads to more pronounced inverse segregation, except in the case 
of very small ingots in which the whole of the metal solidifies practically 
instantaneously. A reduction in the rate of pouring appears to increase 
segregation by promoting cooling, and, as Genders showed, the mode of 
pouring also has an influence, that method which produces least turbu­
lence in the mould causing the greatest amount of segregation.

I I I .  T h e o r ie s  o f  I n v e r s e  S e g r e g a t io n .

The theories which have been advanced to account for the occurrence 
of inverse segregation may bo divided broadly into two classes :

A. In which the assumption is made that since the outside of an 
ingot is richer in low melting point constituent than the centre, therefore 
the crystals which separated first were also, for some reason, abnormally 
enriched in that constituent. This is accounted for by some difference 
in properties of the components in the liquid alloy, leading to such an 
adjustment of composition.

B. In which it is maintained that solidification begins quite normally 
in a manner predictable from the equilibrium diagram, but that at some 
stage prior to complete solidification, the residual Uquid is forced from 
the centre to the outer region of the casting. The outside is thereby 
enriched in low melting point constituent, and the centre is impoverished. 
Several forces have been suggested to account for this displacement of 
liquid, but there is still considerable disagreement as to their relative 
importance in particular cases.

A.—Theories Involving the Dependence o f Inverse Segregation on 
Conditions Set Up in the Liquid Alloy Prior to the Beginning of 
Solidification.

(1) Smith’s Theory (1917).—In the course of a discussion on “  Surface 
Tension and Cohesion in Metals and Alloys.”  18 Smith put forward a 
“ working hypothesis ”  by which he claimed to be able to predict the 
direction of segregation in a binary alloy, given a knowledge of the 
freezing point curve of the series, the rule being that the constituent 
which lowers the freezing point of any particular alloy is the constituent 
which tends to liquate towards the chilling surface. From a considera­
tion of liquation in alloys of silver-copper, gold-copper, and silver- 
gold, he suggested that the variation in composition in different parts 
of these alloys could be ascribed to differences in surface tension and 
intrinsic pressure of the component metals. He suggested that liquation 
might be an instance of the operation of Le Chatelier’s principle of 
“  mobile equilibrium,”  viz. that “  when the state of a system is changed



the system alters so as to oppose a greater resistance to that change.
In the case of molten silver-rich alloys, e.g. standard silver, cooling m a 
mould, chilling occurs which tends to change the condition of the system 
at the surface of the mould from liquid to solid. Unless the conduction 
of heat is sufficiently rapid to equalize the temperature throughout t e 
mass, the only way in which this tendency can be opposed is by a change 
in the system such that the region affected may have a lower melting 
point and so remain liquid at the temperature prevailing. This can 
only be effected by a change in the relative proportions of silver and 
copper, the latter, in the case of the silver-rich alloys, increasing, so 
that an alloy of lower melting point may be formed. The suggestion 
was made that such a change in composition may occur because the 
different cohesions of copper and silver molecules result in limited mis- 
cibility. By the use of this theory, Smith successfully interpreted the 
results of Matthey,7- 10 Claudet,11 and Bose.13 In a later paper in 
1926,42 he extended these views to other alloys with the object of corre­
lating the various occurrences of this form of segregation which had so 
far been observed. In a contribution to the discussion of Watson’s 
paper in 1932,85 he expressed agreement with the conclusions which had 
been reached and regarded his work as simplifying the problem by 
supplying direct evidence of the mechanism by which an unequal 
distribution of the constituents of these alloys is brought about.

(2) Benedicks’ Theory (1925).—The theory propounded by Bene­
dicks 34 assumed that the Ludwig-Soret effect, which had long been 
known to be operative in both aqueous and non-aqueous solutions of 
salts, could likewise occur in molten alloys, though its existence had 
never been directly observed at that time. The effect had not been 
extensively investigated because of the long period required for the 
attainment of equilibrium, but it was known that wherever a tempera­
ture gradient exists in a solution, a concentration gradient is also set up, 
the concentration being greater in the cold region than in the hot. On 
the basis of this theory, Benedicks accounted for the segregation of 
carbon and phosphorus he had observed in steel and cast iron, but he 
found much more convincing evidence of the truth of the theory in 
the extensive data on segregation in non-ferrous alloys set out in 
Smith’s paper,42 to the discussion of which he contributed, than he had 
been able to find himself in ferrous metals. The theory has been 
criticized on the following grounds :

(i) absence of experimental proof of the existence of the Ludwig- 
Soret effect in metals. Experiments by Hanson42 (discus­
sion) and Ballay 40 on several different alloys led to negative 
results;

46 Vaughan : Inverse Segregation : A Review
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(ii) the establishment of the concentration-gradient is known,

at any rate in aqueous solutions, to be exceedingly slow ;
(iii) to obtain tbe observed difference in concentration, it is necessary

to assume a temperature gradient far in excess of anything 
possible in practice ; Desch 43 (discussion) ;

(iv) turbulence and convection currents would prevent the concen­
tration gradient from being set up; Vivian, Gulliver42 
(discussion).

(3) The Undercooling Theory (1922).—Tbe theory that undercooling 
might be the cause of inverse segregation was first set out in extended 
form by Masing,27 although it had previously been suggested byHanson18 
(discussion) and Johnson.10,20 
Masing based his argument on 
the fact that crystallization from 
a supersaturated salt solution 
is governed by two factors : (i) 
the latent heat of crystallization, 
and (ii) the diffusion between 
the crystals already separated 
and tbe surrounding liquid.
In Fig. 4, when a molten alloy 
containing x  per cent. X  is 
super-cooled to a temperature I 
below the solidus and then 
begins to crystallize the above 
two factors determine the course 
of solidification. I f  the latent

F ig . 4 , -Portion of Equilibrium Diagram 
of Solid Solution Alloy.

heat of crystallization is the predominating factor, and a large amount of 
heat is evolved, the temperature will soon increase to T and crystals 
having a composition indicated by the point B will separate. The result 
is then the same as if the alloy had cooled slowly. On the other hand, 
when the latent heat is small and diffusion is the determining factor, 
the temperature of the alloy remains constant at I and it is possible for 
crystals having a composition 0  to separate, which will be richer in X  
than the mother liquid. The two cases just considered are extreme ones, 
and in general both factors will be operative. The consequence is that 
the temperature will increase to T' and crystals of composition D will 
separate, the position of T' being dependent on the relative importance 
of the two factors. Masing’s reasoning has been criticized by some 
(e.g. Genders 47), and the inadvisability of trying to apply conclusions 
reached from equüibrium diagrams to systems considerably out of 
equilibrium is clear. On the practical side, experiments by Bauer 27



(discussion) and Fraenkcl and Godeckc 53 have shown that inverse 
segregation can occur in alloys in which no undercooling has taken place. 
There is no doubt that the outer regions of some chill-cast ingots have 
been undercooled, as was found by Johnson 10' 20 and by Masmg and 
Haase 48 in the case of bronze, and by lokibe 62 in the case of tm-zmc 
alloys, but there is no evidence to show that this played an important 
part in leading to inverse segregation.

The above are the three main theories belonging to Class A. ̂  Certain 
experiments make it hard to believe that any of these theories is the 
correct one. For instance, Fraenkel and Godecke '>3 bled ingots of a 
copper-zinc alloy containing 12'42 per cent, copper and determined the 
composition of the solid shell formed. If the latter were very thin it 
showed normal segregation with 13'6 per cent, copper, b u t jf  it w ere 
allowed to become thicker the copper content decreased to 11 '85 per cent., 
indicating that some transference of zinc-rich liquid must have occurred.

Experiments on Duralumin by WoronoEf04 led to the same con­
clusion. It was found that the residual liquid poured from a partially 
solidified ingot contained 6’32 per cent, copper and T23 per cent, iron, 
although the average copper content was only 4 per cent. Analysis 
of the central portion of an ingot in which solidification had been allow ed 
to proceed to completion, showed that the copper had decreased to 3 60 
per cent, and the iron to 0'50 per cent.

B.— Theories Involving the Dependence, of Inverse Segregation on a 
Transfer of Liquid Metal During the Course of Solidification.

(1) Contraction Pressure Theory (1922).— One of the earliest investi­
gators to suggest a force to cause displacement of the residual liquid 
in an ingot to the outside, was Kuhnel.26 His argument was that when 
solidification begins a crystalline envelope is formed surrounding the 
molten metal. Cooling causes this envelope to shrink, thereby subject­
ing the liquid centre to a pressure and leading to the withdrawal of the 
crystals from the mould walls for a short distance. "When the hydro­
static pressure of the melt becomes greater than the tensile strength of 
the envelope—which is quite small at the high temperature—rupture 
takes place by intercrystalline cracking. The cracks thus formed are 
filled by outflowing metal, which almost instantly welds the envelope 
into a tight container. Their separate researches led Reader,28 Bassett 
and Bradley,37 Price and Phillips,41 and Woronoff54 to support this 
theory. The observations made by lokibe,62 however, on the contrac­
tion taking place in various parts of a cast ingot, cannot be reconciled 
at all w-ith this theory; and Masing and Haase48 performed a calculation,

48 Vaughan : Inverse Segregation : A Review
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as a result of which they concluded that the temperature gradient 
necessary in an ingot if contraction pressure is to be exerted is much 
greater than is found by experiment to exist in practice.

(2) Interdendritic Flow Theory (1921).—As a result of their work on 
sixteen different alloys from ten systems, Bauer and Arndt22 were led 
to formulate the interdendritic flow theory, which in a modified form is 
the most generally accepted theory to-day. As already stated, Bauer 
and Arndt found two conditions necessary to inverse segregation, viz. 
a steep temperature gradient and a long solidification interval in the 
alloy. They further suggested that segregation is dependent on three 
factors : (a) velocity of growth of the primary dendrites; (b) velocity 
of interdiffusion of the two constituents; and (c) the particular direction 
in which the dendrites show a preference to grow. If diffusion is very 
rapid no segregation at all occurs, but if it is slow then segregation does 
occur, being inverse or normal according to whether the dendrites 
grow very rapidly in one direction or more slowly and equally in all 
directions. In the case of a bronze, primary dendrites tend to grow very 
rapidly along the crystallographic axis, and, in the chilled outer layer 
of a cast ingot, these axes are largely perpendicular to the surface. 
Bauer and Arndt supposed that the volume of the dendrites is smaller 
than that of the spaces between them, and that the latter are kept filled 
by an influx of liquid which has been enriched in tin by the rejection of 
the copper-rich portion either on the already existing dendrites or by the 
formation of new dendrites nearer the centre of the ingot. The reason 
for assuming that the volume of the spaces exceeds that of the dendrites 
is to allow considerable influx of residual liquid and thereby to account 
for the big change in composition that takes place in the outer layers of 
the ingot during the course of solidification.

Later workers directed their efforts to finding reasons why cavities 
should be formed in the outer layers and to discovering forces likely to 
expel the liquid from the centre. Masing and Haase,35 Phelps and 
Gulliver 42 (discussion) independently suggested that the reason lay in 
the contraction in volume which accompanies the change of state of most 
metals. They supposed that the spaces between the arms of the primary 
dendrites are filled with liquid and when this solidifies and contracts 
more liquid flows from the centre to replace it. Since the supply of 
liquid is limited, its flow leads to a deficiency in the centre of the casting, 
with the result that the cavities so often associated with inverse segrega­
tion, are formed. Gulliver, and also Allen,66 directed attention to the 
fact that the curve showing variation of composition from centre to edge 
of ingot is the reverse of that showing change in density and concluded 
the two could not be unrelated. Iokibe’s work on tin-zinc alloys 62 
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led him also to accept the volume change oil solidification ex-

Pk Masing and Scheuer 7® made calculations from which they concluded 
that volume change is in many cases the chief cause of inverse segre0a 
tion, but that it is not always sufficient to account for the observe 
amount of segregation, so that some other factor must often enter.

Reluctance to accept this theory has been centred chiefly on the un­
certainty surrounding the force which causes the outward flow of liqui . 
Gulliver thought gravity and capillary attraction sufficient reason. 
Later, Ellis 68 advanced new reasons, based on considerations of surlace
energy and vapour pressure.

(3) Crystallization Pressure Theory (1925).—The failure of contraction 
on solidification to account wholly for the amount of inverse segregation 
observed in chill-castings, has led to a search for some other cause oi 
the outward flow of residual liquid, and it has been suggeste >y 
Masing and Haase 35 that one may be found in a crystallization pressure, 
w h i c h ,  in slowly cooled ingots, manifests itself as an expansion of the 
solidified outer zone by the mutual pushing apart of the growing den­
drites. Turner and Murray16 had recorded the expansion that occurs on 
tbe slow solidification of zinc-copper alloys and shown that the amount 
of expansion is proportional to the solidification range of the alloy. 1 he 
work on these alloys was extended by Iokibe 31 who directed attention 
to the remarkable similarity between the curve of expansion on slow 
solidification against composition and the curve showing amount of 
inverse segregation in chill-cast alloys against composition. Tbe expan­
sion depends on a strongly directional crystal growth, similar (as Descli 
suggested in the discussion of Iokibe’s paper) to that which causes tbe 
swelling observed during the slaking of lime. The crystals formed ex­
tend to the centre of the ingot and finally push the opposite sides apart.

Masing and Haase based their theory on Iokibe’s observations. 
They assumed that, since it is impossible in a chill-casting to have an 
actual expansion such as is found in the slowly-cooled specimens men­
tioned above, owing to the rapid formation of a solid shell, the growing 
dendrites therefore exert pressure on the residual liquid in the centre of 
the ingot and expel it towards the outside. Despite the fact that Iokibe 
subsequently showed that tin-zinc alloys, although liable to inverse 
segregation, do not expand on slow solidification, Masing and Scheuer 70 
still believed that crystallization pressure might be a factor in some cases. 
It may be noted that between 1925 and 1933 Masing appears to have 
altered his opinion of the relative importance of crystallization pressure 
and contraction on solidification. In 1925 he thought the influence of 
contraction on solidification in cases of pronounced inverse segregation
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to be negligible compared with that of crystallization pressure, whereas 
in 1933 he regarded the latter as only supplementary to contraction on 
solidification. Masing and Scheuer were led by the work of Masing and 
Overlach 56 and of Haase,64, 72 on the volume and density changes 
which occur when cast alloys are annealed at temperatures up to 
the solidus, to the conclusion that crystallization pressure is best 
regarded as being due to an enlargement of the primary dendrites 
resulting from the inward diffusion of a second constituent from the 
residual liquid. It is well-known that in the crystallization of solid 
solutions the centres of the dendrites are far less concentrated than the 
edges and that as cooling proceeds they tend to become richer in lower 
melting point constituent by diffusion from the residual liquid. In 
doing so the crystals often become 
larger as a whole and not only on 
the side into which diffusion is 
taking place.

In E g. 5, the solid solution 
dendrite, A, which is in contact 
with other similar dendrites, 
takes up a second constituent by 
diffusion from the residual melt,
R, and grows out to the boundary, 
b, thereby pushing apart the 
adjacent dendrites which are also 
tending to grow in the same 
manner. The residual melt will 
then no longer fill the enlarged space between them; more may be 
drawn in from elsewhere, if available, or a cavity will be left. In certain 
alloys the mechanism just outlined leads, in cases of slow solidification, 
to an expansion of the whole ingot and, in cases of rapid solidification 
where a rigid shell is quickly formed, to the subjection of the residual 
liquid to a pressure sufficient to force it through the interdendritic 
channels to the periphery of the ingot, and hence cause inverse 
segregation.

(4) Gas Evolution Theory (1927).—Researches on bronzes containing 
5 per cent, tin led Genders 47 to believe that gas evolution during the 
later stages of solidification is the primary cause of all inverse segrega­
tion. Every molten metal contains more or less dissolved gas, which, 
as solidification proceeds, becomes concentrated in the residual liquid 
until the latter becomes supersaturated at the prevailing temperature, 
whereupon the gas is liberated and immediately forces the liquid metal 
along the interdendritic passages towards the outside of the ingot, giving

Fio. 5.—Effect of Crystallization 
Pressure. (Masing.)



rise at the same time to the central porosity which is always associated 
with inverse segregation. This theory has the advantage of being easy 
to visualize, but there has been general reluctance to accept it as the 
primary factor in all cases of inverse segregation, though there is agree­
ment among most workers that evolved gas is responsible for that type 
which occurs on slow cooling, often accompanied by the appearance of 
exudations at a very late stage in solidification. Indeed, Genders was 
not the first to suggest the explanation in these cases; Woyski and 
Boeck 28 attributed tin-sweat to the liberation of gases absorbed from 
the furnace atmosphere, and Masing and Dahl 40 showed that exudation 
of eutectic in aluminium-iron alloys is due to a similar cause. Masing70 
has proposed that this type o£ segregation, which is illustrated by 
Curve II, Fig. 1, should be called “ gas segregation.” Various 
attempts have been made to disprove Genders’ theory by bleeding 
ingots (Archbutt47 (discussion); Fraenkel and Godecke 53) and showing 
that inverse segregation begins at a very early stage in solidification, 
before the liquid is likely to have become supersaturated with gas; and 
by observing inverse segregation in ingots cast from vacuum-melted 
metal (Gayler55; Bohner;63 Fraenkel and Godecke63) in which the 
amount of gas present is very small if not entirely absent.

(5) Watson’s Theory (1932).—The theory advanced by Watson 65 is 
based on experiments carried out on copper-silver alloys, which were 
maintained for some hours at a temperature between the solidus and 
liquidus. In this way large primary dendrites were grown which 
migrated under the influence of gravity either to the top of the crucible 
(if copper-rich) or to the bottom (if silver-rich). Severe chilling action 
was then applied at the end at which the dendrites had collected and 
chemical and microscopic examination was made of the resulting ingot. 
In all cases it was found that the large primary dendrites had receded 
from their former position by a short distance, and that a region of 
chilled metal existed between them and the ingot surface, which was 
now relatively impoverished in respect of the constituent which had 
accumulated there previously. Watson reached the conclusion that all 
inverse segregation phenomena could be explained on the assumption 
that the primary crystals which are formed at the mould surface when 
an ingot begins to solidify, immediately migrate towards the centre of 
the ingot. The particular force which occasioned the migration was 
not identified, but it was suggested that there were many possible ones. 
Such a radically unorthodox conception of the process of crystallization 
naturally did not go unchallenged, and it was criticized by Genders 65 
(discussion) and Allen,66 both of whom thought that the experimental 
observations had been misinterpreted.
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Metals and Alloys, 1936, 7, (M.A.), 52). Inverse segregation observed in 
58 : 40 : 2, copper-zinc-lead alloy and 64 : 36 hrass.

*!6 W . Claus and F. W. Bauer, “  Inverse Segregation and Gas Solubility Studied 
in Tin Bronzes,”  Metallivirtschaft, 1936, 15, 587-600 (Abstract: Met. Abs., 
1936, 3, 374). Tin sweat attributed to evolution of dissolved hydrogen. A 
full translation of this paper is published by the International Tin Research 
and Development Council.

77 G. Somigli, “  Inverse Segregation and the Tin Sweat of Bronzes,”  Industria
meccdntca, 1936, 18, 347-355, 42-1-434 (Abstracts: Met. Abs., 1936, 3, 511 ; 
Chan. Abs., 1936, 30, 7077). Reaches same conclusion as Claus and Bauer 7\

78 J. Vero, “  On the Mechanism of Segregation,”  Mitt, berg- «. hüttenmânn. Abt.,
kgl. urn;. Palatin-Joseph Univ. (Sopron, Hungary), 1936, 8, 191-218 ; (Abstract : 
Light Metals Research, 1937, 5, (10), 238).

711 W. Claus, “ A Remarkable Example of Inverse Segregation,”  Z. Metallkunde, 
1936, 28, 391-393 (Abstract: Mel. Abs., 1937, 4, 183). Behaviour of a Cu- 
Pb-Sn-Ni alloy (72/15/10/3) is studied. This example is also dealt with by 
Claus in a paper : “  Segregation in Tin-Bronzes,”  Congrès Internat. Fonderie, 
Paris, Preprint, 1937, (June); Found. Trade J., 1937, 57, 343 (Abstract- : Met. 
Abs., 1937, 4, 496).

80 A. Phillips and R. M. Brick, “  Segregation in Single Crystals of Solid Solution 
AHovb,”  Metals Technology, 1937, 4, (2); A.I.M.M.K. Tech. Publ. No. 785 
(Abstract : Met. Abs., 1937, 4, 186). Conclude that in single crystals inverse 
segregation is due to interdendritic flow catised by contraction on solidification.

61 H. N. Bassett, “  Bearing Metals and Alloys ”  (Arnold, London), 1937. Pp. 
255—265 contain a review of some of tho theories, and there aro numerous 
references throughout the book to the prevention of segregation in different 
bearing metals (Review : Met. Abs., 1937, 4, 314).

82 M. P. Slavinskiy, N. I. Zedin, A..K . Konstantinov, and P. G. Kusmarzov,
“  The Phenomenon of Inverse Segregation in Brasses,”  Trudi I.cningradskogo 
Industrialnogo Instituía (Trans. Leningrad Indusl. Inst.), 1936, (4), 3-9 
(Abstract : Met. Abs., 1937, 4, 232).

83 E. Longden, “  Inverse Segregation in Ring Castings,”  Met. Ind. (Lond.), 1937,
50, (23), 631 (Abstract : Met. Abs., 1937, 4, 300). Addition of nickel is 
recommended to minimize segregation of lead and tin in large lead-bronze 
ring castings.

84 W. Claus, “ Theories of Inverse Segregation,”  Metallwirtschaft, 1937, 16, 917-
926 (Abstract : Met. Abs., 1937, 4, (12)). Five theories are examined and all 
rejected except that of gas evolution.

* Those papers marked with an asterisk should certainly be consulted by 
anyone wishing to pursue the subject of inverse segregation further.

CORRESPONDENCE.
Mb. R . C h a d w ic k ,f  M.A. (Member): I  have always felt that the literature 

dealing with inverse segregation describes two distinct types o f  phenomenon, 
and these the author fails to differentiate clearly in this review.

The first o f these types I would typify by the kind o f inverse surface 
structure found in chill-east ingots o f  the tin bronzes and Duralumin. Here 
the ingot commonly has a surface layer of low melting point constituent almost 
sharply differentiated from the mass o f the ingot. Such an ingot may be of 
quite fine equiaxed structure, the body o f  the ingot after removal of a thin 
surface layer showing very little variation in composition. The ingot during 
solidification reaches a stage at which it consists of primary crystals, wetted by,

t  Research Metallurgist, I.C.I. Metals, Ltd., Birmingham.
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and embedded in, a continuous network o f low melting Uf  m
it has been shown that this constituent flows outwards a^ . aohdliie1s,“ ”  
the outermost layer of the ingot; to some extent g a s  evolu tion  would appear 
to be responsible" for this, for gas cavities, resulting from the displacement of 
the low meRing point network, may be clearly seen in the cast bronzes and 
Duralumin, whilst the considerable diminution m the extent of 
segregation by reduction of the gas content o f the molten alloy has been

f% ,  second type I would describe as inversion throughout the whole ingot 
thickness, probably in conjunction with a columnar type of structure. Un­
fortunately investigators have devoted little attention to macrostruc , 
in many cases detailed observations on density, composition, microstructure,
&c , have been made, whilst the macrostructure of ingots has not been 
described. In the case of Rosenhain’s experiment * on a 12 per cent. c°ppei 
88 per cent, aluminium allov, it would appear that such â  columnar structure 
was present, as otherwise it is difficult to see how the sharp liquid-soM  division 
occurred in the freezing mass. It would appear to be o f considerable interest, 
therefore, to show whether primary columnar crystals themselves show an 
inversion in composition, the outer ends being of lower melting point than the 
inner ends. Watson may have been dealing with such an inversion, bu one 
cannot deduce from the data given whether the primary dendrites formed 
portions of long columnar crystals. Watson attempted to explain suci 
an inversion, but could give no scientific reason for the migration of his 
primaries, I  have, however, previously put forward a theory J (unnoted y 
the author of this review) which explained the migration o f prim aries described 
by Watson, bv assuming that the primary crystals grew only at the side 
adjacent to the mould wall, and were therefore pushed inward by the 
mechanical force of the growing crystals. Such a mechanism requires o n y  
the assumption o f a liquid layer wetting the outside o f the solidifying ing ■, 
whilst a further characteristic would be a very small temperature gradient in 
the solidifying ingot. The formation o f beads of low melting point con­
stituent on the surface layer of prematurely-stripped ingots o f bronze and 
Duralumin have been frequently described, with chill moulds one can fre­
quently observe a liquid layer wetting the ingot surface m these and other 
alloys,'and if  the mould wall is smooth, an unbroken surface layer normally

IL The two types of inverse segregation postulated have in common the 
outflow of liquid during solidification. In the former, however, tho outflow 
occurs only during the solidification of the last low melting point traction, 
whilst in the latter the whole of the primary columnar growth is assumed to 
occur bv an outflow of liquid. From a study o f equiaxed and columnar 
structures, it should not be difficult to show whether two such types do in lact 
occur. It is also worth noting that an outflow o f liquid would permit ot a 
more rapid heat transfer than the conventional conduction through a- solid 
outer shell, and some evidence might be obtained from the observation ox 
rates of solidification and heat transfer. .

Previous investigators appear to have been rather shy o f the idea ot a 
partlv solidified ingot consisting of primary crystals completely separated by 
films"of liquid alloy. One has only to think of the strong adhesion between 
flat plates of glass or metal separated by a liquid film, to realize the possible 
strength of such a structure, and the author should not therefore regard such 
an idea as too improbable. , f

Finally, I should like once again to make a plea for the examination ol 
large ingots, for it is then possible to observe more clearly and leisurely the 
intermediate stages of solidification.

* ./. Inst. Metals, 1927. 37, 275. f  J Metals,  1035, 57, 89.
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Mr. A. R. Ubbelohde,* M.A., B .Se.: Mechanical theories o f inverse 

segregation (Class B in Mr. Vaughan’s paper) assume that the composition of 
solid deposited at any point from the liquid agrees with the usual solidus- 
liquidus curves, and that any departure from normal segregation, in which the 
purest solid is thatjirii deposited, is due to a mechanical transport o f residual 
liquid to abnormal parts of the ingot. Direct evidence o f  such transport 
would bo o f great value. A method which does not seem to have been tried 
is to “  mark ”  a layer o f the liquid in the mould with minute quantities o f an 
indicator element. Although certain experimental difficulties suggest them­
selves, the range o f radio elements available makes it possible to add small 
amounts of a suitable element without seriously disturbing the physico­
chemical behaviour o f tho layer o f “  marked ”  liquid. A  radiation photo­
graph t  o f sections o f the solidified ingot would show what movement, if any, 
had taken place with the marked liquid, under different conditions of cooling.

In the absence o f conclusive information on possible mechanical causes o f 
inverse segregation, it is useful to review the thermodynamical implications of 
certain physico-chemical theories (Class A). These arc all based in some way 
on the observation that inverse segregation is only marked when rapid chilling 
is used, so that there are large temperature gradients in the liquid, and 
crystallization takes place under irreversible conditions.

(a) Types o f substance which might give an appreciable I/udwig-Soret effect. 
It has been suggested that when large temperature gradients are present in the 
liquid, a concentration gradient may be set up, as in the Soret effect in salt 
solutions. It may be useful to indicate in what circumstances (if ever) 
such gradients might become sufficiently largo to account for inverse segrega­
tion. According to fairly generally accepted theory,% a temperature gradient 
dTldx in a liquid mixture o f two components A and B  leads to a concentration 
gradient dNA/dx, where N A is the mol fraction o f A, and

-  SA {dTldx) =  (8FJSNA)T(dNJdx).
In this equation — SA is the “  entropy of transfer ”  o f the component .4 

in solution, and [SFaI ^ a )t 18 the change in partial molal free energy of tho 
component A with concentration. Owing to the fact that the magnitude and 
sign of the entropy o f transfer can only be determined experimentally from 
measurements o f the Soret effect, this equation is o f little use in predicting the 
magnitude o f the concentration gradients, except in one class of systems. It 
is clear that when (SFA/SNA)T tends to become very small, even quite small 
values of the entropy o f transfer may lead to large concentration gradients. 
Well-established experiment and theory show that (S-P /̂SNA)T tends to become 
very small in the region of concentration and temperature where the liquid 
is about to separate into two liquid phases. (The system phenol +  water 
is a well-known example.) This may possibly account for the fact that in 
steel ingots containing a number of impurities, the elements C, S, P, whose 
miscibility in the liquid is probably limited, show largo inverse segregations 
in suitable circumstances, whereas elements closely similar to iron, such 
as nickel or chromium, show much smaller segregations. Unfortunately, it 
must he emphasized that the Soret effect in liquid metals has not been 
sufficiently investigated to warrant any firm conclusions on its practical 
importance in ingot casting.

(b) Irreversible crystallization. Solidus-liquidus curves refer to true
* Tho Davy-Faraday Laboratory, Tho Royal Institution, London.
t Investigations on a limited number of radio elements have been published 

by Tammann and co-workers ; 7j . anorg. Ckem., 1932, 205, 145; 7 . Metallhunde, 
19 3 3  gij J53 9Q7

t E. Eastman, J. Amer. Chcm. Soc., 1928, 50, 283; 1937, 33, 1198 
C. Wagner, Ann. Physih, 1929, [v], 3, 629.
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thermodynamic equilibrium between solid and liquid, in which || h  com­
ponent has the same partial molal free energy m the and ‘ he liqu
nhase This requires considerable rearrangement o f the molecules on |guu 
location, and in consequence crystallization is only thenuodyna™e,lly 
reversible when the rate of crystallization is slow compared

•“ K E a t l S a S E U U .  p i . »  -1 »  * > ■ * - w  <■'
d . p S S i  ,p p J i .M v  k .  .h , „  th .l o f tta mother H , » ,  Tin. 
ease whenever crystallization is proceeding rapidly the ex-peri-
dynamics of irreversible processes is not completely worked out, the^«gen  
mental evidence suggests that the composition o f the solid 
the liquid is that which can be most rapidly formed, with the smallest fluctua 
tion of entropy.* For example, in the crystallization of a single substanc 
least stable form tends to separate spontaneously, whcreas m thermodyiw 
emulibrium the most stable crystal form would be present. This reversal o 
the behaviour which might be expected from MuflibrMn c o n a ^ o m « ^  
also armlv to the spontaneous formation o f solid solutions. II there we 
volume change on crystallization, the solid requiring the m im u ium fcropy  
fluctuation would be that with the same composition as the 
involves no rearrangement of the molecules. On this basis alone, solid 
tions separating under conditions where the crystallization w a s  r a p i d  mightbe 
expected to approximate more closely to the mother liquor in co p 
than if sufficient time is allowed for thermodynamic equilibrium.

Crystallization is, however, accompanied by a change m volume, a  
decrease in volume, for example, usually involves a decrease in entr°PJ- 
under conditions o f irreversible crystallization the tendency would be tor the 
solid to separate with the minimum volume change from the liquid, in  
could lead to the abnormal segregation of impurities which minimize the 
volume change on crystallization, into those crystals which are most rapidly 
formed. At present," experimental information on the volume changes occur­
ring on crystallization is too scanty to test the possible importance o irr 
vcrsible crystallization in leading to abnormal segregation. It can be 
quite definitely, however, that the composition o f the sohd separating under 
irreversible conditions is not determined solely by equilibrium considerations, 
and cannot be completely inferred from equilibrium phase diagrams.

The A u th o r  : I  am  surprised to find that Mr. Chadwick has not noticed 
that the two distinct types o f inverse segregation that he believes to exist 
are clearly differentiated in the paper, and illustrated in Fig. 1. 1 nmy add
that not everyone agrees that there are two ty p e s s o m e  who have investi­
gated the subject closely are of the opinion that the difference is one ol degree 
only, and not of kind. .

Mr. Ubbelohde’s observations, from the theoretical point o f vie"', are 
worthy of close attention from all who are interested in the problem ot inverse 
segregation.

* A. It. Ubbelohde, Trans. Faraday Soc., 33, 1203.
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THE MECHANICAL PROPERTIES OF SOME 7 7 3  
METALS AND ALLOYS BROKEN AT 
ULTRA HIGH SPEEDS.*

By D. W- GINNS,t Wh.Sc., B.A.

Synopsis.

The mechanical properties of carbon steels,̂  copper, brasses, and 
aluminium alloys were investigated when broken in tension at ve^ „ „ ’gd 
speeds. The average time taken to reach the yield-point is 0-001 aec°™b 
and to fracture 0-005 second. A pressure-resistance method was used for 
measuring stress, and a photo-cell method for strain, the two being 
combined to givo a direct diagram on the cathode ray oscillograph.

It is shown that, compared with the ordnmry commercial tensile test 
values: (a) the yield-point is increased very considerably, over 100 per 
cent, increaso being recorded for some materials ; (6) the 
is increased by a much smaller amount; (c) the percentage elongation 
and the percentage reduction of area show comparativeiy small changes 
(d) the types of fracture are almost identical with thoso obtained for the 
slow test.

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

It was observed by Hopkinson 1 in 1905 that stresses greatly exceeding 
the normally accepted values of ultimate strength could be applied to 
iron and copper wires for very short intervals of time without the occur­
rence of rupture. This fact is now generally accepted for all the more
common engineering materials.

Much work has been carried out to find the maximum force applied 
and the energy absorbed during an impact fracture, and a historical 
survey is given in a symposium on impact testing of the American
Society for Testing Materials.2 .

Korber and Storp 3 also give a survey. They produced stress-stram 
diagrams by recording photographically the displacement-time cur\e 
of the pendulum of a Charpy machine, and deriving acccleration- 
displacement curves from the records. They used the results on y o 
obtain the energy required to fracture their specimens.

There has been some discussion recently on the time factor m tensile 
testing, and some work at comparatively slow speeds has been carried
out on this subject, the most recent being that by Quinney.4

So far as the author is aware there are no available data of the be-
* Manuscript received December 31, 1936. Presented at the Annual Autumn 

Meeting, Sheffield, September, 7, 1937.
f  Engineering Laboratories, Cambridge university.



haviour and. mechanical properties of the more common engineering 
materials during high-speed stressing, and this investigation was under­
taken to meet this need.

G e n e r a l  M e t h o d .

For work at very high speeds, the use of mechanical recording appara­
tus was out of the question, on account of inertia effects. Electrical 
methods, using the cathode ray oscillograph, were therefore developed. 
The tests were carried out on a new type of impact machine,5 the salient 
feature of which is the method of applying the load. A strong plate 
spring is held in rollers at either end, and deflected vertically at the centre 
to a known degree. One end of the specimen is held in a self-centring 
chuck fixed to the centre of the spring, and the other end held in a

62 Ginns: Mechanical Properties of Some

similar chuck attached rigidly from above. The spring can be released 
suddenly to fracture the specimen, which is thus subjected to direct 
tension (see Eig. C, page 78).

Measurement of Strain.
The method of obtaining the strain curve depended on the fact that 

the upper end of the specimen was rigidly fixed and only the lower end 
was allowed to move; hence the displacement of the spring at any in­
stant was proportional to strain. A shutter connected to the centre 
portion of the beam was made to intercept a light shining on tt> a photo­
cell, arranged in a closed box with a slit opposite the light (Fig. 1). A 
single-stage amplifier was used before connecting the photocell to the 
west plate of the oscillograph. The cell was an Oxford X15 (hard) 
type. Sorbo rubber pads proved most successful for damping any 
vibrations of the cell and light, which may have occurred owing to the 
sudden application of the load.
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Measurement of Stress.

Stress curves could be obtained: (a) by measurement of the differ­
ence of acceleration of the spring when free to vibrate without a speci­
men, and when resisted by the breaking of a specimen; the difference 
of these would be a measure of the effective force; (b) by measurement 
of the force applied to the specimen by means of some rigid device 
between the top of the specimen and the fixed top support.

The first method was attempted by vibrating a coil, attached to the 
centre of the spring, in a uniform magnetic field. The resulting induced 
voltage was passed through a differentiating and integrating circuit to 
give voltages proportional to acceleration and displacement, and these 
voltages were applied to the north and west plates of the oscillograph. 
This method was discarded owing to the instability of the system, and

Fio. 2.—Arrangement Used to Measure Stress, 
also because of the lack of purity of the free motion of the spring. A 
pure sinusoidal motion was required to give a straight base line in this 
method. The second method was therefore used.

P. Postlethwaite has developed a new material whose electrical resist­
ance varies linearly with the pressure applied to it. This material was 
strong enough to withstand the load taken by a specimen, and hence 
method (b) for measuring stress became possible. A shackle arrange­
ment as shown in Pig. 2 was used between the top chuck and the fixed 
head to bring the resistance elements into compression. Three small 
screws were tightened and locked whilst a static load of approximately
2-5 tons was being applied, to ensure that the elements would always be 
in compression during any subsequent sudden application of load. This 
static load was greater than any sudden load which was applied to the 
specimens. Three elements were equally spaced round the shackle to 
ensure correct alignment; they were connected in series to one arm of 
a Wheatstone bridge circuit arranged to allow only the unbalanced
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Fiq. 3.—Types of Stress-Strain Diagrams. 
(Not to a Fixed Seale.)

Steels • E.B. — 0-15 Per Cent. C; B.C. =  0-34 Per Cent. C; E.D. =  0-485 Per 
Cent. C; E.E. =  0-75 Per Cent, C; E.F. =  0-89 Per Cent. C.

Cast Iron: Figure also shows Free Vibration of Apparatus after Fracture of 
Specimen. Omitted from other Diagrams (see pp. 65 and 78).
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variations of voltage to pass to tlie grid of a one-stage amplifier, and 
hence to the north plate of the oscillograph.

Calibration.
A very great advantage was that a static calibration method could 

be used in each ease, and the characteristics thus obtained were sensibly 
linear. The displacement characteristic was plotted by photographing 
the spot on the screen for measured deflections of the spring. The load 
characteristic was plotted similarly, the load for known deflections of 
the spring being applied to the recording apparatus through a 1-in. 
diameter bar which screwed into the chuck sockets. The constants of 
the spring were accurately determined, and gave a load coefficient of
3-70 tons per inch of deflection.

o-i R.

'B'+0-2

2§

Fio. 4.—Type of Specimen Used.

Photography.
A camera with a n /I -5 lens, which was available in the laboratory, 

was adapted to take single photographs. An electro-magnetic tripping 
device was used to trip the camera at the correct instant. An adjustable 
contact switch was closed by the swinging arm of the machine immedi­
ately before the spring was released, thus opening the shutter for 
second, and during this period the fracture took place. Agfa isochrome 
film was used, and developed with Ilford special oscillograph developer.

Geometrically similar specimens were used of the form shown in 
Eg. i ,  the diameter, and hence gauge-lengths, being varied with different 
materials to suit the capacity of the apparatus. In each case 2? =  2 Vtt A. 
The materials used were all of commercial origin, and their analyses are 
given in Tables III and IV.

Measurements and Sources of Error.
The diagrams obtained showed the presence of a free vibration of the 

recording apparatus which distorted them (Fig. 3). That it was due to 
the apparatus was shown by a comparison of the vibration after the 
fracture of the cast-iron specimen, with the vibration after the yield- 

VOL. LXI. E
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point in the other specimens. The fact that the vibration after the 
complete release of the load in the case of cast iron had not the datum 
line for its axis was accounted for in the design of the apparatus. Al­
though a true diagram was not obtained, a mean line through the 
vibration could readily be drawn, and the vibration was extremely useful 
in showing the exact yield-point, as whilst the load was being applied 
uniformly no vibration could take place, since it was equivalent to 
steadily loading a spring system. At the yield-point a change of rate 
of loading took place, equivalent to a force in the opposite direction, 
which made the system vibrate. (The bottom of the recording appara­
tus showed a movement of 0-0025 in., relative to the top, under a static 
load of 2-44: tons.) (See further discussion, p. 78.)

In measuring the yield-stress, the point on the diagram at which the 
vibration first showed was taken as the yield-point.

The maximum stress was measured by means of a mean line drawn 
through the vibration.

The natural frequency of vibration of the spring was 35-7 per second. 
This was obtained by vibrating the beam by means of an electromagnet 
excited by a variable frequency generator.

The calculation of the time to fracture a specimen assumed no change 
in this frequency, owing to the presence of the specimen. A mathe­
matical analysis showed that this assumption was justified.

The force due to the acceleration of the recording apparatus was 
estimated, and shown to give an error of less than 1 per cent, on the 
recorded load on the specimen.

The time taken to reach the yield-point was very small, and a high 
degree of accuracy could not be obtained in the measurement of this 
quantity. An average figure was 0-001 second.

Results.
The results are given in Tables I and II. The figures in italic type 

were obtained from tensile tests taking approximately 2 minutes in a 
Hounsfield Tensometer. The shanks of specimens broken in the high­
speed tests were used to obtain test-pieces for this purpose. One 
only of each type was tested in this way. To check these results, speci­
mens of the steels marked E.B. and E.F. were turned from bars in the 
"  as received ”  condition, and broken in the Hounsfield Tensometer, 
and 0'564-in. diameter standard screwed end test-pieces made of these 
materials were pulled in the Avery testing machine. It was found that, 
whereas the results from the Hounsfield and Avery test-specimens in the 
“ as received ”  condition agreed quite closely, using the material from 
the shanks of broken specimens, the tensile strengths were higher than
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those obtained for the “  as received ”  material, suggesting some work- 
hardening. For this reason it must be assumed that unless the slow-test 
specimens were annealed, the recorded yield and maximum stresses for 
these materials in the Tensometer test are probably high.

Ferrous Alloys.
In general, the type of diagram obtained was similar in shape to the 

ordinary slow-test diagram (Fig. 3), except that the yield-stress in the 
lower-carbon steels was the maximum stress reached. The yield-stress 
was increased very considerably as compared with the slow test, but the 
maximum stress showed a much smaller increase. The type of fracture 
was the same as that obtained in the slow test (see Fig. 5, Plate Y). The 
percentage elongation and the percentage reduction in area were gener­
ally slightly decreased. The yield in mild steel (E.B.) was sudden, as 
shown by the sudden and irregular vibration which was introduced at 
that point. The suddenness of the yield decreased as the carbon content 
increased.

A photomicrograph was taken of a mild steel (E.B.) specimen in a 
direction parallel to the line of application of the load; this showed the 
typical distortion of the crystals in the direction of loading, and was 
indistinguishable in appearance from a similar section from a slow-test 
specimen.

Non-Ferrous Alloys.
In general, the type of diagram obtained was similar in shape to the 

slow-test diagram. Again, the yield-point was increased considerably, 
but the maximum stress showed comparatively less change. The 
appearance of the fracture was very similar to that obtained in the slow 
test (see Fig. 6, Plate VI).

The percentage elongations showed varying changes. Copper and 
the brasses showed a very slight decrease in percentage reduction of 
area, but the aluminium alloys showed a slight increase, as compared 
with the slow test.

An interesting result was obtained by breaking Duralumin very 
shortly after quenching; this showed that at that time the material was 
in a very soft condition, as age-hardening had not had time to start.

S u m m a r y .

The results varied considerably with different materials, but, in 
general, when materials were broken in tension at high speeds (the 
average time to reach the yield-point being 0-001 second, and an average



Metals and Alloys Broken at Ultra High Speeds 71

fracture taking 0-005 second), as compared with the properties obtained 
in the ordinary commercial tensile test,

(a) The yield-point was increased very considerably, over 
100 per cent, increase being recorded for some materials.

(b) The maximum stress was increased by a much smaller 
amount.

(c) The percentage elongation and the percentage reduction of 
area showed comparatively small changes.

(d) The types of fracture were almost identical with those 
obtained for the slow test.
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A d d it io n a l  N o t e .

Table V (page 72) gives the values of the energy absorbed by the 
specimens during fracture. These were calculated from the areas 
under the load-elongation diagrams. In all cases the values are 
probably high, owing to the elongation recorded on the diagram being 
greater than that measured on the test-length of the specimens. This 
is due to the type of specimen that was used. The recorded elongation 
was that of the whole specimen including the shanks, together with 
any give under the heads of the specimen or in the apparatus.
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T a b le  V .— Energy Absorption During Fracture of Specimens.

Diameter,
Inch.

Energy to Fracture, 
Ft.-lb.

F e r r o u s  M a t e r ALS.
Carbon Sleds.

92E.B. As received . . . . 0-252
Annealed from 850° C. 0-252 86
Annealed from 900° C. 0-236 10 1
Quenchcd from 900° C. 0-252 58

, E.C. As received . . . . 0-252 90
E.D. „  . . . . 0-252 95
E.E. „  . . . . 0-226 55
E.F..................  . . . . 0-226 52

Cast Iron.
As received. . . . . . 0-292 4

N o n -F e r r o u s  M a t F.RIALS.
Copper.

56As received. . . . . . 0-292
Annealed from 550° C. . . . 0-292 123

70 : 30 Brass.
As received. . . . . . 0-252 78
Annealed from 550° C. . . . 0-252 118

60 : 40 Brass.
As received. . . . . . 0-292 147
Annealed from 550° G. . . . 0-292 163

Aluminium Alloy : 2.¿.32.
As received. . . . . . 0-292 35

Duralumin.
As received. . . . . . 0-252 55
Annealed from 350° C. . . . 0-252 26
Quenched from 500° C. 0-252 32
Age-hardened at 150° C. 0-252 50

DISCUSSION.
(Condensed.)

T he Author, in introducing his paper, stated that there had been a limited 
time at his disposal for the completion o f this work, and, owing to the late 
development o f the technique, (i) the form of specimen used; and (ii) the 
possible elimination o f the vibration introduced by the stress-recording 
apparatus, had not received full attention.
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Ho also stated that the history o f tho materials tested was in some cases 

not available. He considered, however, that a record o f tho method used 
and of the results obtained warranted the publication of the paper.

Professor F. C. Thompson,* M.Sc., I).Met. (Member) : In view o f tho 
manner in which tho author has introduced this paper, I  have not much to 
say. In other circumstances I might- have been more critical.

It is a very curious feature o f many o f the results which tho author has 
obtained that tho yiold-point and the maximum stress in his high-speed 
tests coincide exactly, although that does not apply to all the materials. 
Normally, one would have expected that to occur, at any rate at ordinary 
temperatures, only in material o f a relatively brittle character, and yet both 
the elongation and tho reduction o f area are quite high. Is the author really 
satisfied that the method which ho has adopted does justify the conclusion 
that the yield-point and the tensile strength may, at any rate in some cases, 
be the same, oven if the material is quite ductile ?

Dr. W. H. H a t f i e l d ,| F.R.S. (Member) : Tho question o f the mechanical 
properties of metals broken at ultra-high speeds is o f very great interest and 
importance in many directions. I  therefore road this paper and then had it 
read by several members o f  our research organization. It may be o f interest 
to learn what we think on several o f the points.

In tho first place, there is some uncertainty regarding the interpretation 
of the results, owing to the superposition in the stress-strain curve of an 
oscillatory motion resulting from the natural frequency o f vibration o f the 
stress-recording system. This may not seriously affect the yield-point estima­
tion, but it renders somewhat uncertain the estimation o f the maximum stress. 
There is a possibility, however, that the special material which is used to 
measure the load may not give the true load under dynamic conditions o f 
loading. It is possible, for example, that on account o f the adiabatic changes 
of temperature in the material under rapid loading the electrical characteristics 
of the substance will not be the same as if  the loading was carried out iso- 
thermally. This feature must be looked into before the results aro accepted 
as they stand. As regards the influence on the elongation and reduction of 
area, the author’s findings are in agreement with our own tests, in which speci­
mens were broken in a Charpy impact machine and by the ordinary method. 
It is very strange that these characteristics aro independent o f the speed of 
loading, if there is such a big difference in the yield-point as the author 
indicates.

That is intended to be a constructive contribution to the discussion, but 
I should like to add that we must know very much more on this subject; 
much more work must bo done. We hope that the author will continue his 
studies in this field.

Dr. S. F. D orev , Wh.Ex. (Member of Council), made some brief remarks 
on the paper, which aro incorporated in a written contribution to tho dis­
cussion (see p. 75).

Mr. T. H. T u rn er,f  M.Sc. (Member) ; This paper is given to us from the 
point of view o f the engineer ; two of the author’s conclusions can be compared 
with the results o f macroscopic examination in the case o f mild steels. Tho 
author has dealt with many materials, so that what I  have to say does not

* Professor of Metallurgy, Manchester University.
t Director, Brown—Firth Research Laboratory, Sheffield.
+ Chief Chemist and Metallurgist, London and North-Eastern Railway, 

Doncaster.
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necessarily apply to them all. In the Summary (d) on p. 71, it is stated that: 
“  The types o f  fracture were almost identical with those obtained for the slow 
test.”  In making an ordinary tensile test of mild steel, you know that it will 
start to fail with a wedge o f deformation—Liiders line or whatever you like 
to call it—which starts from the concentration o f the stress, and generally, 
because the test-piece cannot be pulled truly axially, it will start as shown

in Fig. A, and then there will be 
others and a criss-cross appearance 
is obtained on the surface, though 
finally the test-piece will break in 
the centre. Those Liiders lines 
occur as curves when a bullet is 
fired at a mild steel plate. By firing 
bullets at different velocities—this 
was done many years ago, and we 
repeated it not many years ago— 
two pictures are obtained, as shown 
in Pig. B (a) and (b). In (a) the 
bullet has gone right through; it 
has made a hole right through the 
plate, and the deformation lines are 
short. A slower bullet, which 
merely dents the plate, produces 
the same shape o f  deformation, the 
same Liiders lines, but, as in (6), 
they extend further; the slower 
speed has allowed a greater ab­
sorption o f  energy in deforming the 
material, whereas the faster has 
used itself up in punching a hole 
through the centre, and the yielding 
or straining of the surrounding 
metal is less.

The other conclusion is “ The 
yield-point was increased very con-

Fic.. A.

(a)
Fig. B(a).—Fast 

Bullet Hole: 
Little Defor­
mation of Mild 
Steel Plate.

Fig. B(6).—Slow Bullet 
Indentation: Defor­
mation Lines Spread 
Wider.

siderably.”  That is only another way o f saying that the yielding has de­
creased, and it is said that with the high speed the amount o f  yielding before 
rupture which has taken place in the metal is very much less than with the 
low speed. Fig. B (a) with the high-speed bullet shows smaller Liiders line 
curves, i.e. less yielding, i.e. a higher yield-point than Fig. B (b), in which a 
slower speed bullet has produced more yielding, i.e. longer Liiders lines, 
although stressing the metal below the point o f rupture. That is something 
which anyone can repeat on a piece of mild steel by using Fry etching after 
firing bullets at different speeds, and that is an easy way o f obtaining very 
rapid failure.

The A u th or (in reply) : Regarding Professor Thompson’s remarks as to 
the yield-point and maximum stress being the same for some materials, I 
would point out that work, which has been done at slower speeds on the 
effect o f the rate o f  loading on tensile test results, tends to show that for some 
materials the yield-point is increased at a greater rate than the maximum 
stress, and this result would appear to be the final outcome of this tendency.

Dr. Hatfield referred to the pressure material which was used. This 
material is used commercially in a high-speed pressure recording device, 
and its properties have been carefully investigated.

The fact that the percentage elongation, percentage reduction of the arc*,
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and the typo o f  fracture arc the same as for the slow test is confirmed by 
Mann, to whose work Dr. Hoyt refers in his discussion on this paper. Below 
the “  transition velocity ”  o f Mann these properties are unaffected.

The acceptance o f the mean lino drawn through the vibration for measure­
ment of the maximum stress is doubtless open to criticism, but as I  had only 
a limited time at my disposal for this work, the late development o f the 
technique gave mo no time to try to eliminate this obvious defect. I  hope 
that at some future date the method will be refined and diagrams will be 
obtained giving a load elongation diagram free from any distortion.

CORRESPONDENCE.
P ro fessor  D onald  S. C lark  * : It should bo pointed out that the speeds 

employed in this work can scarcely be classified as “  ultra-high speeds,”  
since they correspond approximately to the speeds that are used on our present- 
day impact testing machines, which are in the region of 15-20 ft. per second. 
Attention is directed to work being carried out at Watertown (Mass., U.S.A.) 
Arsenal at velocities up to 300 ft. per second, j

It has been my opinion for some timo that a thorough understanding 
of the fundamentals of impact loading under tension could be obtained only 
through an investigation of the stress-strain relations which exist during the 
application o f  loads o f short duration. Mr. Ginns has made an excellent 
start, and has developed a method which seems to have possibilities. It 
would seem very desirable to have a continued and more thorough investiga­
tion of this work. Additional work should include an improvement o f the 
force-measuring system in order to decrease the oscillations in the diagrams. 
It is my opinion that the oscillations which appear in the force deformation 
diagrams could be reduced by a simple redesign of the equipment. These 
oscillations tend to give some uncertainty to the exact nature o f the diagrams.

It would have been o f particular interest to have compared the energies 
represented by the area under these force deformation diagrams with determina­
tions made with the standard tension impact machine. Further, in view o f 
the work o f H. C. Mann o f the Watertown Arsenal, it would be interesting to 
see how the energy absorption determined by Mr. Ginns’ method compared 
with the energy required to cause failure under static conditions.

It is indeed interesting to note that Mr. Ginns reports that the yield- 
points of the materials tested under impact are considerably higher than 
when tested under static conditions. I am a little doubtful o f the accuracy 
of the determinations o f these values, because of the oscillations which exist 
in the diagrams. Some work which has been done under my direction would 
seem to substantiate the order o f magnitude o f Mr. Ginns’ findings.

Dr. S. F. D orey ,{ Wh.Ex. (Member o f Council): The experimental
results given in this paper are an indication of what is to be expected in high­
speed stressing, such as occurs in ship collisions, and at the firing point in 
internal combustion engines.

I feel that a more detailed description o f the apparatus used would be 
welcome, particularly an explanation o f why the vibration diagram, after 
complete release o f the load on the cast iron specimen, has not the datum 
line as its axis. Further, it is stated that the natural frequency o f vibration

* Assistant Professor of Mechanical Engineering, California Institute of 
Technology, Pasadena, Cal., U.S.A.

t  Proc. Amer. Soc. Test. Mat., 1936, 36, 85-109.
| Chief Engineer Surveyor, Lloyd’s Register of Shipping, London.
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o f fclic spring was 35*7 per second, and that a mathematical investigation 
allowed that tho assumption that the presence o f the specimen made no 
change in this frequency was justified. It is also stated that the time to 
fracture a specimen was calculated on this basis, but as it appears that the 
average time to fracture a specimen was 0-005 seconds, and the stress—strain 
diagrams show several complete vibrations, it is assumed that the vibration 
was o f a higher order than tho fundamental. It is also difficult to see how 
this order and frequency were ascertained.

I f  the design o f the apparatus could be altered to give different rates of 
stressing, by some such method as connecting the centre of the plate spring 
to an oil cylinder with a small orifice, the size o f the orifice being adjusted to 
give different rates o f stressing, a very useful field o f research could bo de­
veloped, and the variation o f yield-point and maximum stress with speed 
o f stressing fully investigated.

Dr. E. W. F e l l  * (Member): Knowledge of the behaviour o f  metals j 
when subjected to stresses varying in magnitude at high rates is of especial 
value in itself, and also in supplementing existing data about their behaviour 
at stresses much less rapidly applied. The author’s conclusion that the yield- 
point at ultra-high speeds was very considerably increased in value, over j 
100  per cent, increase being recorded for some materials whilst the other 
properties show no unfavourable change, implies a much extended elastic j 
range, and is therefore o f great importance.

The ordinary yielding phenomena in soft steel and annealed Duralumin, 
under stresses varying in the elastic range at speeds used in general testing 
to-dav, require time to reach completion. When the rate of loading is great, 
such as about 0-005 second to reach fracture, it would appear that there is no 
time for yielding to occur, and so it seems that a much higher stress is necessary 
to permit yielding in the shorter time available. It is possible that there 
is a quite simple relation between the elevation of tho yield-point and the rate 
o f loading— perhaps a linear one.

At slow rates o f loading the distortion at the remarkable yield-pomts 
in these materials for tensile bars is found to bo propagated along the bar.
It would bo o f interest to ascertain any changes in the distortion, such as in 
propagation, due to the high rates o f loading. Bullet and impact tests on soft- 
steel plates suggest that a marked change occurs in the distribution of the 
distortion occurring at the yield-point, for the distortion (lines o f Hartmann) 
extends to a greater distance from the centre o f the disturbance than it would 
do if the penetration were very much slower, e.g. in the case o f a hole made by 
a stamp slowly pressed. In carrying out such tests, it seems as well to remark 
that the mode o f support o f tho plate o f material should receive attention, 
otherwise misleading results may occur as a result o f reactions set up at 
various points at the back o f the plate.

As explained in the text, the curve EB  o f Fig. 3 for a type o f stress-strain 
curve found for soft steel is very erratic beyond the stage at which yielding 
starts, and similar remarks apply to the other curves. Still further investiga­
tion o f testing methods might result in stress-strain curves being produced j 
more representative o f the properties o f the material beyond the yield-point J 
at these high speeds.

Dr. S. L. H oyt t  (Member): Experimental data on the behaviour of j 
metals when strained and broken at high speeds are very welcome. Mr. j 
Ginns describes a most ingenious dcvice for recording stress-strain diagrams,

* Magnesium Elektron, Ltd., Clifton Junction, nr. Manchester.
f  Director of Metallurgical Research, A. 0. Smith Corporation, Milwaukee, 

Wis., U.S.A.
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or load-strain diagrams, and has added materially to the literature on impact 
testing.

I wish particularly to refer to the work o f Sir. Mann of the Watertown 
Arsenal, o f whose papers, presented to the American Society for Testing 
Materials in recent years, Mr. Ginns appeared not to be aware. Mann re­
ported that above a certain velocity, termed by him the “  transition velocity,” 
the energy absorbed by straining and fracturing the test-bar decreased as 
the velocity continued to increase. In one ease it was reported that the 
energy absorption decreased practically to nil. Mann further reported that 
the elongation, reduction of area, and work-hardening continued to increase, 
even though the energy absorption decreased. I  sought to compare Mann’s 
results with those o f the present paper, for the necessity o f securing an in­
dependent check is obvious, but a simple calculation shows the velocity of 
deformation to be well below tho “  transition velocity ”  o f Mann.

Mr. Ginns’ method has the distinct virtue of producing a load-strain 
diagram, and I hope that arrangements can be made very materially to in­
crease the speed o f deformation. Considère, an early student o f impact 
testing, reported, somewhat similarly to Mann, that steel breaks at liigli 
velocities with practically no energy absorption, but with the very significant 
difference that the rupture was not preceded by plastic deformation. It would 
appear that a method which records tho actual diagram should yield results 
of real significance in this important and interesting study o f  metallic 
behaviour.

The Axjthor (in reply) : Dr. Dorey has raised a number o f interesting 
points. Some confusion, resulting in a wrong assumption, has arisen between 
the plate spring, used to apply tho load to the specimens, and the stress- 
recording apparatus (Fig. 2), which was supposedly a rigid device, but which, in 
effect, acted as a spring system owing to tho presence o f the non-elastic 
insulating materials.

The load was applied by means o f a plate spring (see Fig. C), o f approximate 
dimensions 48 in. x  6 in. x  1 in., supported in roller bearings at the ends. 
It could be deflected vertically 0-7 in. at the centre, and the specimen was then 
fixed in the chucks so that it was just in tension. The sudden release o f  the 
spring afforded the means of applying tho load to the specimen. The natural 
frequency o f the spring was 35-7 per second. The assumption that the introduc­
tion of a specimen did not alter this frequency was readily justified by con­
sideration of the equations o f motion o f a spring freely supported at the ends, 
released from a known deflected position, with a constant force resisting its 
motion. The term introduced by tho force on the specimen was negligible 
compared with that due to the spring.

Since the natural frequency o f the loading spring was known, the time 
taken to reach any position in its motion was readily calculable from a sine 
law, and since the elongation o f tho specimen was identical with the amount of 
travel o f the spring from its initial deflected position, the time to fracture 
could bo determined by this relationship.

The stress-recording apparatus (Fig. 2) was designed to bo effectively a 
rigid body. The presence o f the non-elastic insulating materials and resistance 
elements, however, made it possible for it to vibrate effectively as a spring 
system, with a natural frequency o f the order o f400 per second. This vibration 
occurred after any sudden change of load or change o f rate o f loading applied 
to the recording apparatus. It is this vibration, i.e. the natural frequency of 
the stress-recording apparatus (see Fig. C), and not a harmonic o f the natural 
frequency of the loading spring (as Dr. Dorey assumes) that is shown in the 
diagrams.

After the fracture of a specimen, with a corresponding sudden complet©
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release of load from the stress-recording apparatus, the stress-recording 
apparatus vibrates at its own natural frequency, and this is recorded on the 
diagram, since the displacement of the loading spring is still benig rccorded by 
the strain-recording apparatus. This part of tho curve has oidy been shown for 
the Cl diaeram in Fig. 3, but is actually present on every record. At can oe 
seen that it has the same frequency as the vibration which occurs a er 
vicld-point in the more ductile specimens. The fact that it has not 
datum for its axis after the complete release o f load is due to the non-elastic 
nature of the insulating materials, which are sluggish m returning; to 
normal as compared with steel. The fact that, owing to a change in rate of

. {
loading this same vibration can be introduced before the fracture o f a speci­
men, but not before the yield-point is reached, is argued on p. 69.

Since the vibration is duo to an internal efiect in the stress-recording 
apparatus only, it is assumed that a true load-elongation curve will be obtained 
with a vibration superposed upon it. The mean line drawn through the 
vibration should give an accurate diagram in the case o f  the non-ierrou= 
materials where the yield is not sudden, but higher harmonics are introduced in 
the case of the ferrous materials where the yield is sudden with a consequent 
doubt as to the exact shape of the curve immediately after the yield-point. 
The redesign o f the stress-recording apparatus should eliminate this detect.

Unfortunately, the present design of the loading device affords very iitwe 
flexibility in the time to fracture a specimen, but the method o f recording coin 
be readily applied to any other apparatus, such as the standard forms ot impact- 
testing macMnes, and I hope that this work will be undertaken at some future 
date.
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NOTE ON THE EFFECT OF SILICON ON 786 
THE MECHANICAL PROPERTIES OF 7 PER 
CENT. COPPER-ALUMINIUM ALLOY (Lll).*

By T. H. SCHOFIELD,! M .S c . ,  M e m b e r , C. E. PHILLIPS,1 A.C.G.I., D.I.C., 
a n d  S. L. ARCHBUTT,§ F.I.C., M e m b e r .

S y n o p s i s .

A summary is given of an investigation of tho effect of silicon on the 
mechanical properties of 7 per cent, copper-aluminium alloy (Lll). In 
general, there is a Blight improvement, except in the Izod impact value, 
with the addition of silicon up to 1 per cent. With more than 1 per cent, 
silicon the effect is less definite, although the proof stress continues to 
increase with increase of silicon to 2 per cent.

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

Addition of silicon up to 1‘5, or even 2 per cent., has been found in 
industry to improve very considerably the casting properties of most 
aluminium casting alloys (excluding “  Y  ’ ’-alloy and the modified 
silicon-aluminium alloys), particularly when the iron content is high, 
so that the general soundness and reliability of castings is definitely 
improved. Moreover, this addition has been found not to affect the 
tensile strength and elongation determined in the normal routine tests.
It was not known, however, what was the effect, if any, on fatigue 
strength, shock resistance, and elastic properties, and it was desired 
that this should be determined on casting alloys covered by British 
Standard Specifications.

This note gives a summary of an investigation of the effects of 
0'35, l'O, and 2 0 per cent, silicon in each case with a normal (0‘35 
per cent.) and a high (0'8 per cent.) iron content, respectively, on a 
7 per cent, copper-aluminium alloy (L ll). The alloys, six in all,

* Manuscript received November 26, 1936.
t  Scientific Officer, Metallurgy Department, National Physical Laboratory, 

leddington.
_  t Scientific Officer, Engineering Department, National Physical Laboratory, 
leddington,

§ Principal Scientific Officer, Metallurgy Department, National Physical 
laboratory, Teddington.
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were prepared from notchcd-bar aluminium containing iron 0-16- 
0-17 silicon 0-13-0-17 per cent., and hardener alloys containing copper 
45-50, iron 9-10, silicon 10-12 per cent., respectively. In one or 
two alloys of liigli iron content, aluminium containing iron 0v>6, and
silicon 0-18 per cent., was used.

The tests were made on bars 1 in. diameter, cliill-cast and sand-cast,
respectively. . ,

The chill-cast baTs were cast in cylindrical open-ended, machined
cast-iron moulds 7£ in. long, with a wall thickness tapering from \ in. at 
the top to | in. at the bottom, dressed with a mixture of china clay and 
silicate of soda, preheated to 150°-160° C. and inclined at 30° to the 
vertical on a dry sand base. Sand-cast bars were prepared under the 
conditions laid down in British Standard Aircraft Specifications for 
3L11 and other aluminium casting alloys.

Melting was carried out in an electric (metal resistor) furnace in a 
cast-iron crucible protected with a dressing of china clay and silicate 
of soda Melts were treated to remove gas either by one of the methods 
developed at the National Physical Laboratory, in which a mixture 
of purified dry nitrogen and carbon tetrachloride is bubbled through 
the molten alloy, or by a method similar to that developed by tie 
British Non-Perrous Metals Eesearch Association, in which the melt 
is covered with a flux and stirred in an atmosphere of dry nitrogen.

Pouring was carried out by means of an iron hand ladle dressed 
with a mixture of china clay and sihcate of soda, filled from the crucible 
of molten alloy held at 750° C. for chill-castings and 695° C. for sand-

The uniformity and suitability of the bars for complete mechanical 
tests was judged by density determinations, preliminary tensile tests, 
and maeroscopical examination of specimen bars from each bate i, 
after which tensile, standard notched-bar (Izod) impact, and rotating 
bending fatigue tests on an endurance basis of 20 million cycles were 
carried out on alloys in the “  sand-cast, as cast ”  and “  chill-cast, as 
cast ”  conditions. The results are shown graphically in Fig. 1.

In general, the mechanical properties of alloys containing 0'3j per 
cent and 0'8 per cent, iron, respectively, are similarly affected by 
increasing silicon content. Owing to individual differences between 
bars of the same cast, there is insufficient evidence on which to reacl 
definite conclusions as to the influence of composition on the ultimate
tensile stress. , . ,

Increase of silicon causes a pronounced increase m 0-1 per cell.
proof stress and a less marked improvement in limit of proportionality.

Increase of silicon from 1 to 2 per cent, causes a decrease in donga-
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82 Coftper-Almninium Alloy (L n )
tion, but the effect up to 1 per cent, is not definite. In all alloys the 
Izod impact value decreases with increase in silicon content.

The endurance fatigue limit (20 X 106 cycles) of chill-cast alloys 
is greater with 1 per cent, silicon than with either 0'35 or 2-0 per cent, 
silicon; in sand-cast alloys little change is observed with increasing 
silicon content.

The mechanical properties of chill-cast bars are superior to those of 
sand-cast.
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COPPER-RICH NICKEL-ALUMINIUM-COPPER 774  
ALLOYS. PART I.—THE EFFECT OF
HEAT-TREATMENT ON HARDNESS AND 
ELECTRICAL RESISTIVITY.*

By W. 0. ALEXANDER,f B.Sc., Ph.D., Mem ber , and 
P rofessor D. HANSON,{  D.Sc., V ice-President .

Srnopsis.
Some 56 copper alloys, containing quantities of nickel and aluminium 

varying up to 10  per cent, by weight of each metal, were cast and extruded.
Tho effect of heat-treatment on the hardness and electrical resistivity of 
these alloys was observed. The results indicate that above 800° C. all tho 
alloys consist of uniform a solid solution. When heated at temperatures 
below 800° C. after quenching in water from 900° C-, most of the alloys 
harden, and their electrical resistivity decreases. The results reveal the 
approximate limits of the a solid solution, while the manner of the changes 
in properties at lower temperatures implies precipitation of new phases, tho 
origin of one lying in the direction of the nickel-aluminium binary system.

The primary object of tbe investigation was to study the factors 
governing the hardening in copper-rich alloys containing quantities of 
nickel and aluminium up to 10 per cent, of each metal. A secondary 
object was to examine the scope of electrical resistivity measurements 
for the accurate determination of solid pbase limits in a ternary system.

P revious W ork .
The mechanical properties of certain ranges of these alloys after slow 

cooling were investigated by Read and Greavesh 2 ; more recently 
Brownsdon, Cook, and Miller 3 have shown that suitable quenching and 
tempering produces valuable tensile properties in some of the alloys.
Jones, Pfeil, and Griffiths4 showed that similar phenomena occur in 
nickel-copper alloys containing aluminium.

For the constitutional aspect of this work, reference has been made 
to the copper-aluminium diagram as determined by Stockdale,5 the 
copper-nickel diagram as given in the International Critical Tables, the 
nickel-aluminium diagram as advanced by Gwyer6 in 1908, and the 
liquidus surface as determined by Austin and Murphy. 8

* Manuscript received October 28, 1936. Presented at the Annual Autumn 
Meeting, Sheffield, September 7, 1937.

t  Research Fellow, Metallurgy Department  ̂University of Birmingham, 
t Professor of Metallurgy, University of Birmingham.
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P reparation  of A lloys .

The alloys prepared were of the nominal and actual compositions 
given in Table I. They were cast by a Durville machine into 3-in. dia­
meter round billets and subsequently extruded to £ in. rod, sections of 
which were drawn to wire of 0-064 in. diameter. Messrs I.C.I. Metals, 
Ltd., Witton, kindly melted, extruded, drew into wire, and analyzed 
these alloys.

T a b le  I.-— Code Numbers and Nominal and Actual Percentage Composi­
tions of the Alloys.

Chemical By Differ­
ence, Ai. Series Ko.

Chemical
B y  Differ­
ence, Al.Scries No.

C\l. N i. Cu. N i .

N0A0
A2 97-99 1-9

N5A2-5 
„  A3

92-53
91-95

5-00
4-94

2-4
3-0

, ,  XV-*
„  A4 95-76 4-1 „A 4 90-94 4-92 4-05

A6 93-81 6-1 „  A6 88-73 5-00 6-2

„  A8 91-97 7-9 N0A0 93-89 6-01
0-3”  A10 

N2A2
90-32 9-6 „  AO-5 93-53 6-09
95-77 2-04 2-1 „  A 1 92-91 5-96 1-0

» A4 93-84 2-01 4-0 „  Al-5 92-66 6-01 1-2
„  A6 91-90 2-01 6-0 „  A2 91-91 5-96 2-0
, A8 89-89 2-05 8-0 „  A2-5 91-37 6-05 2-5

„  A10 88-06 2-04 9-S „  A3 91-03 5-95 2-9
N3A1 95-93 3-01 1-0 „  A4 90-03 5-82 4-0
„  A2 95-06 3-00 1-8 „  A6 87-82 6-05 6-0
„  A3 93-92 3-01 3-0 N8A0 92-10 7-88

0-5„  A4 93-10 3-01 3-8 „  A0-5 91-35 8-02
„  A6 90-90 3-03 6-0 „  A1 91-02 8-02 0-9
„  A8 89-04 3-01 7-9 „  Al-5 90-41 7-94 1-5

N4A0 96-07 3-89 „  A2 89-95 8-00 1-9
„  AO-5 95-42 4-05 0-4 „  A2-5 89-39 7-94 2-6
„  A1 94-93 3-99 1-0 „A 3 88-93 8-07 2-9
„  Al-5 94-47 4-02 1-4 „A 4 87-82 8-05 4-0
»  A2 
„  A3

94-04 4-03 1-8 „  A6 
K 10A0

85-82 7-99 6-1
92-86 4-01 3-0 90-08 9-78

0-5„  A4 91-81 4-04 4-0 „  AO-5 89-45 9-90
»t A6 89-87 4-00 6-0 „  A1 89-12 9-94 0-85

N5A05 94-60 5-08 0-2 „  Al-5 8S-52 10-00 1-4
„  A1 93-88 4-96 1-1 „  A2 88-13 9-98 1-8
it Al-5 93-37 5-07 1-5 „  A3 86-61 10-23 3-1
„  A2 92-92 5-06 1-9 „  A4 85-92 9-97 4-0 |

\li the alloys were analyzed spectrographically for estimation of the following 
impurities: Zn <  0-05; Sn <  005 (not detected); Pb <  0-02 (not detected); 
Pe <0-1  per cent.; Si trace. Estimated total impurities <  0-1 per cent.

Method  op H ardness T esting .
Hardness tests were carried out on discs about J in. thick cut from 

the extruded rod. The specimens were heat-treated in a tube furnace 
with a nitrogen atmosphere; some of the nickel-rich specimens were
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slightly discoloured after this treatment, but the surfaces of all the 
specimens were lightly ground by hand on a “  0 ”  emery paper before 
testing. A Vickers machine was used with the Diamond Pyramid 
Indentcr under a load of 20 kg. Three impressions were made on each 
specimen, and the mean hardness figure expressed as a Vickers Pyramid 
numeral (V.P.N.).

T a b l e  II .—Details of Ileat-Treatments for Alloys for Hardness and
Microstructu/res.

Details of Treatment.

Code. Temper­ Specimens Treated.
Initial Condition. ature,

° 0.
Time. Cooling

A Extruded bar 900

co W.Q. All
B A 410 8d W.Q. »
D A 497 lid W.Q. »
E A 598 Id W.Q.
F A 689 7 d F.C. to

681 U W.Q. tt
G A 800 3d W.Q. »
H
I
J
K

A
P.O. from H to 
F.C. „  I to 
F.C. „  J to

917
710
600
500

2 d 
3d 
3d 

1  Id

W.Q.'i 
W.Q. [ 
W.Q. | 
W.Q.J

(-N4A1, N4A1-5, N5A1 
• N6A0-5,1ST6A1, K6A1-5 
IN8A0-5, N8A1, N8A2

Q A 500
730
675

Id
5d 
id

F.C. to 
F.C. to 
F.C. to

All
»

f.XSAl, N10A0, N10A0-5
660 id W.Q. NlOAl, N10A2, N10A3,

[  N10A4
('N8-A0-5, 1-5, 2, 2-5, 3,

R A and heated as in 
Q then F.C. to

620 5d W.Q. 1 4, 6
'I N6-A0-5, 1, 1-5, 2, 2-5, 
I 3, 4, 6
( X5-A0-5, 1, 2, 2-5, 3

S A and heated as in 
R then P.O. to

610 ad W.Q. | N4-A0, 0-5, 1, 2, .3, 6 
I N3-A1, 2, 3 
I.N2-A2, 6, 8, 10, K0A10

U After R 640 5d W.Q.
Sheet 875 2k W.Q. Kunial brasses
Cooled after above to 520 IS k W.Q. ”

W.Q. =  water quenched. F.C. =  furnace cooled.
Time given in hrs. =  h or days =  d.

R esults of H ardness T ests.
Table II refers to the heat-treatments of the alloys; their initial 

treatment in every case was 18 hrs. at 900° C. followed by quenching 
in water. Table IV * (deposited in the Archives of the Institute) 
incorporates the hardness obtained oil annealing specimens at 400°,

* This Table may be consulted in the Library, on application.
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500°, 600°, 700°, and 800° C. after quenching from 900° C. Some 
of these are analyzed graphically in Figs. 1-4 by drawing hardness 
contour lines on a ternary composition base.

Fig. 1 shows the hardness of the alloys in the “  as quenched ”  condi­
tion. No great variation exists over most of the range of composition, 
although the alloys containing 10 per cent, of aluminium were very hard ; 
weight for weight, aluminium had a slightly greater hardening influence 
on the a. solid solution than nickel.

Fig. 2 refers to the hardness of alloys water-quenched after a further 
heat-treatment for 8 days at 410° C. The most important feature is 
the very marked general hardening amounting in many cases to well

Fm. 1.—Hardness of Nickel-Aluminium-Copper Alloys (Vickers Pyramid 
Numerals). Treatment “  A,”  18 Hrs. at 900° C., W.Q.

over 100 V.P.N. above that for the quenched condition. The greatest 
increase occurs with alloys whose compositions lie on the line X  Y, 
while other alloys showing a large increase lie near the line V W  and 
contain about 3 per cent, of aluminium with varying nickel contents. 
Between these two lines representing maximum hardness lie alloys which 
only increase in hardness by approximately 30 V.P.N. from the “  as 
quenched ”  condition. Alloys containing about 4 per cent, of aluminium 
and varying nickel are relatively soft, their increase in hardness being 
between 30 and 50 V.P.N. but when the aluminium content is increased 
to about 6 per cent, or more the capacity for hardening is restored.

The stable hardnesses obtainable in these alloys by long-time treat­
ment at 497° C. are given in Fig. 3. The hardness relations throughout 
this series are roughly the same as in those obtained by heating at 400° C.,



the only marked modification being the elimination of that field of 
relatively soft alloys containing 2-2-5 per cent of aluminium and 4^6 per
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■» 6 
N IC K E L P E R C E N T

F ig . 3.—Hardness of Nickel-Aluminium-Copper Alloys (Vickers Porami.) 

497” c “  W.Q nt '<r)' ”  18  Hr3, at 9000 W-Q" 1 1  ^ a5's at

cent, of nickel.  ̂ All the alloys containing 3 per cent, or less of aluminium 
an more than 3 per cent, of nickel were harder when tempered at 500° C.

NICKEL,PER CEN T.

Fro. 2.— Hardness o f  Nickel-Aluminium-Copper Alloys (Vickers Pyramid 
S a l o  “ B’” 18 HrS‘ at 900° C” W-Q- 8 Day™at
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than at 400° C., the average increase over their initial condition being 
100 V.P.N. The 6 per cent, aluminium, on the other hand, did not 
respond so well to this temperature of treatment, being about 30 V.P.N. 
softer than after treatment at 400° C.

Substantially similar results were obtained when the same alloys 
were heated at 600° C. after quenching from 900° C., but the final 
hardness obtainable by a long treatment of 7 days was less (see Table 
VI in Archives of the Institute). Alloys containing less than 3 per cent, 
of nickel and 3 per cent, of aluminium softened slightly from the quenched 
condition.

N IC K fL .P F R C E N T
Fig. 4.—Hardness of Kickel-Aluininium-Copper Alloys (Vickers Pyramid 

Numerals). Treatment “  G," 18 Hrs. at 900° C-, W.Q., 5 Days at 
810“ C., W.Q.

The 10-day treatment at 685° C. increased the hardness of alloys 
containing 8 and 10 per cent, of nickel and 4 and 6 per cent, of aluminium. 
All the remaining alloys softened slightly during this treatment.

The treatment at 810° C. for 5 days softened all the alloys, their 
hardness being 30-40 V.P.N. lower than after quenching from 900° C.

E lectrical R esistance  Measurements.

The wires in coils were given their final treatment by annealing for 
3 hrs. at 900° C. under charcoal, and then quenching in water. Lengths 
of wire 14 in. long were cut from the coils, straightened, and examined 
for surface blemishes. Wires of 35 compositions, covering the whole 
range of alloys, were prepared in this way and arranged in several 
batches for treatment at differing temperatures.
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A furnace was constructed to enable uniform lieat-treatment to be 
given to these wires. It was free from temperature gradient within 
±  2° C. over 25 cm. and ±  6° C. over 40 cm. at 750° C., which was con­
sidered satisfactory, since the middle 25 cm. was the length over which 
the measurements of resistivity were made. The bright surface was 
retained by heat-treating in a dry hydrogen atmosphere.

The measurements of electrical resistance were made at 25° C. on an 
apparatus designed for accurate determinations and rapid exchange of 
wire specimens. The comparative potential drop method was used, a 
steady current of 1 amp. being maintained through a calibrated constant 
resistance and the wire under test. The decrease of potential along 
each resistance was determined with a Carpenter-Stansfield potentio­
meter, contacts for the wire specimens being knife edges fixed 25 cm. 
apart. The resistances and wires were kept at a constant temperature 
of 25° C. prior to and during measurement, by immersion in an oil-bath 
supplied with suitable electric heating and stirrers. The cross-sectional 
area of the wires was determined with a micrometer. The mean dia­
meter was obtained from nine readings over the 25 cm. length. Most of 
the wires were uniform in section, but those showing some variations 
were again measured and the mean of fifteen readings obtained.

Ihe determination of the cross-section of the wires contributed the 
largest error to the values of specific resistance at 25° C., the error being
i  1 in 500. Numerous observations of the resistivity of the wires were 
made in the course of treatment at each temperature, partly to study the 
rate of attainment of equilibrium and partly to ensure that equilibrium 
was finally obtained. The results are tabulated in Tables YII and VIII 
(deposited in the Archives of the Institute), and some examples plotted 
on a time basis in the case of the 6 per cent, nickel alloys with varying 
aluminium content at 500° and 600° C. (Figs. 12 and 13) and the 8 per 
cent, nickel alloys at 400° C. (Fig. 14).

l o  facilitate interpretation of the results iso-electrical resistivity 
lines plotted on the ternary base were derived from vertical sections 
drawn at the following constant compositions of one added metal:
0 ,1 ,2 ,3 ,4 , and 6 per cent, of aluminium, of which Fig. 9 at 1 per cent, of 
aluminium is an example, and at 0, 2, 3, 4, 5, 6, 8, and 10 per cent, 
nickel of which Figs. 10 and 11 at 6 and 10 per cent, nickel, respectively, 
are further examples.

R esults of R esistivity  M easu rem en ts ; E quilibrium  Conditions 
a t  V arious Temperatures.

One batch of wires was treated at 900° C. for a total of 6 lirs. and 
water-quenched. The results are incorporated in Fig. 5 and in part in
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Figs. 9,10, and 11. Any of the figures referred to and particularly Fig. 5 
show that in alloys quenched from 900° C.uniform increases in resistance

6 a io
N ICKEL.PERCENT.

Fjq. 6 —Electrical Resistances of Nickel-Aliiramium-Copper Alloys 
(Microhms/cm.3). Treatment “  B,”  10 Days at 400° C., W.Q.

Fig. 6 shows the electrical resistivities obtained by a 10-day treat­
ment at 400° C. Comparison of Figs. 5 and 6 reveals large decreases

4 6 8 10
N IC KEL.PER CEN T

Fig. 5.-—Electrical Resistances of Nickel-Aluminium-Copper^Alloys 
(Microhms/cm.3). Treatment “  A,” 6 Hrs. at 900 C., \\ .Q.

of copper alloys occur with additions of aluminium, nickel, or aluminium 
and nickel combined.
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in electrical resistance in the majority of alloys, giving some abrupt 
changes in the continuity of the electrical resistance contour lines. One 
such change lies parallel to the copper-aluminium axis at approximately
2 per cent, nickel, and curves round to the second very abrupt change 
parallel to the copper-nickel axis at less than 0-5 per cent, aluminium 
The major decreases in resistivity occurred with alloys whose composi­
tions lie along the line X  Y. Figs. 10 and 11 are examples of the mini­
mum resistivities obtained with alloys of certain concentrations.

After 0} days at 500° C., similar and slightly lower values were 
obtained for electrical resistivity than at 400° C.

N IC K E L  P E R C E N T
FiO. 7.—Electrical Resistances of Nickel-Aluminium-Copper Alloys 

(Microhms/cm.3). Treatment “  E,”  3 Hrs. at 900° C., W.Q.,
30 Hrs. at 000° C., W.Q.

Treatment at 600° C. for 30 hrs. was sufficient to ensure equilibrium, 
the results of which are represented graphically in Fig 7. The values 
of resistivity were higher than those of alloys heated at 400° 0. though 
lower than in those quenched from 900° C. The discontinuity lying 
parallel to the copper-aluminium axis receded slightly. Alloys whose 
compositions varied linearly between 5 per cent, nickel, 2 per cent, 
aluminium, and 10 per cent, nickel, 4-5 per cent, aluminium possessed 
resistances relatively greater than neighbouring alloys of higher or lower 
aluminium content (see also Fig. 7).

The resistances of the majority of the alloys quenched from 900° C. 
were not altered by annealing at 700° C. Alloys of high nickel and 
aluminium content alone decreased in resistance, the disposition of the 
changes being similar to those at lower temperatures.
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F i g . 8 .—Electrical Resistances of N i c k e l - Aluminium-Copper Alloys 
(Microhms/cm.3). Treatment for 26 Hrs. at ¿00 G., W .Q.

resistivity as ordinate and time as abscissa. Four sets of jgjnphs 
corresponding to the four temperatures of annealing 400°, 500°, 600°,
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A few tensile tests were made on certain of the wires, the results 

together with their resistivity values are given in Table III.

T a b le  III.— Tensile and Electrical Resistivity Properties of Some Wires.

Elongation on Ultimate Electrical
Treatment.Nominal Diameter, Load, K g. Stress, Resistivity,

Composition. Inch. 2 in., Per Cent. Tons/in. llicroiinis/c.c.

N4A1 0-0646 105-5 31-6 6-39 ]
1 10 1 1 33-0

7 D at 
400° C.N6A1 0-0644 141

143
16
15

42-6
43-2

6-58

N6A2 0-0647 143 18 O.G.M. 42-8 8-71
137 23 42-8

9-29N10A2 0-0648 172 53
169 50-5

6-79 'N4A1 0-0644 105-5 10 O.G.M. 31-8
611)100 10 O.G.M. 30-2

6-98N6A1 0-0645 133 10 O.G.M. 42-0 at 
500“ C.N6A2 0-0645 145 12 O.G.M. 43-5 8-55

146 14 43-8
8-85 -N10A2 0-065 177 10 52-5

E ffect of T ime, T em perature , and  Concentration  of the A ttain ­
m ent of E quilibrium .

Observations on the electrical resistivities of the alloys after annealing 
for various times at the same temperature were plotted, using electrical
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and 700° C. and relating to the effect of time on the electrical resistivity 
of every alloy were plotted.

For any given alloy the initial and final values of electrical resistivity 
at one temperature were known, and from the graphs mentioned above 
the time required to reach the mean of these two values was readily 
obtained. Such an arbitrary standard of intermediate value was neces­
sary, since the time required to reach complete equilibrium could not 
he accurately determined.

ALUM INIUM  I PER CE N T 
SECTION '

The majority of the electrical resistance observations when plotted 
on a time basis as in Figs. 12-14 showed continuous decreases from the 
initial condition, the curves being of the usual form. The chief exceptions 
to this general observation were the changes produced by annealing at 
400° C. after quenching from 900° C. Fig. 14, for alloys containing 8 per 
cent of nickel, shows that initial increases in resistance were obtained 
■with these alloys rich in aluminium (i.e. exceeding 2-5 per cent.). This 
phenomenon, of which examples have previously been observed during

F i q s . 9-11.—Elcctrical Resistances, Vertical Sections.

N lC KEt 6 PER CE N T. 
SECTION

AIUM IN1UM .PER CENT.

41—■ i, ._,_._...
0 2 4 6 8 10

N IC K E L  PER C E N T
0 2 4 6

A LU M IN IU M . PER C E N T  

*o~o—  6 hrs. at 900° C .
26 hrs. at 700° C . 
30 hrs. at 600° C . 

-o -o —  6.J days at 500° C . 
-x -  *  -  -  10 days at 400° C .



the gradual hardening of quenched alloys, seemed prevalent in these 
alloys, and further examples of increases prior to large decreases in
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N6AI
-jri DAYS

L 4 b IL -»w
TIME, HRS

Fig. 12.__Changes in Electrical Resistances with Time of Annealing
6 Per Cent. Nickel Alloys at 500 C.

w ,  13  —Changes in Electrical Resistances with Time of Annealing 
6 Per Cent. Nickel Alloys at 000 U

resistance were produced at 500° C, in the nickel 6, aluminium 6 per cent, 
and nickel 4, aluminium 6 per cent, alloys.



Table IY (a-d) contains all the observations made on the wires 
annealed at the various temperatures together with the derived mean 
value of the resistance and the time required in hours to reach this inter­
mediate value. The latter results have been retabulated in Table IV.

Nickel-Aluminium-Copper Alloys.—Part I  95

T a b l e  IV.— Time to Complete Half of the Total Change 
in Resistance on Annealing at a Lower Tempera­
ture after Quenching from 900° C.

Nominal
Composition.

Time taken in Hrs., with Temperature o f Annealing.

a. h. c. d.

N. A. 400° O. 500° C. «00° c. 700° 0.

2 2 I

4
0
8 100 70'

3 8 a 50 31 2 0-4
4 0

1 a 50 5 i "
2 2-5 G
4 18 10
6 tt 36 3 <j-4

G 0 0-4
1 8 Ö-8 0-4
2 50-100 3-7 0-5
3 tt 5-5 1-0
4 » 8-2 3-5 2
6 it 14 1-2 0-3

8 0
1 7 Ö-9 0-6
1-5 8 1 1 0-7 0-4
2 5 1-3 1-0 0-3
2-5 a 50 5-5 3-7 0-2
3 it 4 3-0 0-1
4 tt 7 1-3 2-5
6 » 17 1-0 0-4

10 0
0-5 40 6-5
1 2 1 0-8 0-2
1-5 14 1-1 1-0 0-2
2 13 1-5 0-5 0-1
3 o 50 4 0-8 0-2
4 a 50 6 1-0 0-6

a =  approximation.

The effect of nickel on the copper-base alloys containing constant 
aluminium contents is well marked. These alloys vary in the times to 
reach half equilibrium, and the variation is such that the richer the alloy
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in nickel the shorter the time to reach equilibrium. The alloys con­
taining 4 per cent, of aluminium illustrate this -well. A selection o 
results from Table IV recast in Table V, show this.

This effect is not so evident at the lower aluminium contents,

NBA6
N8A4

• N8A3

N8A2-5

N8A2 & AI

i N8AI
APPROX.
10 DAYS

2 4 21
TIME. HRS.

p IG 14 .__Changes in Electrical Resistance with Times of Annealing
8 Per Cent. Nickel Alloys at 400° C.

T a b le  Y .—Alloys of Aluminium 1 Per Cent, at 400° C.

Alloys o f :
Nickel Content, Time to Acquire Half

Per Cent. Equilibrium, llrs.

Aluminium 1% at 400° C. 4
G

50
8

8 7
10 2

Aluminium 4% at 500° C. 4
6

18
8-2

”  ” 8 7
10 6

Aluminium 6%  at 600° C. 4
6

3
1-2>* » 8 1«

probably owing to the slightly decreased accuracy of interpolation 
arising from the rapid changes of resistance in these alloys.

The results as set out, e.g. in Table IV, column b (nickel 6, 8, and 10 
per cent, series at 500° C.), show that alloys constant in nickel content



need, longer soaking to reach “  lialf equilibrium ”  the greater the 
aluminium content. This observation is contrary to the effect of in­
creasing nickel while the aluminium remains constant.

As would be expected, the general effect of an increase in temperature 
is to increase the rate of attaining equilibrium. A selection of results 
for certain alloys has been plotted. The vertical ordinate is the reciprocal 
of the temperature in degrees absolute, and the horizontal ordinate the 
logarithm of the time required for the resistivity to decrease by one- 
half towards its final value. The linear relationship suggested by 
Jenkins and Bucknall 7 as applicable to all age-hardening systems was 
found to be a suitable first approximation.

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

Hardness Tests.
The longer annealing at 800° C., coupled with the more effective 

quench due to smaller specimen sizes, rendered the alloys softer than the 
initial treatment for 18 hrs. at 900° C. The gradual change in hardness 
throughout the whole range of alloys when quenched from 800° or 
900° C. suggests that they all consist of a solid solution.

The hardness values obtained from the specimens quenched from 
800° C. were accepted as characteristic of annealed a solid solution. 
In Figs. 1-4 broken lines have been drawn, one on each diagram. All 
alloys showing no increase in hardness on annealing at 400°, 500°, 600°, 
or 700° C. were included between the broken line and the concentration 
axes of the diagrams; by this means an estimate of the variation of the a. 
solid solubility limit with temperature and concentration was derived. 
In Fig. 2 (alloys re-hcated at 400° C.) additional dotted lines are included 
representing zones of maximum or minimum hardness.

It is also noteworthy that alloys containing not greater than 2-5 per 
cent, aluminium and 5-10 per cent, of nickel hardened to 200 V.P.N. and 
this hardness was stable at 500° C.

Electrical Resistivity Measurements.
The changes in electrical resistivity which accompany hardening 

were similar in every respect to age-hardening phenomena occurring in 
other alloy systems.

Attention has been directed to the influence of concentration on the 
attainment of equilibrium. Increase of aluminium in alloys of given 
nickel composition increases the time necessary to ensure equilibrium, 
whereas increase of nickel in alloys of given aluminium content 
diminishes that time. An explanation may be advanced based on 
fundamental grounds. The atomic volume of aluminium is 9-98,
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that of copper 7-14 and of nickel 6-6. It seems reasonable that the 
most important factor governing the diffusion of the atoms is their 
relative size. The aluminium atom, being larger than copper, does 
not difiuse in the copper matrix so readily as the nickel atom, which 
is smaller; hence increase in the quantity of aluminium atoms would 
necessitate a proportionately longer time to reach equilibrium.

The uniform nature of the changes in electrical resistance of the 
alloys as quenched from 900° C. leaves no doubt that a solid solution 
exists over the whole range at this temperature.

The changes in resistivity caused by the heat-treatment are sys e- 
matic, and can be related to a definite system of “  boundary lines, 
which are shown dotted in the diagram. These lines may be compared 
with a similar series in the hardness-composition diagram ( ug. ). e 
most remarkable feature in each case is the change in properties m the
region of the line X  Y. _ .

The abrupt discontinuities reproduced in the tso-resistivity lines on 
Kgs. 5-8 and vertical sections Figs. 9-11 enable the single-phase fie d 
of a solid solution to be followed with decrease m  temperature. I he 
electrical resistivity results give slightly lower limits to the a solid solu­
tion than those obtained from hardness measurements. _ lhis is to oe 
expected, since accurate interpolation of the electrical resistance results 
may be performed. Consequently, the areas representing alloys which 
remain supersaturated and therefore unchanged in hardness and resisti­
vity are eliminated. . .

The significance of the variation in relative values obtamed m alloys
whose resistances have decreased on annealing, cannot be rea J 
interpolated on the evidence given here. The most c o n s p i c u o u s  feature 
is the coincidence in composition of alloys exhibiting maximum harden­
ing, optimum tensile properties, and minimum electrical resistivity (see 
line X  Y, Figs. 2-6). The effect is explained on the assumption that 
maximum precipitation of the separating phase or phases has occurre 
with alloys of these compositions. It will be recalled that Brownsdon, 
Cook, and Miller 3 advocated the addition of nickel and aluminium to 
copper in the ratio of 4 :1  in order to develop the optimum properties oi 
the alloys on heat-treatment. This ratio gives compositions lying 
coincident with the line X  Y .

G e n e r a l  C o n c l u s io n s .

The limit of a solid solubility is shown to decrease with decrease of 
temperature. Up to 8-5 per cent, of aluminium and.10 per cent, o 
nickel which was the field of alloys investigated, a solid solution exists 
throughout the whole range at 800° C. and above. The greatest decrease
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in oc solid solubility occurs over the temperature range 750° to 550° C. 
The limit of a solid solution at 400° C. and below is of the order of 1-5 per 
cent, nickel and 0-2 per cent, of aluminium.

The disposition of alloys showing maximum hardening capacity 
together with minimum electrical resistivity agrees with the optimum 
ratio 4 :1  nickel to aluminium suggested elsewhere. The origin of a 
separating phase lies in the direction of the nickel-aluminium binary 
system.

The changes in electrical resistivity and hardness ou annealing at 
lower temperatures of alloys quenched from 900° C. are similar to those 
occurring in other age-hardening systems.

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

The authors’ thauks are due to Messrs. I.C.I. Metals, Ltd., for monet­
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was carried out in the Metallurgical Department of the University of 
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DISCUSSION.
(Condensed.)

D r . C. H. D e sc ii,*  F.R.S. (Vico-Prcsident): This paper describes a very 
interesting empirical series o f experiments on this ternary system, but I  think 
that we should be in a position now to go very much further than this. I  notice, 
for example, that the figures are all given in percentages by weight, which 
rather obscures the meaning of the results that are obtained I f  the results are 
expressed in the form o f atomic percentages, ratios are obtained which really 
mean something. A  ratio o f so much nickel to so much aluminium by weight 
is of practical importance only, but when the atomic ratio is given one begins to 
see what causes these changes in the ternary alloys. It is probably well known 
that, by the X-ray method, Dr. Bradley, at Manchester, has been studying the 
various ternary systems making up the quaternary system iron-nickel-alumin- 
lum-copper. By the method used, he finds extremely important atomic relations 
between the constituents which separate, and the effects on both mechanical 
hardness and on the electrical and magnetic properties which are produced by

* Superintendent, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.
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those ratios. It is found that the cleotron-atom ratio in the sev era l-P ^ s  can 
be used to explain many of these phenomena, and then we have somethi^«  ^
than an empirical record of hardness; we have a means o un kind we shall 
happening. I think that in a short time, with information o f that kind, we shal 
be able to predict accurately what will bo the properties of a given ternary

I would commend a study of the very important papers which Dr. 
and others have been publishing, largely under the inspiration °*
W  L. Bragg. Thev really do lay a new foundation for the study of C0®P‘“  
alloys of this kind. The subject of metallography is undergoing a changewhich 
will enable it to  progress much more rapidly in the next few years, and ™at 
of the kind given in this paper will then be re-interpreted with,, I  think, verj 
valuable results. That is not, o f course, in the least to depreciaibe th® 'a}“ ® “  
the authors' results; I  merely suggest that they will have to be t r a n s l a t e d  « t e  a  

somewhat different form before they can have the general value which 
should like them to have.

Dr. H. W. Bkowssdon * (Vice-President): After the investigations that- we 
carried out several years ago on the effect o f adding nickel and copper in e 1 Jj 
proportions to copper and copper-rich alloys, we realized hat a more: d e t a i l  
studv of the copper-nickel-aluminium system than was then possible in ou 
laboratory' would be of general interest, and we were fortunate in hndt r 
authors willing to undertake this further work.

It is gratifying to note that one of our more important early observations 
relating to the nickel aluminium ratio giving optimum temper harc emng pi - 
perties! has been confirmed, and agrees with that indicated by the line Ji i  m

1 1,_It may not be generally realized how very considerable was the amount of 
work involved in preparing, in wire form, the alloys listed m Table I, and 1̂ sho 
like to thank those of my colleagues who helped m their preparation an . y .

Although primarily of scientific interest, this contribution has a very deti 
bearing onthe development o f new alloys of commercial value.

Professor D. HiSSOS.t D.Sc. (Vice-President): Dr. 
petent to deal with the technical discussion, but I  should like to thank Messrs. 
I C I Metals, Ltd., for making this investigation possible. I  believe tha 
arose from a remark which I  made in the discussion on a paper f r o m  their 
laboratories, when the practical results of the heat-treatment of these allojs . 
first presented to us. Arising out o f those remarks, Dr. Brownsdon su^es 
that we should undertake the investigation o f some o f t h e  s c i e n t i f i c  problems 
connected with those alloys. We have been very interested to do this, an d1 
believe that the firm has benefited from this joint effort. It has been a ] 
effort; although the paper is published in our names, a very great amou
preliminary work was carried out. by LC.L Metals-, Lt^ -  ; / “ ^ u n it ie s  
materials and in helping us at various stages. I  hope that further opportu 
will arise for this kind of co-operative effort between an industrial firm ancU 
scientific laboratory and that advantage will be taken of these opportum , 
because this is a research which Universities would have the very greatest eti 
culty in carrying out unaided, even if they could do it at all, because the p 
paration o f the materials in a suitable form would be beyond their resources.

Dr. A l e x a n d e r  (in reply) ■ At first I  thought that Dr. Desch referred simply 
to plotting the properties o f the a. solid solution in atomic percentages, w e

* Research Manager. I.C.I. Metals, Ltd., Birmingham, 
t  Professor of Metallurgy, The University, Birmingham.
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that, and did not obtain any linear relationships in the properties with com­
position. From his subsequent remarks, however, I  gather that Dr. Desch was 
referring to the electron-atom ratios of the compounds concerned. We also 
thought o f that and tested it on a number of ternary alloys, and obtained 
interesting results.

CORRESPONDENCE.
Dr. A. J. B r a d l e y  * (Member) and Mr. H. Lipsoir,* M.Sc. : This paper is o f 

special interest to us as wo have been working on the copper-nickel-aluminiuin 
system by X-rays. Our powder photographs of slowly-cooled alloys give a 
general survey o f the phases throughout the system. From this, we ea.n interpret 
some of the results given by the present authors.

Fig. A  shows the following phases:
a—face-centred cubic.
ccj—face-centred cube with superlatticc.

—body-centred cube with supcrlattiee.

The boundary of the a-phase in the neighbourhood of copper follows the 
trend of the dotted lines in Figs. 6 and 1. The resistivity measurements show 
beautifully the cusp o f the a-phase, where it comes into contact with the three- 
phase area (a 4- ¡32). The dotted lines from the cusp to number 14 in Figs.
6 and 7 probably lie within the three-phase areas at 400° and 600° C„ respectively. 
It would be interesting if  a closer examination of the resistivity data should show 
the boundaries of the three-phase area separately.

The lower dotted line (X Y  in Fig. 6) is not a phase boundary, but probably 
corresponds to a tie-line in the two-phase area a +  a,. An alloy on this line 
breaks up as follows: the a. constituent has a composition given by the point 

; the constituent has a composition about midway between Ni3Al and 
CuNijAl, which are at the extremities of the a! phase. It is probable that the 
conductivity is chiefly due to the a constituent. This has the lowest resistivity 
at the point X . Consequently, all alloys on the tie-line X  Y will have a minimum 
resistivity.

* National Physical Laboratory, Teddington.



The A u th o rs  (in reply) : The results o f Dr. Bradley and Mr. Lipson’s 
X-ray observations on these slowly-cooled ternary alloys are known to us, 
and confirm what we had already determined microscopically. We hope 
shortly to communicate to the Institute a paper dealing with the constitution 
of these alloys at all temperatures. Wo also agree with the interpretation oi 
the line X Y  (of alloys having minimum resistivity) as a tie-lme between a 
and Ni3Al solid solution.
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PRECISION ENTENSOMETER MEASURE- 775 
MENTS ON TIN.*

By BRUCE CHALMERS,f B.Sc., Ph.D.

Syn opsis .

A precision extensomcter, reading by means of optical interference 
fringes to strains of 10 "7 cm./cm., is used for creep experiments on tin.
The results are given under three headings : (a) singlo crystals; (6) speci­
mens consisting of a few crystals with longitudinal crystal boundaries; 
and (c) specimens consisting of small crystals. The results show that the 
change of orientation across a crystal boundary affects the mechanical 
properties of the boundary, and the relation between recovery and crcep, 
and the forms of the creep curves are discussed.

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

M e c h a n ic a l  tests on a metal may be designed for either of two objects;
(1) to test the suitability of the metal for a given purpose, or (2) to 
investigate its fundamental physical properties. The same tests are 
rarely suitable for both purposes, because the engineer’s type of test 
usually deals collectively with a number of simple properties, while the 
fundamental test must deal with one property only. For example, 
when a tensile strength is determined, the test-piece is changcd pro­
gressively after its elastic limit is passed, and the tension is determined 
that will break a material that results from the original material as 
modified by the continued application of the tension.

A test suitable for fundamental investigations should detect and 
measure the properties of the original material, i.e. it should deal with 
material that has not undergone any permanent change, and detect 
the first permanent change rather than the last of a series of permanent 
changes. For a tensile test, suitable properties are the elastic properties 
and the effects of stresses that cause little or no permanent set.

The present paper deals with a fundamental investigation of the 
mechanical properties of tin. A piece of metal normally consists of 
crystals between which are crystal boundaries; hence a complete 
explanation of the mechanical properties of a metal would require a

* Manuscript received February 10, 1937. Presented at the Annual Autumn 
Meeting, Sheffield, September 7, 1937.

t  Lecturer in Physics and Mathematics, Sir John Cass Technical Institute,
London.
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knowledge of the properties of the crystals, together with an examin­
ation of the way in ■which these properties are modified by the crystal 
boundaries.

The problem is approached by first studying single crystal specimens, 
then specimens consisting of a few crystals and their boundaries, and 
finally specimens consisting of many crystals of a size comparable 
with those met with in practice. It thus becomes possible to determine 
the effect of the boundaries and so to reach a more precise appreciation 
of the nature of the boundary region.

In order to apply this procedure, there are several desiderata to be 
observed in the choice of a metal: the metal should be obtainable in 
a state of high purity; its grain-size should be easily controllable, 
and its crystals should be fairly isotropic with respect to the properties 
to be investigated. These conditions are satisfied by tin.

The choice of a mechanical test must also be considered; in order 
to satisfy the requirements stipulated above, the measurement of 
strain must be as sensitive as possible, while the stress must be uniform, 
such as tension, rather than torsion or flexure. The technique described 
below satisfies these conditions.

Although it is impossible from a priori considerations to decide 
which of the properties determined in the tensile tests are to be regarded 
as fundamental, a study of the results will show that a feature of great 
importance is the smallest stress that will cause creep to occur. I his 
is not necessarily the same as the limit of proportionality or the elastic 
limit, because completely recoverable creep can occur. Ihe smallest 
stress that causes creep will be referred to in this paper as the creep 
limit. A second fundamental stress is that which will just cause 
permanent extension, and will be referred to as the permanent set limit. 
Such a stress cannot be measured experimentally, but its existence and 
value can be deduced from the experiments to be described.

The paper deals with the determination of the creep limit, and its 
variation with the size and arrangement of the crystals. It also 
describes an investigation of the effect of stresses close to the creep 
limit, i.e. the border line between elastic and plastic phenomena.

P r e v i o u s  W o r k .

Although there have been several investigations of the creep pro­
perties of tin, notably those of Andrade,1 Andrade and Chalmers,- 
and Hanson and Sandford,3 there is no previous work that is particularly 
applicable to the problem from the present point of view.

The investigations of Andrade, to the results of which reference will 
be made later, were concerned with the effects of stresses well above the
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elastic limit, and with amounts of creep large enough to render high 
sensitivity unnecessary. The smallest extension that could be observed 
was of the order of 0-05 per cent. The creep was observed during the 
application of a stress that was maintained constant, the diminishing 
cross-section of the test-piece being compensated for by a reduction of 
tension. The experiments of Hanson and Sandford also did not require 
a high order of precision, since the tests were of the long period type. 
In this case no provision was made for maintaining a constant stress. 
Hence in neither case were the properties of the unaltered original 
material under investigation.

E x p e r i m e n t a l  T e c h n iq u e .

The experimental work under consideration consisted mainly of a 
precision investigation of changes of length of a cylindrical specimen 
during and after the application of tensile stresses.

The extensometer used for this purpose has previously been de­
scribed,4 but a brief description may not be out of place here. The 
specimen S (Fig. 1) consists of a cylinder 2-5 mm. in diameter, and 7 cm. 
in length, of which the central 3 cm. form the gauge-length. The appara­
tus consisted of two parts, of which the functions are to apply the stress 
and to measure the strain. The main frame of the instrument consists 
of two vertical brass plates each about 25 cm. square, held parallel to 
each other at a distance apart of about 8 cm. by horizontal brass bars 
screwed to the plates. The disposition of the cross-bars is shown in 
section in Fig. 1 (A, F, 7, Z).

The specimen (S, Fig. la) is fixed in chucks to the cross-bar A and 
to the tension rod B, so that S and B are collinear. The upper end of 
B is pivoted on the cross-bar C, which in turn is pivoted on the two 
parallel bars D. Each of these pivots consists of two gramophone 
needles held vertically and resting in punch holes, the result being 
that no couple is applied to B. The bars D are fixed together by means 
of cross-bars, and pivot on the points of two gramophone needles E 
carried by screws passing through the cross-bar F  of the main frame. 
A cross-bar at Or, connecting the two bars D supports a glass tube II 
25 cm. long, and 6 cm. in diameter, closed at its lower end and open at 
the top. Water can be introduced into or removed from the tube II 
by means of a two-way syphon (not shown in the diagram). The 
stress applied depends on the water level in the tube II, the stress being 
zero when the weight of water in II is just sufficient to balance the 
counterpoise weight at J. The water level in the tube II is determined 
by means of a pointer which is moved vertically so as just to touch the 
water surface. The pointer is supported by a glass rod that moves
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along a scale. The tube II is calibrated by introducing known amounts 
of water and observing the change in water level.

The strain is measured by determining the changes in the distance 
between two points on the specimen. This measurement is made by an 
optical interference method as follows. Two screws K, 4 cm. apart as 
measured along the bars Z,Z, each carry a gramophone needle, point 
upward. On these points rests a brass frame L, the bearing surface being 
of hard steel. A flat piece of glass M  is rigidly attached to L. The

W

Fig. 1.—Diagram of Extensometer.

device by which the motion of the specimen is communicated to the 
frame L is shown in Fig. lb, and consists of two similar brass plates, 
between which are held two razor-blades of the three-hole type. The 
positions of the razor blades, which lie in a horizontal plane, are shown 
by dotted lines in Fig. 16. The razor blades are set just to cut the 
surface of the specimen when it is inserted.

The second frame P  of the interferometer holds a second glass plate 
Q and a second device It similar to that shown in Fig. 16. The frame P 
is supported on L at two points by means of two screws T, the actual 
points of support again being gramophone needles projecting downwards
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from the screws and resting 0 1 1 a piece of steel. The distance and angle 
between the glass plates Q and M can be adjusted by means of the 
screws T.

The frames L and P are each counterbalanced by adjustable weights 
at U and V so that no stress is applied to S through R or N. The 
interferometer is illuminated from above by means of light from a 
mercury arc passing through a water, cell and a mono-chromatic green 
filter, and reflected downwards from the glass slip X . The fringes 
produced by the interference between the light reflected upwards from 
the lower surface of Q and from the upper surface of M  are viewed 
through a microscope at W. The direction and spacing of the fringes, 
which are lines of equal separation of M  and Q, can be adjusted by means 
of the screws T. This adjustment is made so that the fringes form a 
series of parallel lines whose direction is parallel to the axis about which 
the interferometer unit turns. When the distance RN alters, the 
fringes move in a direction perpendicular to their length. Good 
fringes are obtained with no silvering on Q or M, which were pieces of 
good plate glass.

The apparatus was supported in a thermostatic water-bath of which 
the temperature variations were less than 0-05° C. Vibration was 
obviated by placing the whole apparatus on apier with a foundation inde­
pendent of the rest of the building, a heavy slate top being supported 
on the pier by 12 rubber-sponge balls. No vibration that could be 
detected was transmitted through this arrangement, although the pier 
itself underwent considerable vibration.

The syphon apparatus, the device for measuring the water level, the 
stirring motor and the mercury are were supported on a second bench 
to avoid any disturbance originating from them.

The length of the specimen between R and N was about 3 cm. 
and the change of this length which will cause a displacement of the 
fringe system by one fringe space is 3-68 x  lO-5 cm., so that AI/I, the 
extension per unit length per fringe is 1-23 X 10"5, approximately. 
The microscope used for observing the fringes contained an eye-piece 
scale. By adjusting the fringes to be about ten scale divisions apart, 
and reading the positions of the fringes to one-tenth of a scale division, 
movements of the fringes could be determined to 0-01 fringe. This 
represents a value of Al/l of 1-23 x lO'7. The accuracy of reading 
the water level was comparable, a change of water level of 0-1 mm. 
corresponding roughly to a change of length of 10~7.

When observations of tsljl are made to an accuracy of the order of 
lO-7 cm./em., the temperature of the specimen assumes considerable 
importance. The coeflicient of expansion of tin is about 2 x  IO- 5/ 0 C.,
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so an increase of length of 10-7 cm./cm. is produced by an increase of 
temperature of about 0-005° C. The thermostat fluctuated within 
0-05° C., giving periodic changes of length of the order of 10~s cm./cm. 
which were corrected for in the results.

P r e p a r a t i o n  o p  t h e  S p e c im e n s .

The specimens consisted of cylinders about 3 mm. in diameter and 
7 cm. long, and were prepared by casting in glass tubes. The material 
used in all these experiments except where otherwise specified was 
Chempur tin (tin 99-987, copper 0-00132, antimony 0-00118, lead 
0-00585, iron 0-00055, bismuth 0-00352, arsenic 0-00005, nickel 0-00003, 
silver 0-00018 per cent., zinc, cobalt and sulphur nil).

The method of preparing the single crystal specimens was as 
previously described,5 and was that of gradually raising a glass tube 
filled with tin by suction from a crucible of molten tin.

The crystal size could be reduced by increasing the rate of with­
drawal of the glass tube, giving quite satisfactory control of the grain- 
size.

E x a m i n a t i o n  o f  t h e  S p e c im e n s .

The size and disposition of the crystallites which formed the surface 
of a specimen could bo examined visually after etching in ferric chloride 
solution. When the crystal size was such that there were a number 
of crystals in the cross-section, the method described below, analogous 
to the method used by Desch 8 with brass, allowed a fuller examination 
to be made.

When a specimen of tin is dipped in mercury, the grain boundaries 
are rapidly softened by the diffusion of mercury along them, and it 
becomes possible after a few minutes to pull the specimen to pieces, 
each piece being one crystal. Thus, when the crystal size is not too 
small for easy manipulation, it can be readily studied. It may be 
mentioned in this connection that such softening by diffusion does not 
take place along twin boundaries prepared by a method described else­
where.5

With single and large crystal specimens, a knowledge of the orienta­
tion of the crystal axes relatively to the length of the specimens becomes 
desirable, and for this purpose the optical reflection method ' was used.

E x p e r i m e n t a l  R e s u l t s .

In the experiments under discussion, the crystal size was varied from 
that in which one crystal occupied the whole gauge-length of the 
specimen to that in which the number of crystals in the cross-section
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was about 20. Of tbese experiments, tbose on single crystals have 
already been described,8 but for completeness the conclusions will be 
briefly recapitulated here and included with the other results.

In the experiments on any given specimen, results may be obtained 
for; (a) the extent to which Iloohe’s Law is obeyed; (b) the elastic 
modulus; (c) the limit of proportionality; (d) the variation of initial 
rate of creep with stress ; (e) the creep limit ; ( /)  the form of creep and 
recovery curves; (g) the relation between recovery and creep; and 
(h) the permanent set point. It may be remarked here that corrections 
have been made, where necessary in the present work, for the spurious 
“ thermal ”  creep and recovery effect, considered in detail elsewhere.8

The observations show that the experiments form three distinct

RATE OF CREEP X  lO^CM./CM/MIN.

Fid. 2.-—Stress-Initial Creep Rate Curve for Single Crystals.

groups : (a) the single crystals, (b) the large crystals, and (c) the small 
crystals; these three groups will first be considered separately.

(a) Single Crystals.
The general result for single crystals is that there is no creep limit, 

and that the initial rate of creep plotted against stress is as shown in 
Fig. 2. The curve consists of a region of micro-creep AB  and of macro- 
crcep CD. In the micro-creep range of stresses, the rate of creep under 
constant stress decreases exponentially, while in the macro-creep region 
it is constant. In both cases the recovery on removal of the stress is 
too small to be detected.

(b) Specimens Consisting of a Few Crystals with Longitudinal 
Boundaries.

With specimens of this type the stress-strain curve was straight 
or nearly so, up to the creep limit, which coincides with the limit of
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proportionality. The initial and final creep rates varied with stress 
in the manner shown in Fig. 3, giving a fairly well defined creep limit 
for any one specimen.

RATE O F  CREEP X  I0-*CM,/CM./ MIN.

FiO. 3,—Stress-Crecp Rate Curves for Large Crystal and Small Crystal 
Specimens.

This creep limit varied over a very wide range of stress, i.e. from 
112 to 264 grm./mm.2. For a series of typical specimens the number of 
crystals was counted and the total area of crystal boundaries within 
the gauge-length was estimated; Table I shows that there is no relation 
between the area of the crystal boundary and the creep limit.

T a b l e  I.

Creep Limit, 
Grin./mni.1.

Kumber oi 
Crystals.

Area of 
BoimUaries-

A 264 3 2 cm.*
B 238 5 6 cm.2
C 124 5 4 cm.2
D 1 12 4 3 cm.2
E 120 3 2 cm.2

An examination of the orientations of the crystallites was made by 
the optical reflection method, with the large crystal specimens. In 
some cases the arrangement of the reflection spots did not differ greatly



from that of a single crystal; in other cases the reflections from one of 
the crystallites was very different from tlie arrangement to be anticipated 
if the crystallite concerned shared the orientation of the remainder. In 
the former cases the differences of orientations of the crystals were 
small, and those were the specimens with low creep limits, e.g. specimens 
C, D, and E ; the specimens with large differences of orientation were 
the ones which showed a high creep limit such as A and B.

The conclusion is that the creep limit is influenced to a far greater 
extent by the differences in orientation of the crystals than by the 
extent of the boundaries.
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TIME, M INUTE5

Fio. 4.—Creep and Recovery Curves for Large Crystal Specimens.

It may be noted that the creep-stress curves obtained from single 
crystals do not vary appreciably with the orientation.

The forms of the creep and recovery curves obtained with such 
specimens are shown in Fig. 4, in which two pairs of curves are given. 
It may be observed that the recovery depends on the creep; the curves 
refer only to gradual changes of length, the much larger instantaneous 
changes not being represented in the diagram.

(c) Specimens Consisting of Small Crystals.
There were no marked differences in behaviour between the various 

specimens of this type, although the crystal size varied from about 60 
to about 1000 to the cubic centimeter.
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Except in the conditions described below, the stress-stiain line 

showed no deviation from linearity until the creep limit was reached. 
If correction for creep is made the stress-strain line retains its linearity 
well beyond the creep limit.

The initial creep-stress curve follows its usual form (Fig. 3), giving 
a fairly well marked creep limit which is rather below the stress at the 
bend of the corresponding curve for single crystals. The creep curves 
(Fig. 5) show several features of interest, the creep either becoming 
linear or ceasing after a fairly short time, corresponding to the (3 and

F ig . 5.—Grecp and Recovery Curvea for Small Crystal Specimens.

y  stages of Andrade.1 It is found that the recovery follows a curve 
identical with the ¡3 curve of the creep, whether the y  part has a finite 
or a zero slope.

If the stress-strain data are taken when the recovery from previous 
strains is complete, it is linear; if, however, the readings are taken 
before the recovery is complete, the curve is not linear near the origin, 
but- takes the form shown in Fig. 6, BCD, the point A  of the intercept 
of the straight line part of the curve corresponding to a shorter length 
than the length B of the material when under zero stress by the amount 
of recovery that has not yet taken place.

The distance AB  is a measure of the residual recoverable strain of
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the material, and decreases with time until the curve finally becomes 
linear.

D is c u s s io n .

The advantages o£ the present technique over those more often 
used for tensile tests will first be discussed. The necessity for thermo­
static temperature control has already been indicated, and this in turn

0 10 20 30 40 50

STRESS. GRM./MM .2 
Fig . 6 .—Strcss-Strain Curves for Partially Recovered Polycrystalline 

Specimens.

demands a small specimen; a small specimen requires the detection and 
measurement of a very small absolute extension, for which purpose the 
interference method is the most convenient, and, since it requires no 
calibration, probably the most accurate.

In an investigation such as the present one, in which control of 
crystal size and shape are of importance, the small size of the specimen 
is also advantageous, as such control can be more easily applied to a 
small specimen. Further, if a particularly pure material is to be used, 

VOL. LXI. H
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as is the tendency in fundamental investigations, the small quantity 
of material required is another advantage. Another consideration is 
that the value of the stress applied is independent of the strain which 
results, in which particular the instrument is superior to instruments 
in which the stress decreases as the strain increases.

The maximum elongation that can be measured without resetting 
the extensometer is 10~3 cm./cm., i.e. one thousandth; hence the stress 
under a given force can be regarded as sensibly constant without the 
application of a constant stress device such as those to which reference
has been made.*• 2

A further advantage of the present method of experiment is that it 
is possible to detect very small total amounts of creep and recovery, as 
well as very small rates of change of length; the latter can be measured 
with equal or greater accuracy by using a longer time unit (e.g. day 
instead of minute) if the creep continues long enough; otherwise it may 
remain undetected by the long period methods. The results show 
that there is often a type of creep which is complete within a short 
time of the application of the stress (the p creep), and it is by a study of 
creep of this kind that the creep limit can be investigated.

In considering the results described above, two features in particular 
yield new information, i.e. the experiments on specimens consisting of 
a few crystals, and those on the fully polycrystalline material. The 
interpretation of the former results depends on the data obtained with 
single crystals; as mentioned previously, the behaviour of single 
crystals of tin is nearly independent of orientation (owing to the large 
variety of possible slip directions) and consists of micro-creep up to 
a fairly definite stress between 100 and 140 grm./mm.2, above which 
macro-creep occurs.

In the specimens now under consideration, several such crystals 
side by side form the specimen, the crystals being joined by boundaries 
parallel to the direction of application of the stress. The effect of the 
boundaries on the property which determines the creep limit is consider­
able. In the first place, such boundaries always inhibit micro-creep, 
and secondly the lower limit of creep varies from 110 to 264 grm./mm.2. 
Thus the effect of the boundaries varies considerably from specimen 
to specimen, and, as shown above, is related to the difference of 
orientation between the crystals. This fact presents new evidence as 
to the nature of the crystal boundary, and it will first be shown that it is 
inconsistent with an amorphous cement theory.

If the intercrystalline material were truly amorphous, it would have 
an atomic arrangement independent of the structure or orientation of 
its surroundings, and so would always be the same in a given material;
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lienee, its mechanical effects would not depend on the orientations of 
the crystals. Further, it has previously been pointed out 8 that if the 
surface of a single crystal is polished, thus giving it a surface of amorphous 
material, the phenomenon of micro-creep still occurs; the presence of a 
boundary, however, at once prevents it, and a boundary therefore 
appears not to consist of amorphous cement.

The results tend to support the point of view that the boundary 
region consists of a few atoms each acted upon by forces arising from 
both lattices, and so occupying definite positions, forming a transitional 
region between one lattice and the other. That this view is consistent 
with the known properties of crystal boundaries has been shown by 
Hargreaves and Hills.8 It may be pointed out that a lattice transition 
of this type may contain atoms at distances considerably in excess of 
their spacing in the normal lattice, and so would be expected to have a 
lower tensile strength than the true lattice. The rupture of the true 
lattice across a crystal, however, is known to take place at a stress very 
much below the stress calculated from the total work done in separating 
the two parts, and is therefore an action of the tearing type in which 
stress concentrations cause local stresses much greater than the applied 
mean stress. Hence, it is probable that although the strength of the 
transitional lattice is less than the true strength of the ordinary lattice, 
it may appear greater owing to the absence of planes along which rupture 
can progress.

Since the atoms of the transitional lattice are not in their most 
stable arrangement, it follows that their energy is higher than that of 
the atoms on the undistorted lattice; hence, less extra energy is required 
to allow them to escape from each other, as when the material melts. 
Thus the transitional lattice must have a lower melting point than the 
true lattice.

Any property, therefore, which depends on the distance from the 
melting point will vary more quickly with temperature for the transi­
tional lattice material than for the other, hence, the real strength 
of the transitional lattice may fall below the apparent strength of the 
true lattice at some point well below the melting point. This explains 
the properties associated with the equi-cohesive temperature.

It was pointed out by Hargreaves and Hills, and ignored in the dis­
cussion on their paper, that the fact that crystal boundaries can move 
favours the transitional lattice theory rather than the amorphous 
cement theory. The phenomena of recrystallization and crystal growth 
seem to add further support of the same kind; for example, recrystalli­
zation after cold-work; in cold-working, the lattice is distorted, and 
the atoms no longer occupy their true positions, and cannot readily



»occupy them except by violent changes involving the reversion of 
most of the atoms to the true lattice, in many small crystals, with the 
remaining atoms rearranged to fill the gaps between the inclined sections 
of lattice so as to have the minimum potential energy. Subsequent 
grain-growth may be due to the fact that some of the crystallites 
produced in the recrystallization process did not actually reach the true 
lattice but only did so approximately. Such crystals will have an 
excessive potential energy and the boundaries will tend to move across 
such crystals giving growth of some at the expense of the others, 
the process being that in which atoms on one side of the boundary fall on 
to the true lattice, while atoms on the other side are pulled off their less 
stable lattice by the forces exerted by the atoms in the boundary regions.

A further consideration is as follows : the boundary, if it is regarded 
as consisting of amorphous material, must resemble a highly supercooled 
liquid in its properties. It should therefore possess a definite viscosity,
i.e. a rate of shear proportional to the shear stress applied to it. That 
this is so follows from the properties of the Beilby layer, which, when 
being polished, must have a fairly low viscosity. This is also con­
firmed by the fact that a polished surface does not inhibit micro-creep, 
It is evident, however, that the boundary layer behaves plastically 
rather than viscously, i.e. below a definite stress no permanent deform­
ation occurs, while above it, the rate of deformation increases much more 
rapidly than the stress (plastic) whereas for a viscous effect the rate 
would be proportional to the stress down to zero.

The results on specimens of small crystal size are also of interest, 
since they yield considerable information about the mechanism of 
creep. In the first place, the results show that there is a definite creep 
limit, of about 40 grm./mm.2, below which there is no creep in excess 
of 10-8 cm./cm ./second or of total amount more than 2 X 10~7. This 
is well below the lower limit of macro-crcep for single crystals. This 
must mean that the elastic anisotropy of the tin crystallites causes 
stress concentrations, and so local stresses are set up which are sufficient 
to cause macro-creep. Micro-creep has been shown to be suppressed 
by the presence of boundaries. Secondly, the permanent set point, 
as deduced from Fig. 3, is considerably above the creep limit, and is 
in fact about twice the stress, 80 grm./mm.2.

The shape of the creep and recover}7' curves must now be considered, 
the creep curve (see Fig. 4) can be taken to consist of two superposed 
effects, the variable or g rate and the final y  rate. The p curve, with 
signs changed, also represents the recovery after removal of the stress. 
Hence the ¡3 curve can be taken to represent a definite physical process, 
on which the constant (final) rate of extension may be superposed.

116 Chalmers : Extensometer Measurements on Tin
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In order to investigate the [i curve, it is more convenient to consider 
the recovery curve, since it is not confused by the y  or constant flow. 
The process of recovery is clearly due to the fact that some of the 
crystallites are stretched elastically, while others are behaving plasti­
cally. The elastic ones tend to return to their original length while the 
plastic ones offer a retarding force. To express this mathematically, 
consider a number of elastic crystallites that have been stretched by a 
length I above their length under no stress; a force proportional to I 
will tend to restore them to their unstressed length, hence the force 
acting F  — Al.

The mean rate of contraction ~  will depend on the force and on the

amount of plastic material that is affected by the elastic part, which may 
be assumed to be proportional to the force, i.e.

r, =  BAH2 =  d 2 at

or ~ — c(t const.)

where I =  l0 at t =  0 , and & is a constant. Then L — l0 — l, where 
L is the actual decrease of length after the time t. This expression is 
found to agree closely with the recovery curves, and an example is 
given in Table II.

T a b l e  II.

Time. L  Calculated from ft.
L  Calculated from

I =  —is__
1+W

L  Observed.

0 0 0 0
2 3-8 2-3 2-8
4 4-9 3-9 4-3
6 5-5 5-0 5-2
8 0-1 5-9 5-9

10 0-5 6-5 6-5
15 7-4 7-0 7-5
20 8-2 8-6 8-4
25 8-8 9-0 9-0
30 9-4 9-5 9-6
40 10-1 10-1 10-4
50 11-1 10-6 11-0
60 11-8 10-8 11-1

It is also shown that the i1  law given by Andrade, 1  does not agree 
with the experimental curves as closely as the expression derived above. 
It is interesting that Andrade’s formula, originally obtained with much
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larger stresses and rates of flow, should still agree moderately well at 
these small rates.

The process of recovery is then due to the elastic contraction retarded 
by the plastic flow, and the creep process is the inverse of the recovery, 
being the process of plastic flow of a material containing elastic inclusions, 
where the same reasoning holds for the diminishing rate part of the 
length-time curve. In the conditions of zero final rate, the stress is 
such that the matrix is elastic, containing plastic inclusions.

The above treatment is necessarily approximate, as the parabolic 
relation of rate with stress for a single crystal does not agree with the 
single crystal data. The form of the expression, however, would 
probably not be altered seriously by substituting a more complicated 
expression.

It must be realized that the present experiments are carried out in a 
material that does not work-harden under the slow extensions concerned 
(this is proved by the constancy of rate in the single crystal experiments), 
the apparent work-hardening being due to the completion of the elastic 
part of the extension.

The form of the stress-strain line for strained specimens (see Fig. 6) 
adds further evidence that the explanation of creep and recovery given 
above is true. The constant or y  flow, which is regarded as taking place 
during the whole of the creep time, is to be considered as the sum of 
the macro-creep effects in all the crystals which behave plastically and 
are unafiected by elastic portions. After the ¡3 creep has finished, the 
material as a whole is in this condition, the elastic parts having reached 
a condition of equilibrium with the plastic parts.
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DISCUSSION.
(Condensed.)

Dk. C. Sykes * (Member): The mechanical properties of single crystals are 
quite different from those o f the polycrystalline material, and in particular the 
range of extension which is elastic, i.e. obeys Hooke’s law, is usually very much 
smaller in the case o f single crystals than in polycrystalline material. In the 
case o f tin, as the author has shown, strains, less than 10 -°  em./cni., overstep the 
elastic range, assuming that there is any elastic range at all.

Debye, in his work on the specific heat, was able to calculate the Cv,T curve 
of all elements from a knowledge o f their elastic properties. The general agree­
ment between the experimental results and those obtained theoretically is very 
satisfactory, and is scarcely likely to bo a coincidence. The elastic constants 
chosen have usually been obtained from polycrystalline material.

It would appear then that the presence of grain boundaries does not alter the 
elasticity o f a metal, but only the range over which it is elastic, and, further, that 
even single crystal tin must be elastic for very small displacements. Moreover, 
it seems desirable to determine experimentally i f : (a) there is any connection 
between the grain-size o f a specimen and the range over which it is elastic, and 
(b) if the modulus of elasticity is independent of the magnitude of the elastic 
range.

The author has found experimentally that specimens containing more than 
one crystal have a definite creep limit, and that the magnitude of the creep limit 
and therefore the elastic range, is a function of the orientation of the crystals with 
respect to the grain boundaries. From this result it is concluded that the pro­
perties of the grain boundaries are affected by the orientation of the crystals. 
The mechanism involved is not very clear. A grain boundary' can scarcely be 
wnsidered as a plane, since it has considerable thickness on the atomic scale, and 
its orientation with respect to any given axis will vary considerably from point 
to point.

In the specimens examined, the grain boundaries were parallel to the direction 
of stress. Further experiments, using specimens in which the grain boundaries 
have different directions with respect to the stress, seem desirable before any 
definite conclusion is reached as to the mechanism of the effect o f crystal orienta­
tion on the strength o f the boundaries.

The author has developed a precision instrument which, judging from the 
results already obtained, will prove to be of great value for the investigation of 
the mechanical properties of metals. He should also be complimented for the 
marked ingenuity displayed in producing specimens having grains of controlled 
size and orientation.

The combination o f single crystal technique and precision measurement 
cannot fail to produce results o f first-rate significance for the development of the 
theory of the metallic state.

Frofessor D. H anson,t  D.Sc. (Vice-President): The author’s testing instru­
ment makes possible the measurement, in a relatively simple manner, o f changes 
which we have not been able to study before, and, in consequence, his paper is a 
little difficult to discuss, as it deals virtually with virgin territory.

I have investigated creep phenomena, but by the more commonly used long­
time tests under greater loads. While the author’s conclusions do not bear 
directly on my results, there are certain facts which seem to have an important

* Research Physicist, Metropolitan-Vickers Electrical Co., Ltd., Trafford 
Park, Manchester.

t Professor of Metallurgy, The University, Birmingham.
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bearing on the behaviour o f metals under the ordinary longer time test. I f  I 
have understood him aright, Dr. Chalmers shows that the presence of a boundary' 
does influence the behaviour of the metallic test-piece; without necessarily 
having great strength itself, it interferes with the slip mechanism in its neigh- 
bourhood. That is consistent with Gough’s work on the influence of boundaries 
in fatigue testing. In other words, it does have an effect which, mildly at any 
rate, is a strengthening effect in the neighbourhood of the boundary. In regard 
to these creep phenomena, if that is the case, it would be expected that when the 
number o f boundaries was large, the material would become stronger and more 
resistant to flow. In the case o f relatively small crystal sizes that does not 
appear to be the case, either under low stresses or under the higher stresses used 
in the commoner form of creep testing; and with very small grain-sizes, as m cold- 
worked and slightly recrystallized metal or eutectic mixtures, the now under 
load takes place much more readily than when the grain-size is large. This is 
an apparent anomaly, and I  see no clear explanation o f it. I f  the author could 
explain this weakness o f fine-grained material, he would make an important 
contribution to the understanding of the behaviour o f metals under creep 
conditions.

Is it connected with the heterogeneous distribution of stress which un­
doubtedly occurs in the material when the areas enclosed by the boundaries are 
small ? The author gives it as the cause o f recovery, and it may be that in 
materials tested near their recrystallization range, severe local differences in now 
or differences in stress would enable recrystallization to occur more readily at the 
testing temperature, or in some such way produce a redistribution inside the 
material which will allow the flow to proceed. It would give a sort of annealing 
effect at a lower temperature. I  mention that as a possible explanation, because 
it is anomalous that the presence o f so many apparently strengthening boundaries 
should produce a material which flows very readily under low loads w hen the 
grain-size is very small.

The author’s explanation o f recovery is similar to that given some years ago 
by Gough and myself, in studying fatigue phenomena. Recovery on removal ol 
stress occurs not only in creep testing but also in repeated stress testing, such as 
fatigue testing. If, for example, a specimen is loaded to a sufficient stress less 
than the maximum stress, and the load is then completely removed, and this 
process is repeated, the material quickly assumes the cyclic state, in which e 
behaviour can be represented by a symmetrical loop, and the shapes ol . t ic  
loading and unloading curves are identical; in other words, the behaviour ot t le 
material is exactly the same when the load is taken off and when it is put on. 
That indicates that the process o f quick recovery during fatigue testing is the 
same as the process o f loading. Muir showed many years ago, when working on 
the effect of overstrain on iron, that in tensile testing the unloading curve lias t e 
same form as the loading curve. Gough and I concluded that it was due e 
locked up elastic stresses pulling the material back into its initial form, and tha 
it was being resisted by the plasticity of the crystals*

The author’s conclusions regarding the nature o f the crystal boundary aic 
interesting, especially as they are derived from experiments in which the arnoun 
o f deformation was trivial. I  have come to the conclusion also that the crys 
boundary is inherently weak, and the author might be interested in a paper by 
Wheeler and myself * on the flow of aluminium. We concluded that the boun­
dary was a region where the material hung together at a few points, and qui 
a few o f those points of contact would give a sufficient strength, by virtue ot • ie 
cohesion o f the metal, to enable one to put on a sufficient stress to make the 
crystals themselves flow plastically to a great extent. Under certain conditions, 
however, it is possible to develop the weakness o f the crystal boundary, as b)

* J. Inst. Metals, 1931, 45, 229.



m a in ta in in g  a  l o a d  f o r  a  l o n g  t im e ,  b e c a u s e  u n d e r  s u c h  a  u n id i r e c t i o n a l  s t r e s s  a n y  
m o v e m e n t s  a t  t h e  b o u n d a r y  a r e  a ll  in  o n e  d i r e c t i o n ,  a n d  t h e y  a ll  t e n d  t o  d i s r u p t  
th e  m e t a l ,  w h e r e a s  t h e  s l ip  m e c h a n is m  r e c o n s t it u t e s  t h e  c r y s t a l  a s  t h e  f lo w  ta k e s  
p la ce .

The P r e s i d e n t  a s k e d  t h e  a u t h o r  t o  r e p l y  t o  t h e  d i s c u s s io n  in  w r i t in g .
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CORRESPONDENCE.
Dk . U. R. E vans,* M.A. (Member): Apart from the special interest of Dr. 

Chahners’ work to users of tin, the discussion o f crystal-boundary conditions 
should appeal to a larger audience. It raises a point which I  ventured to discuss
16 years ago,t in connection with the interesting work of Carpenter and Elam.f 
These authors had observed that, after mild deformation, some grains grow at 
the expense o f others, and had seemed to suggest that it was the more deformed 
grains which grew. I  expressed the opinion that the less defonncd grains would 
invade their more deformed neighbours, since in any system the more stablo 
phase will always grow at the expense of the less stable phase; for instance, an 
ice crystal placed in water below 0° C. will grow at the expense of the water, 
whereas above 0° C. the water would extend at the expense of the ice. I  am glad 
that Dr. Chahners takes the same view, and supplies what is, at least approxi­
mately, a true picture o f the change. ‘

I have always regretted that this exceptionally interesting work by Carpenter 
and Elam was discontinued—largely owing to the magic of big crystals. No one 
will deny the wonderful experimental impetus given to many branches of metal­
lurgy and physics by their method o f producing big crystals; nevertheless, 
viewed dispassionately, a large crystal only differs from a small crystal in size, 
whereas the work on boundary migration seemed capable of supplying answers to 
many very fundamental questions, which were otherwise likely to remain un­
answered. In 1921, one wished to know' why, when a certain number o f atoms 
were already aligned in a straight row, other atoms tended to place themselves in 
the same alignment; one wished to know how' many atoms in a row were needed 
to exert this orientating force, and over what distance the orientating force 
could exert itself. In 1921, the answers to these fascinating questions seemed 
to be just about to be obtained, but, although in the interval, mathematicians 
may have given us the answers in certain specially simple cases, we are still 
waiting for detailed experimental work on this matter, such as might have been 
expected from a detailed study of boundary migration. An attempt by Cook 
and myself § to continue the same sort of work by statistical counts of grains in 
tin, lead, and cadmium, was left unfinished in its early stages. Some interesting 
work has, however, been published by Eastwood, Bonsu, and Eddy,II whilst the 
work of Straumanis on metallic crystals grown from vapour is of great im­
portance.

Since tin has proved a suitable metal for study, I  hope that Dr. Chalmers will 
continue work on these and correlated problems. He would not only receive 
the thanks of those concerned with tin and other soft metals, but he would do

* Cambridge University.
t  U. R. Evans, J. Inst. Metals, 1921, 25, 298.
+ H, C. H. Carpenter and C. P. Elam, J. Inst. Metals, 19-0, 24, 83; 19-1, 25, 

259.
§ M. Cook and U. R. Evans, Trans. Amer. Inst. Min. Met. Eng., 1925, 71, 627.
!! L. W. Eastwood, A. E. Bonsu, and C. T. Eddy, Trans. Amer. Mm. Met.

1935, 117, 246.
1[ M, Straumanis, Z. Krist., 1934, 89, 487.
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much to revive scientific interest in metallurgical research; there are many who 
feel that metallurgy should comprise something more than the cartography of 
equilibrium diagrams.

The A u th o r  (in reply) : Dr. Sykes raises a very interesting point regarding 
the theory o f specific heats. It would appear that a rather fundamental 
distinction must be made bctw-een properties, such as specific heat, that are 
characteristic o f the material as a whole, and other properties, among which 
is plastic flow, that depend on some kind o f local singularity affecting only a 
small proportion o f the material. The latter are generally referred to as 
structure-sensitive properties, and the former as structure non-sensitive. 
Small quantities o f impurity often have a relatively large effect on structure- 
sensitive properties, and a quite small effect on non-sensitive ones. Applying 
this distinction to the present case, the greater part o f the material does* not 
flow under very small stresses, the actual flow being duo to translation along 
glide planes spaced, atomically, a long way apart. The bulk of the material 
is, then, elastic, and so Debye’s theory o f specific heats can be applied, 
although the crystal, as a whole, is plastic. The mechanism suggested to 
account for micro-plasticity has been discussed in a previous paper,* and 
reference to this will explain this point o f view more fully.

With regard to the nature o f the boundary material, to which Dr. Sykes, 
Professor Hanson, and Dr. Evans refer, I  have carried out, since the completion 
o f the paper under discussion, a fuller investigation o f the effects o f longi­
tudinal boundaries on the creep limit. The experiments, an account o f which 
has been published,f consisted o f the preparation, by a “  seeding ”  method, 
o f cylindrical specimens consisting o f two crystals with one longitudinal 
boundary. The yield-point was measured for each specimen, and it was 
found that a definite relation exists between the angle betwreen the crystal 
axes o f the two crystals and the yield-point. This is shown to constitute 
strong evidence for a transitional lattice boundary theory, and against an 
amorphous layer theory.

In connection with Professor Hanson’s interesting comments on the 
creep properties of materials with small grain-size, I can only suggest that the 
explanation may be that the effect of a boundary in preventing glide may 
not be so marked when the extent o f a boundary is small, perhaps disappear­
ing altogether if  the size o f the boundary is reduced until it is comparable 
with the distance between two glide planes.

Finally, I  can assure Dr. Evans that I am working on various problems, 
among which I include the very important problem o f recrystallization and 
grain-growth, to which the present technique is applicable.

* Proc. Roy. Soc., 1936, [A], 150, 427-443. 
f  Proc. Roy. Soc., 1937, [A], 162, 120-127.
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A STUDY OF THE MECHANICAL PROPERTIES 784 
OF TIN-RICH ANTIMONY-CADMIUM-TIN
ALLOYS.*

By P r o f e s s o r  D. HANSON,f D.Sc., V i c e - P r e s id e n t , and W. T. PELL- 
WALPOLE,} B.Sc., Ph.D., M e m b e r .

S y n o p s i s .

The tensile strength and Brinell hardness of alloys containing up to
43 per cent, of cadmium and 14 per cent, of antimony have been deter­
mined on annealed chill-cast specimens. The results are correlated with 
the constitution of the alloys. Maximum stable values obtained aro 
tensile strength 7-0 tons/in.2 and Brinell hardness 36.

Tin-rich alloys containing 3 per cent, to 8 per cent, of cadmium with
1 per cent, to 9 per cent, of antimony havo been tested as rolled and after 
various heat-treatments.

Two forms of hardening are obtained by quenching from suitablo 
temperatures. One form is due to the solubility change of antimony in 
tin or in (3; the other, which produces much more intense hardening, is 
analogous to the hardening of binary cadmium-tin alloys by quenching 
and depends on the suppression of the eutectoid decomposition of the 
/3 phase. Permanent improvement results in the first case, but the 
second type of hardening is only temporary, since complete self-annealing 
occurs at normal temperature (18° C.) within 18 months.

Tempering experiments have been carried out to obtain permanently 
stable properties by short-time heat-treatments.

I n t r o d u c t i o n  a n d  P r e v i o u s  W o r k .

The beneficial effect of antimony on tbe mechanical properties of tin 
is well known, antimony-tin alloys forming the basis of most of the 
commercial tin-base alloys. The effect of cadmium on tin bas been 
studied by the present authors, 1  who have shown that the tin-rich 
cadmium-tin alloys can be permanently improved by heat-treatment.

There has been no previous systematic investigation of the 
mechanical properties of ternary alloys of antimony and cadmium 
with tin, but it has been shown that the addition of 1  per cent, of 
cadmium to tin-base bearing metals greatly improves the fatigue 
strength, 2 indentation hardness,3 tensile strength,4 and resistance to 
pounding. 5

The present paper describes the results of a research on the
* Manuscript received December 24, 1936. Presented at the Annual Autumn 

Meeting, Sheffield, September 8, 1937.
t Professor of Metallurgy, University of Birmingham.
t Department of Metallurgy, University of Birmingham.
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mechanical properties of antimony-cadmium-tin alloys containing up 
to 43 per cent, of cadmium and 14 per cent, of antimony. The results 
are correlated with the constitution and microstructures of the alloys, 
which have been described previously by the authors. 6

E x p e r i m e n t a l .

Tensile tests and indentation hardness tests have been carried out 
on (a) the whole series of alloys as chill-cast and annealed; and
(b) alloys containing 3 to 8  per cent, of cadmium with 1 to 9 per cent, 
o f antimony, in the form of rolled strip, after various heat-treatments. 
Alloys for tests (a) were prepared as ingots 6 X 1 X 0'2 in., and for 
tests (b) as ingots 10 X  2 x  0 ’5 in. ; all were cast at 300° C. into chill 
moulds heated to 1 0 0 ° C. The strip ingots were cold-rolled to 0'1 in. 
thickness; all compositions rolled satisfactorily, but some blistered 
slightly on standing.

Tensile tests were carried out on a 5-ton vertical testing machine 
at a constant rate of straining of 0 -l in./in./minute, since the more 
rapid rate, 0-4 in./in./minute (1‘6 in./minute) used for the previous 
work was found to be unsatisfactory for these alloys. In order to 
relate the results of the two different rates, a series of alloys having; 
tensile strengths from 1 to 7 tons/in .2 was tested at both rates. Am 
approximate linear relation was obtained, as follows : Tensile strength', 
at 0’1 in./in./minute =  0'86 X tensile strength at 0‘4 in./in./minute.

Hardness tests were carried out on a Vickers machine, using ai
2 mm. ball and a load of 10 kg. applied for 15 seconds.

Tests on Chill-cast Material.
The chill-cast ingots were machined to test-pieces 0'5 in. wide 

over the parallel portion, and a gauge-length of 2  in. was marked for 
the measurement of the extension. The test-pieces were annealed for 
7 days at 170° C. and cooled in the furnace.

The results of tensile and hardness tests are given in Appendix I  
and are shown graphically in Eigs. 1 and 2 (Plate VII). The relation 
between mechanical properties and the constitution of the alloys is very 
marked in both diagrams. The alloys may be classified into two well- 
defined groups :

(1) Those in which the compounds S and s are present only as 
secondary separations or as separations in the solid state, i.e. in the 
state of fine dispersion ;

(2) Those in which either 8  or e occur as primary separations. In 
this case the compounds are able to grow to relatively large crystals of 
definite form, viz. 5 is cubic ; e forms in large needles.
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Tlie first group exists within the area ABCDEFG in Figs. 1  and 2 , 
the second group in the area BG'IIFEDC. Within the area ABCDEFG, 
which will be considered first, the mechanical properties are closely 
related to the phase diagram of alloys in equilibrium at room tem­
perature, 0 and for convenience in comparing, the phase boundaries of 
this horizontal section through the constitutional model are shown as 
broken lines in the diagrams of hardness and of tensile strength.

The a phase field A IJK L  has such a limited extent that none of 
the alloys tested consists entirely of a, but, from the form of the contour 
lines and the known values for the binary alloys antimony-tin and 
cadmium-tin, it is clear that cadmium in solution in tin has a much 
greater hardening and strengthening effect than has an equal amount 
of antimony. This effect is also noticeable in the case of alloys which 
lie within the a +  8  phase field LBM K  : the contour lines both of 
hardness and of tensile strength are almost parallel to the antimony- 
tin face, and are very close together, indicating a very rapid improve­
ment with increasing cadmium content, and a very slight improvement 
with increasing antimony content.

In the phase fields <x +  8  +  e (KMN) and a - f  e (NOJIC), the 
directions of the contours indicate a continuous steady increase of 
strength and hardness with increasing amounts of the e phase, until 
the contours of 6 tons/in . 2 and 30 Brinell, respectively, are reached. 
These contours practically coincide with the limit of existence of e as 
a solid solubility separation on ly ; within the quadrilateral MCDQ, e 
is also present as a secondary separation (a -f- L -f- e). Beyond the 
line MQ the increase of strength and hardness is again in the same 
direction, but becomes more gradual until a flat maximum is reached 
in each diagram, near to the line NO, which lies on the lower limit of 
primary separation of the 8  phase.

The remaining alloys within the first group (JOCDEF) are all in 
the phase field a +  y  +  e, but with respect to mechanical properties, 
the eutectoid (a -f- y) behaves as an independent phase ; the position 
of the eutectoid valley is shown at RSS' in Figs. 1 and 2. Along the 
line JPO, which represents the limit of existence of the eutectoid, 
there is a very sudden inflexion of all the contour lines, and within the 
area JPSR (a -}- e -f- eutectoid) both tensile strength and hardness 
are again proportional to the amount of the s phase which is present 
up to line PS. In the area PSDCO, where e is present as a secondary 
separation (a - f  L +  e ) ,  the increase in tensile strength and hardness 
become more gradual until the flat maxima, which have been men­
tioned previously, are reached.

The eutectoid line RSS' constitutes a ridge of high strength and



hardness, the contour lines running parallel to it on either side. The 
decrease of both properties in alloys immediately to the right of this 
line indicates that the appearance of secondary y (binary complex 
S 4 - v) has a distinct weakening effect. This has been noted by the 
authors in the case of binary cadmium-tin alloys, but the effect is 
much more pronounced when antimony is present. A flat depression 
occurs between 1 0  and 16 per cent, of cadmium, but further increase 
of cadmium content has scarcely any effect on hardness or tensile 
strength. The closeness of the contours in the latter region show that 
increasing proportions of the c phase have a considerable strengthening 
effect, whether it is present only as a solid solubility separation area 
RTEVG) or also as a secondary separation (complex e +  y) (area 
TCDEFU). The antimony-rich limit of this area (CDEF) corresponds 
approximately to a maximum in tensile strength, and to a sudden 
widening of the contour lines in the hardness diagram.

All alloys within the first group (ABCDEFG) have a reasonable 
extension (10-50 per cent, on 2  in.) in a tensile test, and break with 
the “  ductile ”  type of fracture associated with considerable reduction
of area of the test-piece (see Fig. 3, Plate \ III).

The alloys of the second group (area BG'IIFEDC) contain either 8 
or e or both as primary separations. The brittleness of these phases, 
and the relatively massive forms in which they gTow from the liquid, 
exert a much greater control of the mechanical properties than do the 
normal phase relations. The valleys of the primary and secondary 
surfaces are shown, therefore, in the diagrams of hardness and tensile
strength. , . ,  ,

In the area BG'VM  the primary separation is the S cuboid phase,
and no e is present in any form. The contours m this area (Figs. 
and 2 ) indicate that an increasing quantity of the cuboids has no 
appreciable effect on either tensile strength or hardness, whereas 
increasing cadmium content causes a very rapid increase of both 
illustrating the great benefit of the addition of small amounts of
cadmium to antimony-tin alloys.

In the area MVWC  the alloys separate primary S cuboids on 
cooling from the liquid state; the S should react with liquid at 227 _ U ■ 
to produce s +  a, but it has been shown previously 6 that this reaction j 
is suppressed during cooling, and that e is only formed after annealing. 
This suppression has an important effect on the size and distribu ion , 
of the e, which appears as small rounded masses often closely associated 
with the residual S. The contours in this area indicate that increasing 
amounts of the e  cause a gradual decrease in hardness and tensi e 
strength from the maxima mentioned previously. In alloys containing i
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more than 1 2  per cent, of cadmium, the tensile strength decreases 
much more rapidly than the hardness. The triangle WCY  encloses 
those alloys in which either cubic crystals of 8 , or elongated crystals 
of e occur as the primary separation with the complex (8 +  e). In 
this region the hardness decreases very slowly as the quantity of 
s increases, hut the tensile strength decreases extremely rapidly, 
especially in alloys containing more than 1 2  per cent, of 
cadmium.

The remainder of the diagram (S'CDEF) consists of alloys in 
which e “  needles ”  are the primary separation. In these alloys the 
relation between tensile strength and hardness breaks down com­
pletely ; hardness increases very slowly with increasing proportion of 
the primary e, whilst the tensile strength decreases steadily with 
increasing antimony content, from the maximum which occurs at 
5'5 tons/in.2 along the boundary of primary s separation (DEF) to a 
constant value of 2 '0  tons/in.2 along the section containing 13 per 
cent, of antimony. In both diagrams there is a slight change in 
direction of the contours, corresponding approximately to the lines 
DY', EZ, which represent valleys between the surfaces of secondary
separation E -f- e a — E -f- e -f- ¡3, and E -j- (3 -f- e---- E y  -f- s,
respectively. All alloys of the second group give “  brittle ”  types of 
fracture in the tensile test, i.e. there is very little extension and no 
appreciable local reduction of area.

If 8 is the primary separation in the alloy the fractured surface is 
extremely fine-grained, whilst the presence of primary z produces an 
extremely coarse structure in the fractured surface (Fig. 3, Plate VIII).

In the case of alloys with the higher antimony and cadmium con­
tents, it is rather difficult to obtain perfectly sound castings; several 
of the test-picces fractured at blow-holes, but, since at least two 
specimens of each alloy were tested, a reliable result was obtained in 
most cases.

Tests on Rolled Material.
Specimens for tensile tests were machined to a width of 0 ' 5  in. 

(the thickness being 0-1 in.) over the parallel portion. The gauge- 
length was 2 in. The following series of tests have been carried ou t:

1 (a) Periodical hardness measurements on specimens as rolled.
{b) Tensile tests 6  weeks after rolling.

2 (a) Hardness and tensile tests on specimens annealed for 7  days
at 170° C., and furnace-cooled.

(6 ) Hardness and tensile tests on specimens quenched from 170° C. 
(c) Periodical hardness measurements on specimens quenched 

from 170° C.

of Tin-Rich Antimony-Cadmium-Tin Alloys 127



3 (a) Hardness and tensile tests on specimens annealed for 4 hrs. 
at 170° C., then for 2  hrs. at 190° C , and quenched.

(6 ) Specimens treated as 3 (o) and aged at room temperature- 
periodical hardness tests, and tensile tests 2  months after
rolling.

(c) As 3 (a), then tempered at 100° C.

The results of a great number of tests show that there is a definite 
relationship between tensile strength and Brmell hardness for these 
alloys. For all heat-treated specimens a linear relation is obtame .
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Tensile strength in tons/in.2 =  0'2 X Brmell number. The rcsu s o 
alloys in the rolled and self-annealed condition do not be in the same 
straight line as the former, but give a second relation : tensile strength 
in tons/in .2 =  0-23 X Brinell number. The graphs are shown id
Fig. 4. . u

Periodical hardness tests show that during the period from 1 woo 
until 1 2  weeks after rolling a gradual reduction in hardness occurs m 
all alloys, but the extent of softening decreases with increasing anti­
mony content. This softening is analogous to that which occurs wit 
the tin-rich c a d m i u m - t i n  alloys after rolling, 1  and is probably due o 
the gradual completion of the eutectoid transition, which is partia >
suppressed by chill-casting. _ _ .

The results of hardness and tensile strength are given in iable i,

ROLLED A N D  SELF-ANNEALED U.T.S

w ,T  BRINELL HARDNESS
BRINELL HARDNESS 4 ,

Fiq. 4.__Relation Between Ultimate Tensile Strength and Brmell Hardness.
N.B. Each Point Represents Results on a Different Alloy.

ROLLED A N O  HEAT-TR EATED U .T .1  
(TO N S / «? - I N . ) - 0*1 X BRINELL
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P la t e  VIII.

_
B C

Flr 3 —The Four Types of Fractures Obtained in the Tensile Tests. 
(A)  Ductile; with Great Reduction of Area; (B) Fibrous, Fair 
Ductility, and Reduction of Area; (C) 1-me Brittle Fracture 
Associated with the Presence of Primary 8; (D) Very Coarse Brittle 
Fracture, Caused by Primary “  Needles ”  of f.
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and show that in rolled alloys these properties are controlled chiefly by 
the antimony content, and vary only slightly with the cadmium 
content. The maximum values are obtained in the series of alloys 
which contain 7 per cent, of antimony; these are approximately 
constant for all cadmium contents from 3 to 8  per cent, cadmium, at 
7 tons/in.2 with 45 per cent, elongation and hardness of 31.

T a b l e  I.— Mechanical Properties of Rolled and Self-Annealed 
Antimony-Cadmium-Tin A Hoys.

Alloy No. Cadmium, 
Per Cent.

Antimony, 
Per Cent.

Brincll Hardness.
Ultimate 
Tensile 

Strength, 
Tons/in.1 
6 Weeks 

after 
Bolling.

Elongation, 
Per Cent, 
on 2 in.
6 Weeks 

after 
Bolling.

1 Week 
after 

Bolling.

6 Weeks 
after 

Boiling.

12 Weeks 
after 

Bolling.

C3.S1 3 1 13-0 11-6 12 0 2-12 78
C3.S2 2 15-8 13-0 15-6 2-98 64
C3.S3 3 19-5 18-5 19-5 3-96 52
C3.S4 4 22-1 22-5 22-9 5-0 42
C3.S5 5 25-0 24-7 20-6 5-95 37
C3.S7 7 31-8 31-8 27-2 7-14 47
C3.S9 9 31-0 31-0 27-8 6-91 42
C4.S1 4 1 15-8 12-1 12-3 2-26 60
C4.S2 2 16-2 15-4 15-9 3-18 58
C4.S3 3 191 18-9 19-9 4-18 28
C4.S4 4 22'9 22-7 23-6 51 50
C4.S5 5 243 24-1 26-1 5-48 42
C5.S1 5 1 15-5 13-0 12-8 2-36 76
C5.S2 2 16-9 15-7 10-4 3-26 57
C5.S3 3 20-6 19-9 20-4 4-28 46
C5.S4 4 22-9 22-9 24-5 5-18 41
C5.S5 5 24-5 23-7 25-6 5-64 44
C5.S7 7 31-8 321 30-0 6-74 35
C5.S9 9 36-3 36-3 3G-3 7-14 32
C6.S1 6 1 16-4 14-9 11-2 3-35 62
C6.S3 3 20-8 19-9 18'3 4-37 49
C6.S5 5 26-3 25-9 241 6-2 47
C6.S7 7 31-0 31-3 29-0 7-15 44
C7.S1 7 1 17-0 15-3 13-5 3-41 42
C7.S3 3 23-4 21-9 19-0 4-78 47
C7.S5 5 27-5 27-8 24-7 6-24 42
C7.S7 7 31-4 318 29-0 6-95 48
C8.S5 8 5 23-5 26-6 24-5 6-05 51
C8.S7 7 31-8 32-1 29-8 7-31 54

The tests on rolled alloys annealed at 170° C. and furnace cooled 
give results very similar to those obtained for chill-cast alloys sub­
jected to the same heat-treatment, but the latter have slightly higher 
values for tensile strength and hardness, and correspondingly lower 
elongations (Table II).

Annealing at 170° C. causes the cadmium-rich y  phase of the 
eutectic, which is present in the alloys when chill-cast, to be taken 
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quenched. Considerably improved properties were obtained by this 
treatment, but many alloys showed signs of having been above thear 
respective solidus temperatures. Further experiments showed that 
annealing for 4  hrs. at 170° C„ and then for 2 hrs. at 190 C followed 
by quenching, was the most satisfactory treatment, and only 5 alloys 
gave no result due to the presence of the liquid phase For all other 
compositions, tensile and hardness teste were carried out and the 
results show a very marked improvement in properties compared with 
those obtained with previous heat-treatments, but the strongest a o>s 
have rather low elongations.

T a b l e  III,—Mechanical Properties of Quenched Sb-Cd-Sn Alloijs.
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Alloy No.

PerCent. Per Cent.

C3.S1
C3.S2
C3.S3
C3.S4
C3.S5
C3.S7
C3.S9
C4.S1
C4.S2
C4.S3
C4.S4
C4.S5
C5.SI
C5.S2
C5.S3
C5.S4
C5.S5
C5.S7
C5.S9
G6.S5
C6.S7
C7.S5
C7.S7
C8.S7

Composition.

Cad­
mium.

Anti­
mony.

Quenched from 190° 0. 
Tested Immediately.

Ultimate
Tensile

Strength,
Tons/in.1

1
2
3
4
5 
7 
9 
1  
2
3
4
5 
1  
2
3
4
5 
7 
9 
5 
7 
5 
7 
7

5-32
5-53
5-806-00 
6-48 
6-82 
6-34 
8-3 
6-85
6-87 
6-88
7-19
6-GO
8-59 
8-48 
8’26 
8-60
7-20 
6-72

10-42
8-45 

10'50
9-70 
8-92

Elonga­
tion, Per 
Cent, on 

2 in.

Brinell
Number.

40
39
36
44
33
31
39
12
30
30
31 
30

5
10
25
27
3010
29

3
20

5
14o

29-0
29-3
29-5
30-3 
33-8 
360 
32-0 
3S'8 
37-8 
35-0 
35-0 
350
40-5
41-8
44-5
42-0 
42-8 
37-0 
360
45-8
42-8 
480 
45-0
43-8

Quenched.
Aged ior 8 Weeks at 18° C.

Ultimate
Tensile

Strength,
Tons/in.‘

3-86
4-48
5-26
5-87 
618
6-77 
6-27 
4-65
4-85
5-39
6-04 
6-75 
5-36
5-44
6-02
6-50 
6-68
7-03
6-64
7-73 
G-96 
6-82 
7-43 
7-04

Elonga­
tion, Per 
Cent, on 

2 in.

Brinell
Number.

42
39
37
39
30
29
30
14 
37 
37
32 
37 
26
15
24
33 
37 
23 
28 
28
25 
22 
12 
19

250
250
27-0 
29-3
33-8
34-5 
31-8
28-5
29-5
30-5
31-5 
31-5
29-0 
31-5
34-5
36-8
37-5
35-5 
340 
39-3
30-3
36-5
37-0 
35-3

The tensile strengths are shown graphically m Fig. 5  (corresponding 
elongations and Brinell numbers are shown in Table 111). 
diagram bears a close relation to the horizontal section throug 
ternary model at 190° C., and, in contradistinction to the results of al 
previous teste, the tensile strengths are greatly improved with mcreas 
ing cadmium content and vary only slightly with antimony content.
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The extent of the improvement over the results for slowly-cooled 
alloys is proportional to the amount of the p phase present, and the 
maximum values correspond closely to the phase field (p plus e), 
whilst alloys which gave no results are at this temperature in the 
phase fields (¡3 plus liquid) or (p plus e plus liquid). Thus, the improve­
ment obtained by quenching from 190° C. is due chiefly to the sup­
pression of the p decomposition, but is also affected to some extent by 
the prevention of the separation of the S and e precipitates from both 
a and p, since some alloys which contain no p show a considerable 
increase in hardness and tensile strength after this treatment.

Periodical hardness tests on specimens qucnched from 190° C. and 
aged at room temperature (Fig. 6 ) show that most of the alloys undergo 
considerable softening during the first week after quenching, but that 
after this period the rate of softening decreases very rapidly in all 
cases, whilst some alloys become quite stable. The softening is most 
marked in those alloys which consist chiefly of the p phase as quenched. 
The results of tensile tests carried out on specimens which had been 
quenched from 190° C. and aged for 8  weeks at room temperature 
(18° C.) are given in Table III. For most of the alloys tested, the 
ultimate strength is lower than in the quenched condition, but those 
alloys which gave the highest tensile values with very low elongation 
figures when tested immediately after quenching are much more 
ductile after the tempering effect of ageing at 18° C. The best com­
bination of these properties occurs with the alloy C6S5, which has a



tensile strength of 7-73 tons/in.2 with 28 per cent, elongation and a
Brinell hardness of 39.

Some of the alloys which, as slowly-cooled, contain no eutectoid 
but a considerable amount of the S or e precipitates, w ere improved by 
quenching from 190° C., and these alloys undergo only a very slight 
lowering of tensile strength on ageing at room temperature.

Hardness tests on quenched alloys were repeated at intervals until 
18 months after quenching. After this time all alloys which  ̂ (as 
quenched) contained the p phase have softened to the values obtained 
in specimens which were furnace-cooled from 170° C., and in some 
cases the values are actually lower than these. The microstructures 
of these specimens show that the suppressed p has completely decom­
posed at room temperature. The alloys in which the enhanced hard­
ness obtained on quenching is due to the prevention of the separation 
of the S or e phases, softened very slightly during the 18 months at 
room temperature. The alloy C3S7 is the hardest of this group 
(Table IV).

T a b l e  IV.
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Composition.
Brinell Hardness.

Tensile
Strength,
Tons/In.*

Elongation, 
Per Cent, 
on 2 in.

Cadmium. AntimooT.
'Per Cent. Per Cent. A. B. 0. 1).

3 1 20-5 24-0 21-3 21-0 4-0 1 40
2 21-5 24-0 23-6 22-4 4-3 35
3 23-2 25-2 24-8 24-8 4-8 45
4 27-5 28-3 27-8 25-8 5-3 45
5 320 31-8 31-0 30-8 5-9 37
7 330 35-0 35-0 34-2 6-6 25
9 31-0 32-0 32-0 31-5 60 18

4 1 21-5 27-3 24-4 23-4 4-4 40
2 230 28-8 24-8 24-S 4-7 44
3 25-5 29-8 27-3 26-0 5-0 40
4 28-0 29-8 29-0 27-1 5-1 45
5 29-0 30-0 30-0 29-5 5-8 40

5 1 220 30-0 24-0 22-0 5-0 30
2 230 31-3 27-1 25-0 5-4 22

3 26-0 33-3 29-0 28-0 5-7 25
4 29-0 29-3 29-3 29-5 5-8 3S
5 30-5 35-0 32-0 31-0 6-1 25
7 32-0 33-5 33-5 32-5 6-0 20
9 30-5 35-0 35-0 340 6-2 18

6 7 30-0 35-2 32-2 31-2 6-3 25
7 7 30-0 36-5 31-5 1 30-8 6-5 20

' ----- ——
A. Quenched 190° C. Aged 18 months at 20 C.
B. Quenched 190° C. Tempered for 4 hrs. at 100 C.
C. Quenched 190° C. Tempered for 12 hrs. at 100° C.
D. Quenched 190° C. Tempered for 24 hrs. at 100° C.
E. Quenched 190° C. Tempered for 24 hrs. at 100° C.



Tempering experiments have been carried out to determine tie  
most rapid heat-treatment which will produce stable properties in 
these alloys. A series of alloys was quenched from 190° C. and 
tempered for various periods at 100° C. The results (Table IV) show 
that the softening is very rapid during the first hour, but subsequently 
it proceeds very slowly. After 24 hrs, at 100° C. the values are 
approximately the same as those obtained by “  tempering ”  for 18 
months at room temperature. Tensile tests were carried out after the 
same heat-treatment. The best results were obtained with the alloy 
C3S7, which has a tensile strength of 6-5 tons/in.2, an elongation of 
25 per cent, on 2 in., and a Brinell hardness of 34.

Su m m a r y  a n d  Co n c lu sio n s .

Tensile and Brinell hardness tests have been carried out on 112 
alloys containing up to 43 per cent, of cadmium and 14 per cent, of 
antimony. The specimens were machined from small chill-cast ingots, 
and were annealed before testing. The results, which are presented 
graphically, have been correlated with the constitution of the alloys. 
It is shown that the strengthening effect of cadmium in solid solution 
in tin is much greater than that of antimony. The presence of the S 
phase (principally SbSn) as primary cuboids has no adverse effect on 
strength or hardness, but the presence of primary e  (CdSb) destroys 
the useful mechanical properties of the alloys. Maximum combina­
tion of hardness, strength, and ductility is obtained with alloys which 
have finely-dispersed precipitates of the S and s phases in an a. matrix, 
or finely-dispersed s in a matrix consisting of a (tin-rich solid solution) 
with a eutectoid of a plus y (cadmium-rich solid solution).

The maximum stable values obtained are of the order of 7 tons/in.2, 
with 15 per cent, elongation on 2 in., and a Brinell hardness of 35, in 
alloys containing 7-9 per cent, of antimony with 5-7 per cent, of 
cadmium.

Tin-rich alloys containing 3 per cent, to 8  per cent, of cadmium 
with 1  per cent, to 9  per cent, of antimony have been tested as rolled 
and after various heat-treatments. All alloys in this group will 
withstand 80 per cent, reduction by cold-rolling.

Periodical hardness tests on rolled alloys stored at 2 0 ° C. show 
that slight softening occurs during 1 2  weeks at this temperature. 
Tensile tests, carried out 6  weeks after rolling, show that maximum 
values of the order of 7 tons/in.2, 40 per cent, elongation on 2 in. and 
a Brinell hardness of 35 are obtained in alloys containing 7 per cent, 
of antimony with 3-8 per cent, of cadmium.

Annealing at 170° C. produces considerable improvement in alloys
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containing less than 5  per cent, of antimony, but there is very little 
change with higher antimony contents.

Quenching "from 170° C. effects no improvement in these alloys, 
but on quenching from 185° to 2 0 0 ° C. two forms of hardening are
obtained, due t o :

(1) The change of solubility with temperature of antimony in the 
a and {J phases. This gives permanent improvement over the annealed 
condition.

(2) The suppression of the eutectoid decomposition of the 3 phase, 
analogous to the hardening of binary cadmium—tin alloys by quench­
ing. 1  Maximum values of 10'5 tons/in.2, with 5 per cent, elongation 
on 2 in., and a Brinell hardness of 45 are obtained in the alloy con­
taining 7 per cent, of cadmium with 5 per cent, of antimony, but 
these improvements cannot be maintained, and complete self-annealing 
occurs within 18 months at ordinary temperatures.

Tempering experiments show that permanently stable values can 
be obtained by short-time heat-treatments. The alloy C3S7 gives 
maximum values of 6'5 tons/in.2, with 25 per cent, elongation on 2 in. 
and a Brinell hardness of 34.

The authors have shown that there is an approximate linear 
relation between tensile strength and Brinell hardness for all heat- 
treated rolled alloys. A different relation exists for alloys rolled and 
self-annealed. The difference is probably connected with grain-size, 
since the self-annealed alloys always have much smaller grains than 
heat-treated specimens.

Further investigations on these alloys are being carried out by the 
authors. These include tests at elevated temperatures, the study of 
the effect of different degrees of cold-work, casting temperature, and 
grain-size, and the effect of small additions of other metals.
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A d d it io n a l  N o t e .

Some further tests on the permanence of the values obtained after 
different treatments have been completed since the publication of the 
paper. The results (Table V) show the effect of allowing the alloys to 
stand at room temperature (18° C.) for 21-3 years, after the various 
treatments.

The results for rolled alloys (columns A) indicate that alloys with 
less than 5 per cent, of antimony had self-annealed completely after 
the first 6  weeks at room temperature. Alloys with higher antimony 
content retain work-hardening for much longer periods, but not 
permanently.

T a b l e  V.

Composition, Brinell Hardness. Composition. Brinell Hardness.

Cadmium, 
Per Cent,

Antimony, 
Per Cent. A. B. C. Cadmium, 

Per Cent.
Antimony, 
Per Cent. A. B. C.

3 1 12-1 18-2 20-1 5 4 21-4 27-0 28-5
2 14-4 21-9 22-0 5 22-4 29-8 30-5
3 17-4 24-0 24-0 7 23-0 29-3 31-5
4 21-0 25-3 27-0 9 25-2 27-5 31-5
5 20-5 25-8 30-0 6 1 12-5 190 —
7 23-0 27-5 34-0 3 17-5 23-S —
9 24-8 29-5 30-5 r, 22-6 27-5 30-0

4 1 12-2 18-3 21-2 7 25-0 30-5 31-0
2 14-6 21-9 23-2 7 1 12-5 18-6 —
3 17-7 24-0 24-4 3 18-5 24-6 —
4 21-1 27-0 27-3 5 23-4 30-0 30-0
5 23-0 28’3 29-5 7 24-2 31-5 30-8

5 1 12-4 18-5 20-1 S 5 22-0 27-5 —
2 14-8 21-7 230 S 7 25-5 29'8 300
3 ISO 24-S 26-0

A. Rolled : Self-annealed (1S° C.) for 3 years.
B. Rolled : Annealed at 170° C. Tested after 2i years at 18° C.
C. Rolled : Qucnchcd from 190° C. Tested after 2J years at 18° C.

The results in columns B show that the annealing treatment at 
170° C. succeeded in producing equilibrium (permanently stable) values 
in all alloys except for a few which lie in or near to the eutectoid 
valley : these have softened slightly.

Columns C give the results for quenched alloys after 2 £ years at 
18° C. They are substantially the same as those obtained by tempering 
the quenched alloys for 24 hrs. at 1 0 0 ° C., and confirm that the harden­
ing produced by supersaturation of the alloys with respect to the s 
phase, is permanent at ordinary temperature.

The best alloy of the series is that containing 3 per cent, of cadmium, 
with 7 per cent, antimony. This has a permanently stable hardness 
of 34, which represents an improvement of 50 per cent, over the fully 
self-annealed condition.



APPENDIX.
T a b l e  VI.—M e c h a n ic a l  P r o p e r t ie s  o f  C h i l l -C a s t  A n t im o n y -  

C a d m iu m - T in  A l l o y s  (A n n e a l e d  a t  170° C. a n d  F u r n a c e - 
C o o l e d ) .  _____

Composition. Results of Tensile Test.

Cad­ Anti­ Brinell [Tltimate Elonga­
mium.

Per
mony.

Per
Slumber. Tensilo

Streogth,
tion, Per 
3ent. on Remarks.

Cent. Cent. l'ons/in.» 2 In.

1 1 15-9 3-02 46 “  Ductile ”  fracture.
2 19-0 3-99 44
3
4

19-5
21-4

4-75
4-83

28
10 Ductile fracture; broke at blow-hole.

5 22-5 4-90 10 »* **

6 24-2 5-12 33 it tl

7
10

27-5
20-7

5-08
3-96

25
12-5 ”  broke at blow-hole.

20 25-0 4-S3 25 Fibrous ductile fracture.
25 25-0 4-98 53 »  ft **

28 24-6 5-16 43 tt **

33 25-0 5-00 35 a  t» »

38 24-0 4-96 52 a  a  **

43 24-2 4-91 53 tt tt a

33 0-5 22-2 4-82 33 tt ft ”

5 1-5 24-6 4-32 23 Ductile fracture.
1 2 17-3 2-90 35 ti t*

2 23-1 4-44 37 it >»

3 22-9 5-02 19 tt ti

4 24-1 5-42 18 it it

5 25-6 5-3S 28 tt it

6 23-4 4-21 18 tt tt

12 22-1 4-47 32 a  t>

20 27-1 5-67 22 a  tt

1 3 17-9 3-30 44 tt a

2 23-7 4-56 42 tt tt

3 25-0 C-45 16 tt tt

4 27-0 5-17 27 >» **

5 27-6 5-41 10 *t tt

6 28-2 5-56 34 a  a

7 300 5-77 34 it a

8 27-1 5-03 23 If j »

10 24-3 3-09 10 Fibrous. B.O.P.
14 25-4 412 8 it

16 29-0 5-03 15 Fibrous ductile.
20 28-5 5-89 22
25 28-5 5-65 29 „  a

2S 28-6 5-72 48 a  tt

33 27-5 5-69 23 ti it

38 27-3 5-52 45 a  tt

43 26-5 5-57 40
1 4 18-7 3-25 50
2 24-5 4-38 38 a a
3 2S-3 5-48 24 it tt

4 29-3 6-05 16 tt *t

5 27-2 5-91 12 tt »

16 2S-6 6-10 7
1
n

5 21-0
24-7
30-4
27-3

3-50
4-67

5S
35 Fine “  brittle ”  fracture. Fractures of

Q 6-15 22 this series change gradually from
O

4 6-23 22 \ very ductile fractures, i.e. ■with
K 28-5 6-10 16 * great reduction of area to fine­
O

0
7

33-0 6-62 25 grained brittle fractures, i.e. with
32-5 6-55 24 little local reduction of area.

8 33-5 6-35 10 * Fractured at blowhole.
10 1 28-0 4-98 8



T a b l e  V I  (conld.) .— -M e c h a n ic a l  P r o p e r t i e s  o p  C h i l l - C a s t  A n t i -  
m o n y -C a d m iu m -T in  A l l o y s  ( A n n e a l e d  a t  170° C. a n d  F u r n a c e -  
C o o l e d ) .

Composition.
Brinell

Number.
Cad­

mium.
Per
Cent.

Anti­
mony.
Per
Cent..

Ultimate
Tensile

Strength.
Tons/In.1

Elonga­
tion, Per 
Cent, on 

2 in.

12 27-5 5-00 6
14 27-0 4-83 5
16 29-3 5-46 6
20 29-0 5-42 15
28 29-1 4-78 1
33 29-0 4-76 4
43 27-1 — —

1 7 23-7 4-31 52
3 31-8 6-04 16
5 33 3 7-04 15
0 30-2 7-13 13
7 35-5 6-89 11
8 36’2 6-6 10

10 31-0 5-82 4
12 28-0 5-32 2
14 3 1 0 5-74 3
10 29-3 5-49 4
20 30-3 3-94 3
25 31-3 — —

38 29'3 3-48 0
1 9 25-0 5-34 36
3 3 1 0 6-01 18
5 3 4 0 7-00 6

6 30-5 7-16 8
7 3 8 0 7-32 10
8 37-0 6-66 6

10 33-5 6 0 5 3
25 31-5 3-48 0
33 34-0 3'30 1
38 31-8 3-28 1

1 10 29-3 5-95 18
2 34-5 6-87 13
3 33-5 6-49 5
5 32-8 6-90 3
7 34-5 6-20 3

10 33-3 6-10 2
12 32-2 6-20 3
14 30-8 6-20 3
16 30-8 2-54 1
20 31-3 1-16 1

3 12 33-5 5-90 3
5 32-8 6-01 3
7 30-5 6-95 2

10 31-5 6 1 7 2
12 32-0 6-07 2
14 34-2 3-00 0
25 34-5 1-75 1

1 14 31-8 5-8 4
2 31-8 6-10 5
3 31-5 6-43 4
5 3 3 5 6-25 2
7 34-5 4-70 3

10 35-3 4-80 2
12 34-0 4-35 1
20 33-8 1-8 0
33 36-5 1-73 1

Results of Tensile Test.

Remarks.

Pino fibrous fracture. 
tt it it

Fine brittle fracture.
♦ » II »
„  „  „  at blow-hole.

Fine brittle fracture.

Ductile fracture.
Fine fibrous fracture.

11 M >»

li M  ft

it tt tt

Fine brittle fracture.
Coarsely crystalline brittle fracture.

»» >> »» t*
»  tt ft tt

n  tt tt tt

tt tt tt tt

Ductile fracture.
Fibrous ductile fracture.
Brittle fracture of extremely fine tex­

ture.
tt ” 

tt tt *t tt

Fine brittle fracture.
Fine brittle fracture ; blow-hole.
Very coarsely crystalline fracture. 

it *t tt *t

»» tt a  tt

Fibrous ductile fracture.
a  tt tt

a  a  n
Very fine brittle fracture.

M  II »  **

tt ** »

II it it tt

B.O.P.
Blow-holes.
Fino brittle fracture.

it II »

tt II >*

J» »  II

Very coarse fracture ; blow-holes. 
Very coarse crystalline fracture.
Very fine brittle fracture.

tt a  a  **

»» »  a  *t

Rather’ coarsely crystaltino fracture.

Very coarsely crystalline fracture. 
Very coarse crystals; blow-holes. 
Very coarsely crystalline.
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DISCUSSION.
(Condensed.)

D r R. G e n d e r s ,* M.B.E. (Member o f Council): I  have no criticisms of 
detail to offer on this work, but I should be glad to know of any applications 
of the relatively high-strength heat-treated alloys which arc described m the 
paper; whether, for instance, we have now in the tin-rich alloys a bearing 
material or a workable alloy for pressing, &c., o f higher strength than the tin 
alloys which wo have used up to the present time.

Mr. J. CARTLAND.t M.C., M.Sc. (Member): In his Autumn Lecture, 
Mr. Pyc said that, as regards aircraft, all the metals which we produce are 
“  top wreight ”  at the moment; the development o f the internal combustion 
engine is limited by what metallurgists can provide for it. That is particularly 
true in the case o f  bearings. Manufacturers have had to resort to alloys of 
copper and lead, which have certain difficulties in their a p p l i c a t i o n ;  therefore 
any improvement which can be made in normal bearing metals is o f the utmost 
importance. This paper initiates a systematic study of how that can be done.

Already bearings have been improved by the addition o f cadmium to the 
ternary alloys o f  tin, antimony, and copper. So far, only approximately 
1  per cent, o f cadmium has been added to such bearing alloys in practice, 
because there is another difficulty— that o f the bonding to the shell. Have 
the authors carried out any experiments on the bonding o f the alloys containing 
higher cadmium to steel shells.

Dr. P b l l-W a lfo le  (in reply) : As regards possible p r a c t i c a l  applications 
o f  these alloys, we scarcely reached that stage, since this was more in the nature 
o f  a pioneer investigation to ascertain which compositions might prove most 
useful. I believe that some further research is being undertaken regarding 
the possible use of the strongest o f these alloys, as such, or with minor modm- 
cations, for tin-rich bearing alloys, but we have no results at the moment.

W e have not carried out any tests on the effect o f cadmium on the bonding 
properties of these alloys. It is possible that if  they were used in a heat- 
treated state, such as is necessary to obtain their best properties, the cadmium 
might not be such a disadvantage in that respect as when the alloys are used 
in the ordinary cast state, since in the latter case it is possible that there are 
traces of a low melting point eutectic present which might interfere with 
bonding.

M r.H. H. A. Gr e e r ,$ J.P. (Member): This is an impo$antpaper for engineers, 
because the usual custom at present is for bearings to be o f gun-metal lined with 
white-metal- In Diesel engines we use steel bearings and the whitc-metal run 
into it, so it is becoming very important to engineers that something harder 
and something more durable should bo made than the t in —a n t i m o n y —copper 
allov which has been used hitherto. I suggest that the Admiralty, for instance, 
should confer with the authors as to whether the use o f cadmium in these 
white-metals will or will not be beneficial, so that if  it is beneficial, the specifica­
tion can be changed from its present form to that which the authors suggest.

* Research Department, Woolwich.
t Director, Fry’s Metal Foundries, Ltd., London.
X Glasgow.
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Dr. Hugh O ’N e i l l  * (Member): The authors will have noticed, in 

comparing Figs. 1 and 2 , that when the alloys were annealed for 1 week at 
170° C., the tenacity contours in the alloys of high cadmium content had 
their crest in a very different position from the crest o f the Brineli hardness 
contours. For example, in alloys containing more than 28 per cent, cadmium, 
the maximum hardness value o f 36 occurred at the 14 per cent, parallel of 
antimony, whilst the maximum tenacity crest o f 5-5 tons/in.2 occurred at the 
3 per cent, parallel o f antimony. This difference may bo due to the 
possibility that relationships between Brineli hardness and ultimate stress 
do not obtain throughout the whole range of the compositions, or simply 
to premature fracture of the tensile test-pieces. The last is probable, and 
compression tests would therefore be interesting.

The conditions which were chosen for making the hardness teste deserve 
comment. The authors used a Vickers machine and went to the trouble 
of replacing the diamond pyramid by a 2  mm. ball working under a load of
10 kg. I f  they felt that there were good reasons for using the Brineli ball 
test it was to be recorded that they had not chosen standard loading conditions, 
values of L/D2 =  1 or 5 being usual for alloys o f this kind. They employed
a loading ratio o f jj2 =  2-5, which was not a standard, and consequently the
relationships between tenacity and Brineli number which they had elaborated 
for rolled alloys could not necessarily be applied to Brineli numbers determined 
according to British Standard loadings. I  wonder why the authors departed 
from using the diamond pyramid test, for it gives truly comparable hardness 
results on a scale which is likely to become a basis for most hardness testing. 
Correlations between tensile and pyramid values would, therefore, have been 
very -welcome. That the pyramid test can be employed on white metals is 
shown by the values obtained on alloys of the compositions given in Table A. 
For comparative purposes Brineli ball values at the authors’ and at a standard 
loading ratio were also obtained. It will bo observed from Table A  that

T a b l e  A.

Composition.
Pyramid

Hard­
ness.

H d /10/
15.

Brineli Hardness.

Specimen. L /D *=
2-5.

2/10/
15.

L /D *= 5. L /D *=

10/100/
15.

Cu. Sn. Pb. Sb. Cd.
2/20/

15.
5/125/

15.

Diesel bearing 
aiter service 0-13 1-08 30-0 28-8 29-5 31-8 30-G

No. A  Babbitt 5-4 84-3 0-3 10-0 — 31-4 31-2 30-8 31-8 30-0
No. A  -f  Cd 5-4 83-2 0-3 9-9 1-0 34-5 34-7 36-2 36-2 33-5
No. B . 2-6 58-0 29-0 9-5 _ 21*3 20’9 19-7 20-4 19-0
No. B - f  Cd . 2-6 57-0 29-8 9-5 1-1 24-0 23-4 22-8 24-8 2ó'5

the results on the specimens which were available showed considerable varia­
tions, due quite possibly to the heterogeneous nature o f the alloys. In view 
of these variations, it is suggested that the loading ratio used by the authors 
is sufficiently near to a standard value to make their Brinell-tensile relation­
ships of general application.

Tho A u th o rs  (in reply) : We are glad that Mr. Greer considers that this 
paper is important from the engineer’s point of view, since the object o f the

* London, Midland and Scottish Railway, Derby.
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research was to develop stronger alloys o f tin than those available at present, 
and if possible to produce a stronger substitute for the antimony-copper tm 
alloys which are used for lining bearings. There are, however, some practical 
limitations to the amount of cadmium which can be added to a bcairng 
metal, as was pointed out by Mr. Cartland in the oral discussion on the paper.

We arc pleased to have Dr. O’Neill’s communication on the hardness 
strength relations and the conditions of hardness-testing for these alloys. It 
is stated in the discussion o f results, that the relation between Bimell hard 
ness and tensile strength breaks down completely in the case of brittle allojs 
wWch contain primary s phase. It is probable that compression test, would 
eive more interesting results for these brittle alloys, as Di. O Neill suggests.

We a"ree with Dr. O’Neill that generally the pyramid is more suitable 
than the ball for indentation hardness-testing, but with these tin-rich alloys, 
very coarse-grained specimens are obtained after certain heat-trea men^, 
and it was found that in such cases the pyramid gave e r r a t i c  results due to 
smallness o f the indentation relative to the size o f the individual pains 
The impression obtained with the 2 mm. ball is much larger, and gave more 
consistent results with these alloys. In the case o f the harder alloj s o f this 
system which have much finer grain-size the pyramid is quite *a“ tory 
but it was found experimentally that the difference between the resu 
using the diamond and the ball was no greater than the v a r ia t io n s  obtained 
in a number o f tests with either indentor on the same specimen. The same 
conclusion was arrived at with variation of P /D 2 ratio, hence it seemed that 
the use of the 2 -mm. ball with a load o f 10  kgm. would be suitable for the 
w'hole series of alloys tested. This assumption is confirmed by Dr. 0  Iseill 
own figures for similar alloys given in Table A.
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THE METHODS OF TESTING ZINC 
COATINGS.*

By L . KENWORTHY,f  M.Sc., A.R.C.S., M em ber .

Synopsis.
The measurement of the protective value of zinc coatings on iron 

and steel, other than by accelerated corrosion tests, is carried out by 
examination of certain properties of the coating, namely, average weight, 
uniformity, structure, and porosity. Under these four headings, the 
various methods which are in use or which have  ̂been proposed for 
carrying out this type of determination are described, together with 
their respective advantages, limitations, and in certain cases suggested 
modifications.

Methods for determining average weight mostly depend on direct 
weighing of the sample before and after the coating has been removed. 
Other methods make use of the heat developed or the gas evolved 
during the dissolution of the coating in acid. In the recently developed 
electrolytic test (Britton’s test) the time taken to remove the coating 
with a known current density is used. Chemical methods of dissolution, 
depending on a time factor for the determination of thickness, are not 
applicable to coatings partially or entirely composed of alloy layer, 
because of variation in the rate of dissolution with composition. They 
may bo suitable, however, for the measurement of uniformity, as is the 
case with the copper sulphate (Preece) test. The electrolytic test, on 
the other hand, removes the same weight of coating per unit time 
irrespective of composition.

Structure is preferably determined by metallographic examination 
while the weight of the component layers of the coating may bo measured 
by the electrolytic test using potential measurements. Several proposed 
tests for porosity are described, although this property does not assume 
for zinc coatings the same importance as for coatings electropositive to 
r̂on' - •The requirements of zinc coatings to withstand corrosion vary with 
the conditions of exposure and while for atmospheric attack the life is 
almost entirely dependent on the total weight of the coating (including 
alloy layer), for immersed conditions there is evidence that the com­
position of the coating plays an important part. The particular advan­
tages of certain methods for evaluating the various requirements for 
both types of conditions are discussed.

I .— I n t r o d u c t io n .

One o f the m ost com m on methods adopted for protecting iron and steel 
from corrosion is the application o f some form  o f zinc coating. Since

* Manuscript received February 12, 1937. Presented at the Annual Autumn 
Meeting, Sheffield, September 7, 1937.

t Research Investigator, British Non-Ferrous Metals Research Association, 
London.
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such coatings vary considerably in quality and composition, tbe necessity 
arises for some test or tests which can be applied to the coating to 
indicate its protective value under the conditions to which it will be 
subjected in service. A method which is sometimes employed for this 
purpose is an accelerated laboratory corrosion test by means of which 
the coatings arc exposed to corrosive conditions designed to simulate, 
in the space of a few weeks, the attack which would be met with in years 
of normal service. Although certain tests of this type have been shot\ n 
to be of value, especially as regards atmospheric corrosion, the results 
obtained are apt to be very misleading, and in general their interpreta­
tion is to be approached with some caution, unless the method employed 
has previously been subjected to very careful correlation with actual 
service life.

A much more satisfactory type of measurement is the determination 
of what are .believed to be the most important properties of the coating 
from a corrosion-resistance point of view, namely, weight, thickness, 
uniformity, structure, composition, and porosity, and the present paper 
is concerned with a description and review of the various methods which 
have been proposed for this purpose. Even this type of measurement, 
however, suffers from the disadvantage that the relative importance o 
the properties mentioned above depends on the conditions of exposure. 
For example, for atmospheric conditions it has now been established that, 
compared with thickness, the composition * is relatively unimportant, 
but for other types of exposure the most desirable qualities of a coating 
are still incapable of clear definition, and until such knowledge is forth­
coming, indirect tests, while of considerable value, do not provide an 
entirely satisfactory means for assessing the protective value of a zinc 
coating.

I I ,— D e t e r m in a t io n  of  A v e r a g e  W e ig h t  o f  C o a t in g .

A. Loss in Weight Methods.
This type of test serves as an accurate means of determining the aver­

age weight of a zinc coating, but gives no indication of its uniformit} or 
composition. It consists in immersing the weighed sample in a suitable 
reagent which will strip off the whole of the coating without attacking 
the underlying base. After stripping, the sample is washed, dried, and 
reweighed, the loss of weight representing the total weight of the coating. 
The average weight per unit area is obtained by dividing this loss m 
weight by the area of the sample. In routine testing of sheet it is often

* Coatinas produced by hot-galvanizing have a layer of iron-zine alloy between 
the zinc andlho steel. Throughout this paper, the coating is regarded as including 
the alloy layer as well as the outer zinc layer.
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found convenient to cut samples exactly 2 J in. square, in which case the 
loss in weight in grm. is numerically equal to the average weight of the 
coating in oz./ft.2. Should it be desired to know the weight of the coat­
ing on each side separately, it is necessary of course to protect one side 
by wax or some similar substance while the reverse side is being stripped.

Methods which have been proposed for determining the average 
weight of coating by loss in weight measurement are :

(i) Sulphuric Acid-Arsenious Oxide.—This reagent, proposed by 
Bauer, 1  is prepared by adding 20 grm. of concentrated sulphuric acid 
(sp. gr. 1-84) and 2 grm. of arsenious oxide to 500 c.c. of distilled water, 
heating until all the arsenious oxide has dissolved and diluting to 1  litre 
with distilled water. The addition of arsenious oxide inhibits the attack 
of the underlying steel by reason of the fact that arsenic, separated by 
the reducing action of the hydrogen evolved, forms a protective film on 
the iron.

In practical work, however, the solubilities of zinc and zinc-iron 
alloys in dilute sulphuric acid are so much greater than that of iron that 
the addition of arsenious oxide may be omitted without seriously affect­
ing the accuracy of the test. Burgess,2 so for back as 1905, proposed the 
use of dilute ( 3  per cent.) sulphuric acid without inhibitor for determin­
ing the weight of zinc coatings, whilst in the standard specifications of the 
American Society for Testing Materials 3 it is considered that uninhibited 
acid is of sufficient accuracy for ordinary weight of coating determina­
tions, the concentration specified being 40 c.c. of concentrated acid (sp. 
gr. 1-84) mixed with 960 c.c. o f distilled water.

Moreover, when it is intended to determine the amount of iron 
in the coatings by chemical analysis of the solution left after stripping 
(Section IY, C), arsenic, if present, must first be removed, a separa­
tion not without difficulties and liable to affect the accuracy when deter­
mining very small amounts of iron. On the other hand, when deabng 
with an uneven coating, even allowing for the fact that the solubility 
of iron is far less than that of the coating, if areas of iron are bare 
at the thinnest parts of the coating some considerable time before 
the thickest parts have been stripped, some iron will necessarily go into 
solution unless the acid is inhibited. Whilst this amount of iron may 
have little effect on the figure for the weight of coating, the value 
obtained for the iron content of the coating will not be accurate.

Geyer and Cohn,4 in order to prevent attack of the underlying 
base in uninhibited sulphuric acid ( 1 : 1 0 ), suggest placing the samples 
to be tested in contact with a zinc slab, so as to give electrolytic pro­
tection. As an alternative, they suggest making the sample cathodic, 
using a carbon or other inert anode, the potential being adjusted so that

VOL. LXI. K
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when the coating is removed, the pure iron is polarized by a film of 
hydrogen. These authors also recommend the use of dilute sulphuric 
acid with the addition of an organic inhibitor, as used for pickling.

For general purposes, the present author recommends the use of a 
solution containing 100 c.c. of concentrated sulphuric acid (sp. gr. 1 84) 
and 5 grm. of arsenious oxide per litre. This solution gives very accur­
ate results and has the advantage of being considerably more rapid in its 
action than the solution originally proposed by Bauer.

(ii) Hydrochloric Acid-Antimony Chloride.—This solution, similar 
in principle to the sulphuric-arsenious acid described in the preceding 
section, was proposed by Aupperle 5 and has been adopted by the Ameri­
can Society for Testing Materials 6 as the standard method for determin­
ing the average weight of zinc coatings. The solution consists of con­
centrated hydrochloric acid (sp. gr. T19) to 100 c.c. of which is added 
5  c.c. of an antimony chloride solution, prepared by dissolving 2 0  grm. 
of antimony trioxide or 32 grm. of antimony chloride in a litre of con­
centrated hydrochloric acid (sp. gr. 1'19). The end-point is easily deter­
mined by the cessation, usually quite sudden, of the violent effervescence. 
In fact, Cushman 7 considers that for ordinary testing the addition of 
antimony chloride is unnecessary, the end-point being reasonably sharp 
without the presence of an inhibitor. Witt 8 also recommends the use of 
uninhibited acid of a 1  in 1  concentration at a temperature not exceeding 
45° C. For accurate work, however, the present author does not recom­
mend the use of uninhibited hydrochloric acid, particularly for coatings
which are not uniform.

(iii) Basic Lead Acetate.—The following reagent was suggested by 
Patrick and Walker,9 and has been adopted by the American Society for 
Testing Materials10  as an alternative method for determining the weight 
of zinc coatings : 400 grm. of crystallized lead acetate are dissolved ii)
1 litre of water and to the solution 4 grm. of finely powdered litharge are 
added. After thorough agitation the liquid is allowed to settle and the
clear portion decanted for use.

The method depends on the fact that lead is electro-positive to zinc, 
thus zinc displaces lead from a solution of its salts, the lead being pre 
cipitated in metallic form and the zinc going into solution. The same 
principle governs the Preece test (Section III, A), in this case a copper 
salt being employed which attacks the coating, while metallic copper is 
deposited. The Preece test, however, cannot be used for determining 
the weight of coating, since, when the coating has been removed, the 
copper deposits on the bared iron in an adherent form and thus upsets 
the weight determination. In the basic lead acetate method, however, 
lead does not adhere firmly to the iron, provided that care is taken when
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washing the sample that a burnishing action does not occur. Neverthe­
less, it is often a matter of some difficulty to remove all traces of lead, 
especially from irregularly shaped articles, and the method suffers some 
disadvantage for this reason. 1 1

(iv) Other Methods.—Several other solutions, described below, have 
been proposed, but none of them appears to be of great practical utility.

Alkali or alkaline earth bisulphates or bisulphites have been proposed 
by Broemme and Steinau. 12  Meyer 1 3  has used boiling sodium peroxide 
solution. Heise and Clemente 14  carried out an extensive investigation 
of a large number of stripping solutions. In addition to the standard 
methods described in the preceding sections (i) to (iii), they found that 
acetic acid and 25 per cent, phosphoric acid gave accurate results, as also 
did certain salts of lead, cadmium, copper, cobalt, chromium, and 
aluminium. Korpiun 1 5  proposed anodic dissolution of the coating in 
10 per cent, potassium cyanide using a current density of O'5-l'O amp./ 
dm,2. Walker 10  reports that zinc, exclusive of zinc-iron alloy layer, 
may be removed quantitatively by the action of hot caustic soda 
solution.

B. Electrolytic Tests.
The weight of coating may be determined electrolytically by Britton s 

method, 1 7  in which the sample under test is made the anode of an electro­
lytic cell. By employing a fixed current density, the weight of coating 
removed from a given area is directly proportional to the time during 
which the current has been flowing. Since the electro-chemical equi­
valents of iron and zinc are approximately equal, the weight of coating 
removed in a given time is independent of the amount of zinc-iron alloy 
present. The only drawback to the method is that a uniform current 
density must be applied to all parts of the coating being tested. This 
condition is easily satisfied for wire and sheet, but for more complicated 
shapes it might be a matter of some difficulty and would, in any case, 
necessitate a specially designed cathode.

In carrying out the test on wire, a cylindrical glass jar is used, the 
cathode being a roll of perforated zinc gauze sprung tightly against the 
curved sides of the jar. The wire to be tested is fixed vertically in the 
centre of the jar, which is then filled with a solution having 2 0  parts 
of sodium chloride and 1 0  parts of zinc sulphate in 1 0 0  parts of water, 
so that the wire is immersed to a depth of 4 in. Ihe cell is then 
connected to a d.c. supply, the sample being made the anode and the 
current adjusted to give a current density of 1  amp./in/, i.e. a current 
(in amps.) of 12-5 multiplied by the diameter of the wire in inches. 
This current removes 0'104 oz./ft.2 of coating per minute.

To determine the weight of coating, the current is run for a short
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time, after which the wire is removed, immersed in 1 0  per cent, copper- 
sulphatc for 5  seconds and, if no bright red deposit of copper is formed, 
the wire is rinsed, replaced in the cell and subjected to a further period of 
stripping. This process is repeated until failure occurs, as indicated by 
the appearance of a red deposit when the wire is dipped in copper sul­
phate. The total time of stripping in minutes multiplied by 0-104 gives 
the minimum weight of coating in oz./ft.2.

In applying the method to sheet, the sample is held in a frame made 
on a similar principle to a photographic printing frame. This is fitted 
at one end of a rectangular cell, the cathode, a picce of sheet zinc, being 
placcd at the opposite end. If the test is being used to determine 
whether or not the thinnest parts of the coating are of specified weight, 
the current is maintained for the appropriate time, after which the 
sample is removed and, if no red deposit is obtained with the copper 
sulphate dip, the coating may be considered as meeting its specification.

A test for wire similar in principle to Britton s test has been designed 
by Glazunov, 18  using a platinum cathode and a concentrated solution 
of zinc sulphate as the electrolyte.

Heise and Clemente 14  state that stripping may be satisfactorily 
accomplished by making the sample the cathode in sulphuric acid or 
making it the anode in concentrated caustic alkali solutions, such as 
sodium hydroxide.

C. Hydrogen Evolution Method.
A drawback to the loss-in-weight method for determining the average 

weight of coating by means of stripping in acid is the fact that this fre­
quently means the mutilation or destruction of the article in order to 
remove a sample suitable for testing. A method which overcomes this 
objection was proposed by Cushman, 7 and consists in measuring the 
volume of hydrogen evolved from a known area of the coating when 
stripped in acid. The method is carried out by clamping an inverted 
cup to the surface under test, this cup being connected with a gas 
burette and levelbng bottle. Hydrochloric acid containing antimony 
chloride is introduced into the cup and, when the effervescence has 
ceased, the gas is collected in the burette and measured at atmospheric 
pressure by suitable manipulation of the levelling bottle. Since 2 72 mg. 
of zinc bberate 1 c.c. of hydrogen, measured at 20° C. -under atmospheric 
pressure, it is possible, knowing the area o f the spot stripped, to calculate 
the average weight of the coating per unit area. Although the volume 
of hydrogen evolved depends on the structure and chemical composition 
of the coating, it has been calculated that the errors arising on this 
account are relatively small aDd the results which are obtained are
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stated to check very closely with those obtained by the hydrochloric 
acid-antimony chloride loss-in-weight method.

The stripped spot, after washing and drying, may be either painted 
or sprayed so that the article does not suffer permanent damage. A 
further advantage offered by the method is that it can be applied to 
articles in situ. Moreover, when it is necessary to determine the weight 
of coating on each side of a sheet, this method obviates the necessity, 
required by loss-in-weight methods, of waxing one side, a lengthy and 
tedious process when dealing with a large number of samples.

The method has been developed by Goeke 19 and also by Keller 
and Bohacek, 20 whilst a convenient testing apparatus involving this 
principle has recently been patented.2 1

D. Thermal Method.
This method, due to Strickland, 22 also involves stripping the coating 

in acid, but makes use of the temperature increase resulting from the 
chemical reaction that takes place. Each degree increase in temperature 
is assumed to be directly proportional to the weight of coating dissolved, 
so that by recording the total increase in temperature the total weight of 
coating on the sample can be calculated.

To carry out the test a measured volume of concentrated hydrochloric 
acid (usually 2 0 0  c.c.) is poured into the testing jar (preferably about 
2| in. in internal diameter with a capacity of about 400 c.c., flared at the 
top to prevent overflow of the acid). The acid is stirred and the tem­
perature measured by a thermometer (graduated in 0‘1° C. and with a 
range of about 50° C.), after which the sample is immersed in the acid. 
The temperature is watched during the process of stripping and the maxi­
mum temperature is recorded. From a table of factors prepared for the 
equipment and the volume of acid used, the weight of coating dissolved 
can then bo calculated. For very light coatings, the volume of the acid 
used is reduced to 1 0 0  c.c., in order to obtain an appreciable increase in 
temperature, but with coatings of 2J oz./ft.2, or heavier, 300 c.c. is 
necessary. To standardize the equipment, a weighed sample of known 
area is immersed in the acid and after the temperature increase has been 
recorded, the loss in weight of the sample is determined by re-weighing. 
A number of samples are tested in a similar way, and the mean of the 
determinations used for calculating a conversion factor (i.e. for convert­
ing increase in temperature to weight of coating).

Strickland has published apparently convincing figures regarding the 
accuracy of the method, but it would appear in principle to be liable to 
several errors. In the first place, the assumption is made that increase 
itt temperature is proportional to the weight of coating dissolved, no
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account being taken of the composition of the coating. Since, however, 
the relative heats of reaction of equal weights of zinc and iron are 56-37, 
it will be seen that alloy coatings will give erroneously low results com­
pared with pure zinc coatings of the same weight. Secondly, the heat 
evolved depends on the heat capacity of the system. This is a constant 
regarding the equipment itself and is allowed for in the conversion factor, 
but a variable is introduced by the size and consequent heat capacity of 
the article being tested. For example, in the case of a thm coating on 
a heavy base, the increase in temperature of the small volume of acid 
which would necessarily have to be used, would differ considerably from 
that obtained with a similar coating on a thin base.

These objections, however, can no doubt be overcome to some extent 
by choosing a conversion factor which has been calculated from samples 
of a similar type to the one being tested.

The advantages of the method are its simplicity and particularly its 
rapidity, since a complete determination may be carried out in less than
3 minutes.

E. Magnetic Methods.
Magnetic methods, which naturally can only be applied to coatings 

on iron and steel, have recently made their appearance. Radchenko 
and Shestakovskii23 carry out the test by measuring the current neces­
sary to detach a magnetized needle from the article. The force Tequirec 
decreases less rapidly than a linear inverse function of the coating thick­
ness. The greatest sensitivity is stated to occur with coatings from 
0-0005 to 0-02 cm. in thickness. A similar method,* developed and 
recently exhibited by the Post Office Engineering Research Station, 
London, consists in comparing, by means of a spring balance, the pu 
of an electro-magnet when applied to a piece of polished iron and when 
applied to the article under test. The accuracy is ¡stated to be ±  15 per 
cent., and increases with the thickness of the coating.

F. Chord Method.
This method, due to Mesle,2 '1 and developed by Blum and Brenner,-0 

depends on just cutting through the coating, a grinding wheel of known 
radius being used for a flat surface and a fine file for a curved surface.

C2 n
The thickness of the coating T is given by the expression where C

is the width of the cut and R is the radius of the wheel or the curved 
surface. The results are stated to be accurate within about 10 per cent,

* Catalogue of the Physical Society’s 27th Annual Exhibition of Scientific 
Instruments and Apparatus, 1937,176-177.
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I I I .— D e t e r m in a t io n  o f  U n if o r m it y .

In assessing the value of a metallic coating it is desirable to know, 
besides the average weight, something of the way in which it is distri­
buted, since the protection afforded by the coating will depend to a 
large extent on its minimum thickness. With certain of the methods 
described above for determining the average weight of the coating, it is 
possible to obtain a very rough idea of the degree of uniformity by watch­
ing carefully the progress of the stripping operation, but it would be 
quite impossible by this means to form any quantitative estimation of 
the minimum thickness. For this purpose a method is required which 
will, first, strip the coating at a uniform rate and, secondly, reveal the 
base metal directly it is exposed. The methods which have been pro­
posed for carrying out this type of determination are described below.

A. Copper Sulphate (Preece) Test.
This test was described by Pettenkofer 26 in 1857, but was brought 

into general use about 1880 by Sir W. H. Preece, by whose name the 
test is now commonly known. The reagent used is a neutral solution 
of copper sulphate, having a sp. gr, of 1 '170 at 60° F. and containing 
approximately 33 grm. of crystalbne copper sulphate in 100 c.c. of dis­
tilled water. The solution is neutralized by agitation with a small 
amount of copper hydroxide and is then filtered or allowed to settle 
before use. In carrying out the test, the article is immersed in the solu­
tion, maintained at 60° F. ( ±  1°) and is subjected to successive 1-minute 
dips. After each dip the sample is rinsed immediately in running water, 
wiped dry, and examined. The test is continued until a bright red 
adherent deposit of copper is obtained, indicating that iron has been 
exposed.

The Preece test has been adopted as a specification,27 and coatings 
to comply with it are required to withstand a stated number of 1 -minute 
dips, often referred to as the Preece Test Number. Although the test 
affords an excellent indication of uniformity, its adoption as a specifica­
tion is open to severe criticism, since the assumption is made that all 
zinc coatings are attacked to the same extent by a 1 -minute immersion 
in the copper sulphate solution. That this is an erroneous assumption 
has been proved by numerous authors,9 ,28- 3 1  who have shown that the 
rate of solution in copper sulphate decreases with increase in the iron 
content of the coating. Thus, coatings composed mainly of alloy layer 
[e.g. galvannealed and sherardized) withstand more dips than relatively 
pure coatings (e.g. electrodeposited and sprayed) of the same thickness.

Groesbeck and AValkup 3 1  have suggested that this objection might 
be overcome by altering the time of the standard dip for each type of
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coating, thus making the number of dips comparable. For example, if 
the period of immersion for electrodeposited coatings were retained at 
60 seconds, then, in order that all types of coatings of the same thickness 
should withstand the same number of dips, the periods of immersion 
should be, approximately, 55 seconds for sprayed coatings, 80 seconds 
for hot-dipped coatings, and 1 2 0  seconds for galvannealed coatings. 
Even this arrangement is not completely satisfactory, however, since 
such a rigid classification takes no account of variations in composition 
which exist between coatings of the same type. Uiis is particularly 
the case with hot-dipped coatings which show a wide variation in the 
relative thicknesses of the constituent layers.

Another serious fault of the Preece test is the production of premature 
end-points, i.e. the appearance of an adherent red copper deposit before 
the iron is actually bared. This difficulty is lessened, according to 
Britton, 1 7  by a preliminary dip of 15 seconds in 2 per cent, sulphuric 
acid, followed by rinsing in water. Care should also be taken that 
the article remains stationary during testing, otherwise the rate of strip­
ping will be accelerated and low results obtained.

B. Hydrogen Peroxide-Acetic Acid Test.
Another test on similar lines to the Preece test, but which has only 

been suggested in connection with electro-deposited coatings, is due to 
Wernlund.32 The reagent for this test is a solution composed of 140 c.c. 
of 3 per cent, hydrogen peroxide and 20 grm. (19 '1 c.c.) of glacial acetic 
acid made up to 1 litre with distilled water. In carrying out the test, 
the sample is immersed in the solution heated to 95° C. and the time 
taken for the first appearance of iron rust. The actual weight of this 
minimum thickness is read off from a graph showing the relationship 
between weight of coating and time of test, lhe method, like the 
Preece test, assumes uniform removal of the coating and the results, 
even with electrodeposited coatings, are affected by the method ̂ of 
application of the coatings. Thus, coatings prepared from cyanide 
baths dissolve at a sloweT rate than those deposited from sulphate baths. 
Consequently, although the test may have some value as a rapid plating 
shop test, it would not appear to be suitable for general application.

C. Sulphuric Acid Test.
Diakonova 33 has proposed a specification test for zinc coatings on 

wire in which the sample under test is immersed for a certain time in 
sulphuric acid containing arsenious oxide. The sample is then removed, 
washed, and placed in a concentrated solution of ammonium sulphide, 
the appearance of black spots being taken as evidence of insufficient
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coating. Alternatively, after the acid treatment the wire is placed for 
a short time in concentrated acetic acid and after removal, if no colour 
is obtained on adding potassium ferricyanide, the wire is considered 
as having an adequate coating.

D. Dropping Test.
The dropping method for determining the local thickness of electro­

deposited coatings, which is dne to Clarke, 3'1 consists in allowing a speci­
fied solution to drop at a uniform rate on the coating under test, the 
thickness being obtained from the number of drops required to perforate 
the coating. Clarke used the method for determining the thickness of 
cadmium coatings by means of an aqueous iodine solution, whilst Hull 
and Strausser 35 have shown that it may be successfully applied to zinc 
coatings. The solution, which consists of 100 grin, of iodine and 
2 0 0  grm. of potassium iodide per litre, is allowed to drop at a uniform 
rate of 1  drop per second on to the coating under test, held at an angle 
of 45°; 22 drops are required to remove O'OOOl in. of zinc. Thus the 
number of drops required for penetration of the coating, divided by 2 2 0 , 
gives the thickness of coating at the spot tested in thousandths of an 
inch. The end-point is readily determined by the contrast between 
the stained surface of the zinc and the bright exposed steel. Hull and 
Strausser 35 have developed a similar test, using a solution containing 
100 grm. of ammonium nitrate and 55 c.c. of conccntrated nitric acid 
per litre. With 80 to 120 drops per minute at room temperature the 
rate of stripping is 0-00001 in. per second. Thus the time for penetra­
tion of the coating (in seconds) divided by 1 0 0  gives the thickness of 
coating at the spot tested in thousandths of an inch.

Normally the dropping test can only be applied to electrodeposited 
coatings, since the rate of solution of zinc-iron alloy will differ from that 
of pure zinc.

E. Jet Test.
A similar type of test to the dropping test, described above, has 

recently been invented by Clarke 36 for testing electrodeposited zinc 
coatings, but in this case the corroding liquid impinges on the article 
to be tested in a steady stream instead of a succession of drops. The 
solution employed consists of 70 grm. ammonium nitrate and 8 ' 1  c.c. 
concentrated hydrochloric acid (sp. gr. 1*16) per litre. The rate of flow 
is regulated to about 2 0  c.c./minute and at room temperature this strips 
approximately 0 '0 0 0 0 2  in. per second.

F. Electrolytic Test.
All the methods described above for testing uniformity, suffer from 

the disadvantage that the rate of chemical dissolution is dependent on



the composition of the coating. While it is possible to standardize these 
methods for electrodeposited coatings, the same rates of solution would 
not apply to coatings composed partly or wholly of zinc—iron alloy, such 
as hot-dipped galvannealed and sherardized; nor is it easy to introduce 
modifications of the tests for these coatings, since the composition of 
coatings in each class, particularly those produced by the hot-dipping 
process, often shows a wide variation. The only method which will 
strip all zinc coatings at a uniform rate irrespective of their composition 
is the electrolytic test, 1 7  as described previously (Section II, B). With 
this method, it is possible to determine not only the uniformity, but the 
exact value of the maximum and minimum weight of a coating. Un­
fortunately, it is difficult to apply the method to articles which are not 
uniform in shape but, where applicable, the author strongly recommends 
the method.

IY .— D e t e r m in a t io n  of St r u c tu r e  a n d  Co m p o sit io n .

A. Electrolytic Test.
Britton’s test 17  (Section II, B) is also capable of measuring the 

actual weight of the alloy and outer zinc layers of coatings on wire and 
sheet. The test is carried out in the ordinary way, except that a volt­
meter is connected between the cathode and the sample (which is the 
anode), readings of the voltmeter being taken every half-minute during 
the course of the stripping. Changes in voltage are associated with 
changes in composition of the coating. Thus, in the case of a hot-dipped 
coating, the potential difference remains constant so long as the outer 
zinc layer of the coating remains intact. When, however, sufficient 
zinc has been removed to expose some of the zinc-iron alloy, the 
potential begins to increase and continues to do so until all the outer 
zinc layer has been removed. An arrest then occurs until sufficient 
alloy layer has been removed for the iron base to be exposed, when 
the potential begins to increase again, finally reaching a steady value 
when all the coating has been stripped. By plotting a potential-time 
curve it is thus possible, knowing the exact weight of coating that is 
removed per unit time, to determine the weight and, if necessary, the 
thickness of the component layers of the coating.

B. Metallographic Examination.
The most direct method for investigating the structure of zinc 

coatings is by means of microexamination. The preparation of speci­
mens for this work, however, needs a considerable amount of care if 
satisfactory results are to be obtained. One of the greatest difficulties
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is due to the difference in hardness between the iron or steel base and the 
coating, so that there is a tendency during the polishing operation to 
wear away the softer zinc. To obviate this so far as possible, it is essen­
tial to embed the samples in some material before polishing. For this 
purpose, Finkeldey 37 has suggested clamping the specimens between 
thin sheets of soft zinc or in the case of irregularly shaped specimens he 
advises placing them in a small mould and pouring in molten zinc at a 
temperature just above the melting point. Low melting point alloys 
have also been suggested, but these have the disadvantage of being 
easily smeared over the sample. Winter 38 advises copper plating the 
specimen in a copper potassium cyanide bath, using a low current den­
sity, and then embedding in Rose’s metal. Hajda and Popofe39 have 
suggested fixing the specimens in ebonite, whilst the author has found 
Bakelite mouldings very satisfactory.

To prepare micro-specimens of sheet samples the author recommends 
clamping one or more specimens, cut to approximately 2  cm. square, 
between pieces of steel about 2  mm. thick, by a nut and bolt passing 
through the centres. One side is then filed flat, taken down on emery 
paper to “  0 0 0 0  ”  stage, polished with alumina on the wheel, and finally 
very lightly polished with magnesia on parchment. Too much atten­
tion should not be devoted to removing all the scratches or there will 
be a tendency to wear away the softer portions of the specimens.

Alternative polishing technique has been published by Finkeldey.37
After polishing, the structure is more clearly defined by the applica­

tion of a suitable etching treatment; several have been suggested for 
this purpose. Finkeldey37 has recommended an 8  seconds’ dip in a 
solution containing 20 grm. of pure chromic acid and 1’5 grin, sodium 
sulphate in 100 c.c. of water. Hajda and Popofe 39 suggest the pro­
longed use of Kourbatoff’s reagent; this is composed of 1  part of acetic 
anhydride containing 4 per cent, nitric acid and 10 parts of a mixture 
of equal volumes of methyl, ethyl, and isoamyl alcohols. Walker 40 
used 0'5 per cent, nitric acid in 95 per cent, alcohol, whilst Rawdon, 
Grossmann, and Finn 4 1 used a solution of 1 per cent, iodine in alcohol. 
Winter38 has proposed a polish etch consisting of treatment for 5 min­
utes on parchment with jewellers’ rouge and a 2  per cent, aqueous 
solution of ammonium nitrate.

The author has found that a dip for 5 seconds in a solution containing 
50 grm. of chromic acid and 4 grm. of sodium sulphate per litre is a very 
satisfactory etching treatment. The use of 1 per cent, iodine in alcohol 
is apt to give trouble from staining.

It is possible, by preparing specimens in this way, to measure the 
total thickness of coatings and, in the case of hot-dipped coatings, the
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thickness of the component layers. A magnification of 250 diameters 
is very suitable for this purpose.

C. Chemical Determination of Iron.
A good indication of the structure of coatings may be obtained by 

determining the iron content after stripping in acid, sulphuric acid being 
the most suitable for this purpose (Section II, A (i)).

In the procedure advised by the American Society for Testing 
Materials 42 the sample, after stripping, is' scrubbed and washed with a 
jet of water from a wash bottle, the washings being allowed to run into 
the container. 15 c.c. of 5 per cent, mercuric chloride are then added 
and the solution titrated with 0T N  standardized potassium permangan­
ate solution. The solution should not be allowed to stand more than
5  minutes before titration, otherwise incorrect results will be obtained
from excessive oxidation.

It should be noted, however, that if the determination of iron is 
contemplated at the time of stripping, it is advisable to avoid the use of 
arsenious oxide as an inhibitor, but if, for any reason, this has been used, 
arsenic must be separated before the determination of iron can be pro­
ceeded with. This may be effected by diluting the solution and precipi­
tating with hydrogen sulphide. The filtrate, after boiling, can then be 
examined for iron, as described above. An alternative method, which 
the author recommends, is to precipitate the iron with ammonium 
chloride and ammonium hydroxide. The precipitate is then redissolved 
in hydrochloric acid, reduced with stannous chloride and titrated with 
potassium dichromate. If the iron precipitate is very small, however, it 
should be redissolved, the solution made up to a standard volume and 
aliquot portions tested colorimetrically.*

For accurate work, in order to prevent the dissolution of iron from 
the base, by other means than arsenious oxide inhibitor, Cohn 13 re­
commends the methods published by Geyer and Cohn,4 as described in 
Section II, A (i). Where an organic inhibitor has been used, this must 
be removed before the iron determination can be carried out. To do 
this the solution is oxidized by evaporation to dryness, nitric and per­
chloric acids then being added. After dilution and reduction, the iron 
is then titrated with standard potassium permanganate solution.

D. Hydrogen Evolution Method.
Various authors,44' 45 have proposed to determine the structure of 

zinc coatings by measuring the rate of evolution of hydrogen at intervals
* The author is indebted to Mr. B. W. Drinkwater, B-Sc., F.I.C., for details 

of the chemical analysis described in the foregoing paragraph.
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during the course of the stripping process. Vondracek46 in particular 
has determined the structure of coatings on ■wire by this method, and 
claims that solution curves can bo established that determine the struc­
ture of the coating with an accuracy frequently exceeding that of 
micrographic examination. The rate of evolution depends largely on the 
iron content of the coating, the higher the iron content the greater being 
the rate of evolution. Presumably, care should be taken that the heat of 
reaction does not cause the temperature of the acid to increase, otherwise 
an increased rate of reaction will occur, having no connection with change 
in composition.

V.— D e t e r m in a t i o n  o f  P o r o s i t y .

A common method for determining the porosity of certain coatings 
is the ferricyanide test, first introduced by Walker47 for testing tin 
coatings. In its original form it consisted of applying a warm reagent 
containing potassium ferricyanide ( 1  part), sulphuric acid ( 1  part), and 
water (450 parts), with sufficient gelatin (50 parts) to enable it to set 
rapidly to a jelly when applied to the coating. Pores in the coating 
produce blue spots of ferrous ferricyanide by the interaction of the 
reagent with the bare iron. This type of test is, however, normally 
only appbcable to those coatings which, like tin, are electro-positive to 
iron. Zinc coatings, being electro-negative to iron, cannot be tested in 
this way, since any pores or bare spots in the coating are protected by the 
adjacent zinc and do not react with the reagent to give a blue colour. 
Various modifications of the test have been proposed, however, to render 
it applicable to zine coatings. The chief of these consists in making 
the whole sample to be tested anodic, by the application of an external 
e.m.f. Under these conditions, the protection afforded by the zinc is 
overcome, and ferrous ions are produced at the bare spots.

Koehler and Burford’s 48 method for carrying out the test is to cover 
the surface with a ferricyanide-gelatin or ferricyanide-agar-agar type 
of reagent, connecting the positive pole of a battery to the sample under 
test and the negative pole to a metal plate placed on the surface of 
the reagent. The reagent may be applied to the sample either direct or 
in the form of sensitized paper. For direct tests, a solution consisting 
of 60 grm. sodium, chloride, 6  grm. potassium ferricyanide, 30 grm. of 
agar-agar, and 300 c.c. alcohol made up to 1 litre with water was found 
most suitable, but for tests with sensitized paper, gelatin-base solutions 
were found to give the best results.

Garre 49 uses a liquid cell with a 4-v. accumulator and a platinum 
cathode. The electrolyte consists of 20 grin, potassium ferrocyanide 
and 1 grm. magnesium sulphate in 500 c.c, of water. It is claimed that



by this means pores may be detected which would take 5 days to dis­
tinguish by a salt-spray test. It is also claimed that no blue colour is 
produced by iron and iron-zinc inclusions in the coating. Garre 
states that the ferricyauide test may be satisfactorily modified purely by 
chemical means by the addition of oxalic acid and hydrogen peroxide.
In this case, iron inclusions as well as pores give rise to a blue coloration, 
but there is said to be no difficulty in differentiating between them.

Another method for testing porosity, due to Garre,49 is to immerse 
the sample in a dilute to TT,V0 N) solution of potassium permangan­
ate. The permanganate is reduced where the iron base is bare, giving a 
black coloration of manganese dioxide.

Walker 16  proposed the use of a boiling solution of sodium hydroxide 
for revealing pinholes, the location of discontinuities being shown by a 
stream of tiny bubbles of hydrogen. The results obtained, however, are 
open to criticism because of the rapid attack of the coating which takes 
place.

C o n c l u s io n s .

In view of the large number of tests which have been described, this 
concluding section has been written with the object of indicating some 
of the more practical methods and their particular advantages.

The choice of methods which will most satisfactorily provide the 
necessary information for assessing the protective value of zinc coatings 
depends on several factors. In the first place it is important to know the 
conditions of service under which the coating in question will be exposed. 
If atmospheric exposure is intended, the decision is considerably simpli­
fied, since recent work 50- r' 2 has shown that under these conditions the 
life of a zinc coating is almost entirely dependent on its total weight 
per unit area (i.e. including any alloy layer). The composition of the 
coating has little significance apart from the fact that for aesthetic rea­
sons, alloy coatings possess a slight disadvantage in showing rust or 
discoloration before the coating has actually failed. The distribution 
of the coating is of course of considerable importance, for although dis­
continuities, either in the original coating or as a result of corrosion at 
thin parts, are to some extent protected electrochemically by adjacent 
zinc, this protection only extends for a limited distance. Thus, in most 
cases of atmospheric exposure, pores in the coating are not so detri­
mental as relatively large areas of thin deposit. Marine atmospheres 
appear to be an exception, owing to the formation of a film of basic 
zinc chloride which reduces the rate of corrosion of zinc but at the same 
time suppresses its electrochemical protective action over iron. Gener­
ally speaking, however, it may be stated that the protective value of a 
zinc coating as regards atmospheric exposure, other things being equal.

158 Kenworthy : The Methods of
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is proportional to the minimum weight of the coating, but approximating 
to the average weight as areas of thin deposit or uncoated spots decrease 
in size.

The most satisfactory method yet published for measuring the pro­
perties of weight and distribution, provided that the material is in the 
form of sheet or wire, is Britton’s electrolytic test (Section II, B), since 
this method possesses the particular advantages of providing a quantita­
tive evaluation of the distribution of the coating, as apart from the 
average weight figures given by chemical stripping methods.

For coatings (other than electrodeposited) on irregularly shaped 
articles, which cannot be tested by the electrolytic method because of the 
difficulty of arranging a suitable cathode, no single alternative method 
is entirely satisfactory. In such cases, determination of the average 
weight of coating by stripping in acid, as described in Section II, A (i), is 
to be recommended, and if several determinations are carried out on 
fairly small samples, some indication of uniformity will also be obtained. 
In the case of large structural shapes or other materials which cannot be 
sampled without complete mutilation, the hydrogen evolution method 
(Section II, C), which can be applied without cutting the material, would 
appear to be the most satisfactory alternative, and with the recently 
developed apparatus 2 1  the method seems capable of being employed as a 
works test. Information regarding distribution of a purely qualitative 
nature may be obtained by the application of the Preece test (Section II, 
A) but micro-examination (Section IV, B) should bo resorted to if an 
accurate determination is required.

Owing to their relative uniformity of structure and composition, the 
measurement of weight and distribution of electrodeposited coatings, 
even on articles of irregular shape, presents much less difficulty. Clarke’s 
jet test (Section III, E) and Hull and Strausser'sdropping test (Section 
III, D) each give accurate determinations of both these properties.

In specifying the weight of coating necessary to provide adequate 
protection against atmospheric attack, consideration must be given to 
the type of atmosphere, since a coating which may be satisfactory under 
certain conditions may be very short Hved in others. Exposure to clean 
rural and marine atmospheres gives a much longer life than the polluted 
air of industrial neighbourhoods. Thus, in the field tests being carried 
out by the American Society for Testing Materials 53 galvanized coatings 
of 1*25 oz./ft.2, which showed rust in 30 months in an industrial atmo­
sphere, lasted 8*1 months in a marine atmosphere and showed no rust 
after 96 months in a relatively dry rural atmosphere. Similarly, in 
tests being carried out by Britton and the present author the average 
time for the appearance of rust on coatings exposed to an industrial
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atmosphere has been 31 months per oz. per f t .2 and in a marine atm o­
sphere 84 months per oz. per ft.2.

F or exposure to  immersed conditions, the exact requirements o f  a 
coating are not at present com pletely known, but it is th o u g h t 1,1 that 
the outer zinc layer o f  the coating has a greater protective value than the 
alloy layers. It  is also possible that under these conditions discontinui­
ties in the coating are more serious than in atmospheric exposure. 
Hence, it would appear that the requirements are a thick coating with as 
little alloy layer as possible and freedom from  pores and discontinuities.

T o  test for thickness and com position, the electrolytic method, 
employing the potential measurements as described iu Section IV , A, 
is recommended where possible. In  other cases, average weight 
determinations by  chemical stripping is advised, supplemented by 
microexamination and/or chemical analysis o f  iron in  the stripping 
solutions (Section IV , C). Discontinuities and general distribution of 
the coating m ay be conveniently investigated by  means o f  the Preece 
Test.

In  the matter o f  routine testing o f zinc coatings, the author is fully 
aware that the claims made for the Preece test regarding simplicity and 
rapidity are undeniable, but in view o f  the serious shortcomings o f  the 
test it should be subjected to  a correction factor for the type o f coating 
being tested and, iu addition, checked periodically b y  some method 
o f  actual weight determination. In this capacity, the electrolytic test 
is already being used in this country.
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DISCUSSION.
(Condensed.)

Dk. W. II. ,T. V e r n o n , *  (Member): The policy of the Institute in sponsoring 
general surveys of particular subjects receives ample justification in the 
present paper,” which seems to me to constitute a model of what such a paper 

, should be. I shall not attempt to go through the individual methods that the 
author has mentioned, although personally I should very greatly welcome

* Chemical Research Laboratory, Department of Scientific and Industrial 
Research, Teddington.
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statements o f experience from users o f these methods, particularly under 
industrial conditions. After reading the paper I am left with the impression 
that there is room for still more work in the correlation of the properties studied 
bv these methods with the service behaviour o f the materials. Much depends 
on environment, and the results o f tests which indicate satisfactory Per* 
formance under one set o f conditions may be misleading under others. I would 
endorse the author’s statement that, under conditions of open-air exposure, 
thickness of coating transcends in importance factors such as porosity and 
composition, but at the same time I would place added emphasis on the 
importance of ensuring a coating o f a certain minimum thickness.* The 
building-up of basic protective films on zinc surfaces, for which there seems to 
be evidence under certain conditions o f exposure, takes appreciable time. In 
the early stages soluble corrosion products greatly predominate— insoluble 
products tend to appear at a later stage. Hence, the coating should be at least 
sufficiently thick to survive this early period. The importance o f this factor 
is frequently overlooked, and, in my view, too much emphasis is usually 
placed on “  sacrificial protection ”  afforded by the coating. After all, a coating 
is of no use when it has been sacrificed, and a longer life o f the coating should 
surely bo the objective.

A word of caution may perhaps be added as to the importance, in comparing 
the behaviour o f coatings, o f ensuring comparable conditions both in respect 
to the underlying metal and also the shape of the test-piece or article under 
test, both of which factors may seriously affect the performance o f the coating. 
Naturally, the author will not claim to have exhausted all possible methods of 
testing, and here it may be observed that changing conditions may call for 
other tests. In illustration o f this—and it is merely an illustration— an 
incident came to my knowledge recently which is o f interest. A well-known 
numismatist, Mr. Garside, o f Teddington, showed me some sherardized iron 
coins issued in Austria during the W ar; this is an instance o f  the unexpected 
applications to which these coatings can be put. I mention this merely as 
indicative of the need for bearing in mind possible changes, and the need for 
having a variety o f methods of testing available for various conditions. For 
all ordinary practical purposes the methods enumerated in the present paper 
are amply sufficient.

Mr. T. H. T urnes,t  M.Sc. (Member): This paper must bo of practical 
interest to many users. The user o f a wire is probably generally satisfied with 
the Preece test, and I doubt whether Britton’s or the other tests help him very 
much; I think that the Preece test gives the information which ho requires. 
He often also takes the weight o f zinc, but I am inclined to think that that is 
measured rather with the idea o f the storekeeper getting what he pays for, 
than with the idea of the engineer getting what he wants, and I think that the 
Preece test is better from that point of view.

Recently I obtained samples of each of the wires which we use. 1 tound 
that I had 41 different kinds of zinc-coated wire to test, and I could not help 
wondering whether the weight should not be considered in relation to the 
diameter. When you are confronted with large- and small-diameter wires, 
and remember that this zinc has come as molten material crystallizing from, 
and at right angles to, the surface of the steel wire, there is reason to think 
that merely measuring the weight of zinc will not give the same picture of the

* Note added since Meeting : For the sake of clearness it should be observed 
that “ minimum thickness”  is here used in a different sense from “ minimum 
weight of coating ”  referred to by the author on p. 241.

f  Chief Chemist and Metallurgist, London and North-Eastern Railway, Don­
caster.
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corrosion-rcsistance, or the way in which the metal will react to ehcmieal 
influences, with the small diameter wire as with the larger one. Many of 
these tests may fit one given type o f article quite well, but not, as a general 
rule, all kinds o f  articles. That is brought out very well by the author.

The discussion o f the methods at the end o f the paper gives a clear picture 
and is o f definite value. I notice one omission from the long list o f references. 
Mr. D. M. Smith carried out some work in 1929 at Birmingham University 
with the spark spectrograph, and obtained some useful results by sparking 
zinc-coated wires. I carried out photomicrographic tests on the specimens, 
which seemed to show that that might bo a useful test. I have not tried it in 
practice, because the B.S.I. carefully-specified Preece test seems to meet our 
requirements.

The author’s remarks, in his conclusion, with regard to the effect o f different 
atmospheres are absolutely true. The extreme case is a very smoky tunnel 
with a great deal o f sulphur dioxide, where zinc coating is of relatively little 
value. In open country it is o f great value, but I  believe that it is quite wrong 
to rely solely on zinc; we know that zinc corrodes, so why should we roly on it ? 
Engineers seem to think that to put a non-ferrous coating on a piece of steel 
liable to corrosion is to overcome the corrosion problem, but it only takes us a 
little stage further. We can put on more noble metals, like nickel, or base 
metals, like aluminium or zinc; the latter give sacrificial protection, but only 
for a limited period o f time. The smooth-coated zinc cannot be painted at the 
beginning, but it can be painted or doped after it has roughened up in weather­
ing or by deliberate preparation. In the aircraft industry it is common 
practice to apply dope over a metallic protective coating, but that is not tho 
case in general engineering. I think that it would pay the engineer not to be 
satisfied without further protecting a galvanized wire or sheet. He must 
realize that there are two groups o f protective metallic coatings: the first, 
like nickel and chromium plate, giving a good appearance in public places 
where the articles are regularly cleaned; the other is zinc, cadmium, or 
aluminium coating, which is used merely to retain tho engineering strength 
of the steel article and to stop corrosion accelerating the mechanical failure of 
the steel. In the latter case we are not concerned with appearance; let us by 
all means have the sacrificial value o f the aluminium, zinc, or cadmium 
coating, but let us add on, as soon as that is roughened, a dope—varnish, paint, 
or whatever it may be—and keep it there as long as possible.

Dr. W. H . H a t f ie l d ,* F.R.S. (Member): I f  you are dealing with tho 
sacrificial method mentioned by Mr. Turner, you can buy steel sheets with a 
thicker coating, and that means that the sacrifice takes a longer period. That 
is a point of some consequence. These discussions turn largely on meeting the 
situation created by abnormal economies as regards the added layer. Speaking 
as a member of the Corrosion Committee o f the Iron and Steel Institute, as 
Mr. Turner is also, we know that there are sheets made to-day which will give 
a life o f 20 to 30 years.

The P r e s id e n t  ; This paper well repays study; personally, I am very glad 
to have such an admirable summary o f methods o f testing. Many years ago, I 
was interested in comparing zinc coatings carried out by the ordinary so-called 
dipping process, misnamed galvanizing, with electrolytic coatings, and at that 
time we had to use the Preece test, as being almost the only officially recognized 
test. It is interesting and helpful now to have the results of the trials and 
errors o f  the intervening years in the testing o f zinc coatings put before us so 
admirably as is the case in this paper.

* Director, Brown-Firth Research Laboratory, Sheffield.
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The A u t h o r  (in reply): I  agree with Dr. Vernon that there is further 

need for the correlation of these tests with actual service experience and, as a 
matter o f fact, I  am now engaged on such experiments, the results o f which I 
hope to publish at a later date.

Mr. Turner referred to the omission o f the test devised by Mr. D. M. Smith. 
I  am familiar with this work, since I  collaborated with Mr. Smith on that- 
occasion, but, although the spectrographic method proved o f value in solving 
a rather special problem, it is doubtful whether it could be developed into a 
standard method o f testing. For that reason it was not regarded as within 
the scope of this paper. Mr. Turner tends to give the impression that zinc 
does not provide a very satisfactory coating. Whilst conditions undoubtedly 
exist under which zinc suffers rapid attack, the fact remains that zinc coatings 
have been used successfully for many years. Dr. Hatfield has mentioned that 
a life o f  20 to 30 years is not uncommon.

Dr. Hatfield raised the question of putting on a thicker coating, since this 
seemed the obvious way o f obtaining an increased life. The American Zinc 
Institute has realized this by its “  Seal o f  Quality ”  campaign, providing the 
buyer of galvanized sheet with a guaranteed coating of a minimum thickness 
of 2 oz./ft.” (total o f both sides). The comparatively modern production of 
thin coatings, with their consequent short life, has been largely responsible for 
the recent tendency to under-estimate the value o f zinc as a coating.

CORRESPONDENCE.
Mr. S. C. B r i t t o n ,*  M.A. (Member): If, when I  described the electrolytic 

test for zinc coatings,t  I  had surveyed the methods o f tests available, the 
result would have differed little in its essential contents and conclusions from 
the survey which Mr. Kenworthy now sets out. I  have since seen no reason to 
change my mind, and the few disconnected points I  wish to raise are all supple­
mentary rather than detractive.

In his conclusion, Mr. Kenworthy mentions only the marine type of 
atmosphere as one in which pores in zinc coatings are objectionable. The 
action which he describes as occurring in such atmospheres is apt to result in 
the formation o f some rust at pores. The loss is, I  believe, largely an aesthetic 
one, the life of the coating and o f the base metal, so far as mechanical strength 
is concerned, being little reduced. On the other hand, in acid atmospheres, 
where no protective film of corrosion product forms and the electro-chemical 
protective action o f zinc over iron can operate unhindered, the effect of 
porosity may be to increase the rate o f corrosion of the coating. I  have 
no direct evidence o f this effect, but the results o f Patterson J on the relative 
corrosion of electrodeposited and hot-dipped coatings under different condi­
tions, can be explained by such an action if the greater liability o f the electro­
deposits to contain pores Is considered. In other comparisons o f the rates of 
atmospheric corrosion o f various zinc coatings, little difference has appeared, 
no doubt because the coatings used have all been sound; but few examples of 
the sprayed coatings, which are now finding a more extended use, have been 
included. Variations in porosity and oxide content may be produced by 
the different processes o f metal spraying, and by individual operators o f the 
same process. It is likely, therefore^ that, in resistance to some atmospheric 
conditions and to immersed conditions, sprayed coatings will differ among 
themselves as well as from other types o f zinc coating. It may be necessary

* London, Midland, and Scottish Railway Research Laboratory, Derby, 
f  J. Inst. Metals, 1936. 58, 211.
+ J. Soc. Chem. Ind., 1928, 47, 313t.
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to exclude sprayed coatings from the general rule that, for atmospheric 
exposure, weight of coating is supremely important, and t=o use separate tests 
for them, including one for porosity.

Chemical dissolution methods can be used to obtain satisfactory values for 
minimum thickness o f coating 011 irregularly shaped articles, if  loss o f weight, 
instead of time o f solution, be used as the “  yardstick.”  It is essential, o f 
course, that the test-piece should be withdrawn from the stripping solution 
within a few seconds o f the appearance o f bare iron, but this can be arranged 
after a little experience. The test-piece is withdrawn from the solution every
15 seconds or less when the end-point seems to be near. Cop|3er sulphate 
seems the best solution to use, as it gives the most easily visible end-point, 
which is even more definite if the solution is slightly acidified. The adherence 
of copper does not appear to introduce any error, when the method is used to 
determine only the minimum thickness; in fact, it should help to compensate 
for the solution of zinc which occurs in any overshooting o f the end-point. 
Some error does no doubt arise, as the rates o f  solution of the coating from 
surfaces, having different curvatures, are not likely to be the same.

I have been unable to obtain satisfactory results with Mesle’s chord method 
for zinc coatings, owing to smearing o f the coating over the exposed base metal. 
If, however, conditions can be arranged so that this difficulty is overcome, the 
method might be extremely useful in the investigation o f structure and 
distribution.

No tests for brittleness or adherence of the coating are mentioned by Mr* 
Kenworthy. No doubt an adherence test is not so important for zinc coatings 
as for coatings o f cathodic metals, but resistance to cracking may be important 
for corrosion-resistance at least under some conditions, and, in the case o f wire 
for some forms of service, for fatigue-resistanee.

Has Mr. Kenworthy any views on the need for special tests for brittleness, 
or does he think that investigation o f structure alone is sufficient ?

Mr. H. L. E v a n s ,*  M.Sc. Tech. (Member): This paper has a direct bearing 
on the practical importance o f the uso o f zinc coatings in protecting iron and 
steel from corrosion, and this point is fully recognized by the interesting 
oral discussion which it provoked.

The author mentions that the protection afforded by zinc coatings in 
service is proportional to the weight of zinc per unit area, assuming reasonable 
uniformity. Some American work, however, tends to show that the increase 
in service life is more than proportional to increase in coating weight.f t

Most users o f galvanized sheet’ have no conception of the importance of 
coating weight. To them galvanized iron is an ordinary article o f commerce, 
and the possibility o f specifying a definite coating weight, and the advantages 
to be derived thereby, have probably never been considered. Dr. Hatfield 
referred to the importance o f coating weight in considerations o f service life 
and mentioned that there are sheets made to-day that will give a life of 
20 to 30 years. It may be well to stress this aspect, and to indicate that 
considerable economies may be effected by the use o f heavy zinc coatings. 
By far the greatest amount o f  galvanized sheet sold has only 1-jr oz ./l ft .2 of 
zinc, i.e. including both sides. Two-ounce sheet involves an additional 
initial cost, including erection, o f  only about 4 per cent, for the same surface 
area to be covered. Assuming only a linear relation between coating weight 
and service life, this additional 4 per cent, will yield 60 per cent, longer life.

Mr. Turner asked why we should rely solely on zinc since we know that
* Chief Alloy Investigator, National Smelting Company, Ltd., Avonmouth.
f  Proc, Anicr. Soc. Test. Mat., 1935, 35, (I), 89; 1936, 36, (I), 107.
X Bartells and Ekblaw, “  Production and Use of Roofing Sheets,’ ’ Agric. Eng., 

1932, (Feb.), 47.
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it corrodes, and suggested that it might pay the engineer to apply a paint 
or similar finish on top o f the zinc. It seems probable that Mr. Turner has 
not enquired very closely into the economies at issue. To the user the vital 
point is the cost of protection per annum, and this i-esolvcs itself merely into a 
consideration o f whether it is cheaper to erect good quality galvanized sheet, 
and to scrap and re-sheet at the end o f its normal service life, or else to erect 
sheet of a lighter coating weight and to maintain a surface paint covering 
in good condition.

The following figures have been estimated on the use o f 24-gauge corrugated 
galvanized sheet, o f 2 -oz. coating weight in the one case and of 1 ^-oz. in the 
other. A unit o f 10 X 10 ft. superficial surface area is taken as a convenient 
basis for comparison. The cost o f this area o f 2 -oz., 24-gauge sheet, erected, 
is about £2 9s., this being an average for roofing and siding for a fairly large 
building. Assuming a rural location, a life o f 20 years may be expected. 
Taking into account depreciation and 5 per cent, interest, an annual cost is 
involved which closely approximates to 4s.

In the case o f the sheet to be painted, although Mr. Turner does not give 
any indication of what he would consider a reasonable period for service 
life, it must be assumed that, in practice, for various reasons, some limit 
would have to be set to the expected life, and an obsolesccnce period of 50 
years may, with fairness, be assumed. The initial cost o f the same area of 
lj-oz . 24-gauge corrugated sheet is about £2 7s. On the basis o f interest 
at 5 per cent, and depreciation over a 50-year period, an annual cost o f 2s. 8d. 
would be involved for the sheet alone. To this must be added the cost of 
painting. The variation between different painting contractors’ prices, and 
the possibility that paints differing in quality and price may be used, makes 
a fair average figure somewhat difficult to determine. The assumption 
has been made, however, that two coats o f good quality lead paint would be 
used, which would need renewing at intervals o f 3 years under the rural 
conditions postulated. A figure o f 10s. 3tf. has been taken as a contractor’s 
price for painting a 10 X 10 ft. superficial area o f corrugated sheet with two 
coats of good quality lead paint. Applied every three years, this would 
involve an annual cost of 3s. 9d. Added to the annual cost o f the sheet alone 
this makes a total annual cost o f 6s. 5d., which compares very unfavourably 
with the figure o f 4s. for 2-oz. unpainted sheet.

Obviously, in practice the matter would not be quite so simple as expressed 
above. Unpainted buildings would require patching in parts before the 
building as a whole needed re-sheeting, and similarly, in the other case, 
some parts would need re-painting at more frequent intervals. Under urban 
or industrial conditions the 2-oz. sheet would have a life somewhat less than 
20  years, but similarly a paint coating would need to be renewed more 
frequently. Cheaper paints would considerably reduce the cost o f any one 
application, but it is highly probable that they would be dearer than good 
paints in the long run.

With all these possible variations in mind, an attempt has been made with 
the figures given above to arrive at a fair estimate o f respective costs, and I 
have no doubt that in actual practice the divergence would be at least as 
great as these figures indicate.

Quite apart from considerations o f protection, appearance is often im­
portant and the use of paint on galvanized iron must be separately considered. 
Mr. Turner referred to the necessity for roughening the surface o f galvanized 
sheet by weathering or deliberate preparation before painting. The lack of 
adherence o f paint to zinc in the normal way is not a question merely o f the 
smoothness o f the new surface, but involves the chemical interaction o f the 
zinc with the paint vehicle. There arc some phosphate processes available 
for the immediate pre-treatment o f  galvanized iron and other zinc surfaces



Correspondence on Kenworthy’s Paper 167
which give excellent adherence to subsequent paint coatings, but it is not 
widely known in this country that a priming coat o f a metallic zinc dust 
paint is equally effective. By this means additional zinc protection is afforded, 
and the necessity for an ordinary priming coat dispensed with.

Dr. U. R. E v a n s ,* M.A. (Member): This review o f methods for estimating 
the thickness o f zinc coats will be universally welcomed. On practical points 
it may be taken as authoritative, and I have no wish to challenge the con­
clusions.

I would point out, however, that the use of electro-chemical measurements 
for determining the end-point is not necessarily confined to cases where the 
form o f the zinc-coated materials is geometrically simple (e.g. wire or plate). 
If, as in Britton’s method,f the zinc coat is dissolved away by anodic action, 
geometric simplicity is essential for obtaining a uniform rate o f removal. 
It is possible, however, to remove the zinc coat in acid, using the measurement 
of the potential merely to ascertain the two end-points at which (a) the removal 
of the pure zinc coat, and {b) the removal of the alloy coat, become complete. 
Some curves which I  published 9 years ago j; showed that this method can 
be used to ascertain whether an alloy layer is present or absent, and even to 
measure its thickness and that o f the pure zinc layer. Admittedly, in the 
case o f coats bearing an alloy layer, the end-point is not so sharp as one would 
like, but with a little practice it could probably be used.

It is fully realized that such a method involves weighing the specimens 
and must therefore be relatively slow, but if, in each experiment, the counter­
poise used in weighing the specimen consists of the specimen to be used in 
the next, the total number of weighings can bo roughly halved; moreover, 
the time o f each weighing will thus be greatly reduced, since it is much quicker 
to determine the difference in weight between two nearly equal specimens 
than to determine the absolute weight o f a single specimen. I f  it is desired 
to avoid weighing altogether, I believe that the observation of the amount 
of heat evolved when the coating is dissolved away in acid (the principle of 
Strickland’s method), could be made fairly accurate for specimens o f nearly 
equal form and weight. Undoubtedly, the heat evolution from a zinc coat 
will not be the same as that obtained from an alloy coat of equal thickness; 
but when the two layers are being determined separately, this fact would not 
necessarily involve any error.

It would doubtless involve considerable work to develop and standardize 
a test on these lines. I do not intend to do it myself, and I  do not know 
whether it would bo worth while for anyone else to do so. In my opinion, 
the amount of time now devoted to designing new tests is somewhat out of 
proportion to the value o f the tests when they arrive. I f  some of this time
were devoted to more fundamental work on ascertaining the root cause of
failures, the benefit to users might bo greater, and possibly the urgent need for 
the tests would cease to exist. This, however, is a matter on which there is 
room for honest differences o f opinion.

Mr. J. W. N orris § : I agree with the author’s implied conclusion that 
for a test to be satisfactory it must afford information from which the actual 
protective value of the zinc coating as a whole can bo assessed, lests can, 
in general, be classed as ( 1 ) academic (research laboratory) tests, or (2 ) com­
mercial (works) tests, and it is the latter in which I am particularly interested,

* Cambridge University.
t  S. C. Britton, J. Inst. Metals, 1936, 58, 211.
t  U. R. Evans, J. Inst. Metals, 1928, 40, 121.
J Deputy Chief Inspecting Engineer, Crown Agents for the Colonies, London,
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as a representative o f an important body purchasing considerable quantities 
o f engineering stores for export.

It is axiomatic that in specifying that articles shall be galvanized what we 
expect and pay for is protection from corrosion, and it is the duty o f the Inspector 
to ascertain, as far as is possible before accepting the materials for shipment, 
that the coating is likely to prove satisfactory. At the present moment, 
for a large proportion o f galvanized work, we have to rely wholly on a deter­
mination o f the weight o f the coating, as ascertained by weighing in the black 
and then again after galvanizing, making an allowance of 2 per cent, for 
loss in pickling and the absence of acid spots or other bare places, the presence 
o f which is detected by rusty patches after exposure to the air for a period of
14 days. Other articles are dealt with by the copper sulphate test, which, 
it is agreed, gives only a limited amount o f information regarding the quality 
o f the zinc coating.

I  had hoped, therefore, that the paper might have contained information 
regarding a more satisfactory test from the Inspector’s point of view. Un­
fortunately, the many tests described in the paper fall in the category of 
research laboratory tests, and there is no test suitable for commercial applica­
tion, with the possible exception o f the magnetic test, which is being developed 
by the Post Office, and the copper sulphate test, which, for want o f a better, 
is the only test at present specified by the British Standard Institution.

The electrolytic test advocated by Mr. Kenworthy, and on which he places 
such reliance, is so entirely dependent for its results on the use o f accurately- 
calibrated electrical measuring instruments o f an order of accuracy that is 
not likely to be found in the average works, that it cannot bo considered as 
a commercial test. ;

With regard to the copper sulphate test, I  note with interest the author s 
reference to the necessity for the adjustment of the time o f the standard dips 
to suit the type o f coating under examination. So far as I am aware, no such 
suggestion was put before the Committee o f the British Standard Institution 
dealing with this test, and I  am under the impression that sherardizers have 
accepted the test as it stands in B.S.S. No. 729, without any amendment.

I  hope that the discussion of this paper may eventually lead to the de­
velopment of a more suitable commercial test which will give an index o f the 
protection afforded, that can bo applied to articles for which the copper 
sulphate tost is not suitable.

The A u t h o r  (in reply): Mr. Britton raises an important point in connection 
with the variable composition and porosity of sprayed coatings, and it would 
seem very desirable that _ a comprehensive study of the protective value of 
spraved zinc coatings should be undertaken. I was interested to note that 
he considers that the copper sulphate dip test might be used as a loss-in-weight 
test, without appreciable error. His experience with the Mesle chord method 
is also o f  interest. Tests for brittleness or adherence were purposely omitted 
from the present paper, not because o f their unimportance, but because they 
were regarded as preliminaries to the actual testing of the coating. Mechanical 
tests should be designed to subjcct the coated material to the degree and type 
of deformation likely to be met with in service by that particular material. 
I f  the coating fails in this process by flaking or cracking, phenomena which 
may usually be detected visually, the application of the tests described in this 
paper would, o f course, become unnecessary.

Mr. H. L. Evans lias interpreted the results of the A.S.T.M. field tests 
as indicating that increase in the weight o f a zinc coating results in a more than 
proportional increase in service life under atmospheric conditions. This, 
however, is a matter which depends entirely on the definition o f the term 
“  service life.”  I f  one regards a coating as having failed at the first appearance
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of rusting o f  the iron base, and this appears to be the reasonable definition, 
then the relationship between life and average weight is, in fact, linear as 
shown graphically in the papers quoted by Mr. Evans.* I agree that if  the 
time taken for 50 per cent, rusting to occur is regarded as the point of failure, 
then the life is more than proportional to the average weight, since, although 
the degree- o f uniformity may be the same for all thicknesses of coating, the 
actual excess o f  average weight over minimum weight will be considerably 
larger for thick coatings than for thin. Thus, it was observed in the tests o f 
the A.S.T.M., previously mentioned, that iron rust having once appeared, 
spread rapidly over the surface o f the lightly coated specimens, but more 
slowly over those which had been heavily coated. To avoid ambiguity, 
therefore, we may say that the useful life o f a coating, before the appearance 
of rusting of the iron base, is proportional to its average weight when exposed 
to atmospheric conditions.

It is undoubtedly true that most users o f galvanized sheet, having no 
conception of coating weight, never consider the possibility of specifying a 
definite weight of coating, but this is largely to be attributed to the attitude 
o f the wholesale and retail distributors of galvanized goods, and to some extent 
to the manufacturers themselves. Even an enlightened member o f the public 
would gain little satisfaction by* brandishing specifications before the local 
ironmonger.

I quite agree with Mr. Evans on the subject o f painting, and I  am very 
pleased that lie has placed the economics of the problem on record in such a 
clear manner.

I  thank Dr. U. R . Evans for directing attention to the fact that, by com­
bining potential measurements with a chemical dissolution method, it is possible 
to estimate the structure of zinc coatings even on articles of irregular shape.

Mr. Norris raises the problem of finding a more suitable commercial test 
than the Preece test, the assertion being made that the more accurate methods 
which exist suffer from the commercial disadvantages of slowness and com­
plexity. Assuming this to be the case, then clearly the question to decide is 
to what extent do the inaccuracies of the Preece test warrant the expenditure 
of time and money on the adoption o f a more accurate method. But whatever 
the decision reached, let it not be said in 1937 that an ammeter was the 
stumbling-block to progress.

* Proc. Amer. Soc. Test. Mai., 1935, 35, (I), 92 ; 1936, 36, (I), 110, 112.
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A STUDY OF THE DEFORMATION OF THE 779 
MACROSTRUCTURE OF SOME TWO-PHASE 
ALLOYS BY COLD-ROLLING.*

By HERMANN UNCKEL.f Dr.-Ing., Mem ber .

Synopsis.
The deformation, on rolling, of alloys consisting of several phases 

having different yield-points, differs from that of alloys of homogeneous 
structure. Harder particles imbedded in a softer matrix deform less, and 
softer particles somewhat more, than the matrix. A secondary flow is 
thereby caused round the inclusions. Experiments with some two-phase 
alloys are described. It is shown that the deformation takes place in 
such a way that the work of deformation becomes a minimum value.

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

The deformation phenomena occurring during the rolling process have 
been investigated by a considerable number of authors. 1 , 2 ' 3- 4 In these 
investigations the material was assumed to be homogeneous. As 
however the rolling process is widely employed for alloy systems which 
are not homogeneous but consist of particles with different hardness, 
such materials merit consideration.

Apart from a theoretical interest, the problems involved have a 
distinct practical importance for they concern, for example, the 
occurrence of stresses and cracks within the structure or the change in 
shape and arrangement of the second-phase particles brought about by 
deformation.

Considering first a single-phase alloy, the material mostly consista 
of a great many crystals with random orientation ; we might in this 
case consider the whole mass of metal as approximately homogeneous 
with respect to deformation, for, the greater the number of crystal 
grains per unit volume the less do the vectorial restrictions of the 
lattice against deformation prevail and the more numerous are the 
crystallographic possibilities allowing deformation as in a uniform 
mass. Approximately at least, a one-phase multi-grain metal might 
therefore be regarded as homogeneous.

The case becomes quite different, however, if we consider an alloy
* Manuscript received October 22, 1930. Presented at the Annual Autumn 

Meeting, Sheffield, September 8, 1937.
t Engineer for Control and Research, Finspongs Metallverk A.B., Finspong, 

Sweden.



with phases of different hardness, and it might be expected that such 
a composition will not deform in the same way as a homogeneous 
metal.

L i t e r a t u r e .

Siebel2 states that hard constituents frequently remain undeformed 
or are broken into pieces, whereas softer constituents undergo a corre­
spondingly greater deformation. Benedicks and Lofquist 5 give certain 
data on the plasticity of slag inclusions, and Schnell and Scheil e 
have studied more especially the deformation of slag inclusions in 
steel and noted a different plasticity of the slag inclusions in different 
parts of the metal. If, for instance, sulphide inclusions lay near the 
surface of the specimen they proved to be very brittle, but they were 
plastic if situated more inside the metal mass and therefore exposed to 
pressure from all sides. Mention might also be made of an interesting 
paper by Scheil7 on the investigation of structures by statistical 
methods.

S c o p e  o f  t h e  P r e s e n t  P a p e r .

The subject apparently opens quite a new and wide field for 
investigation, but this paper deals only with some of the many aspects 
of the problem. In addition to certain general considerations, some 
experiments with a few two-phase alloys are reported as examples, 
and finally some of the results are treated mathematically in further 
consideration of the problem.

S o m e  G e n e r a l  C o n s i d e r a t i o n s  R e g a r d i n g  t h e  D e f o r m a t io n  
o f  I n c l u s i o n s  o r  S e c o n d - P h a s e  P a r t i c l e s .

Without committing great error, the deformation effected by rolling 
may be considered essentially as a compression process, as has been 
shown by the experiments of the authors mentioned above. The 
deformation is the same and quite evenly distributed through the thick­
ness of the sheet, and is caused substantially by compressive stresses 
acting perpendicularly to the surface of the sheet. Ihe flow in the 
direction at right angles to the direction of rolling is negligible, so that 
the problem is a two-dimensional one.

If the piece of metal consists of crystals belonging to different 
phases, the part present in the smaller amount may be considered as 
inclusions in a groundmass. The crystals of one phase, e.g. the inclusions, 
may be softer or harder than the matrix in which they are imbedded. 
By soft or hard, respectively, is meant lower or higher resistance to 
plastic deformation or, in other words, the yield-point. The softer or 
harder particles may either be plastically deformable or brittle. Ihus,

172 Unckel: Deformation of Macro structure of



Some Two-Phase Alloys by Cold-Rolling 173

the inclusions can be harder than the matrix but plastic, as for 
example (5 crystals in a brass; they may be harder than the matrix but 
brittle, as most of the intermetallic compounds in aluminium alloys; 
they may be softer than the matrix and plastic, as lead in brass; or, 
finally, softer but brittle, as graphite in grey iron. In special circum­
stances, an otherwise brittle substance may show plasticity, for example, 
where the brittle substance is subjected to sufficient pressure from all 
sides superposed on the deforming stresses. Th. v. Karman, in his 
experiments in 1912, succeeded in plastically compressing material 
as fragile as marble, and Scheil observed that brittle sulphide slag 
showed plasticity if surrounded by the steel matrix.

As brittleness is often observed, however, even with imbedded 
inclusions, the all-side pressure is obviously effective only to a certain 
extent. It can be understood that the flow of a softer matrix mass 
round the corners of a hard and brittle inclusion exerts a pressure 
towards its corners and thereby creates a certain normal pressure on 
the glide planes within the inclusion, which pressure depends on the 
relative hardness of inclusion and matrix and on the different kind of 
flow round the inclusion.

Distribution and Size of the Second-Phase Particles.
The second-phase particles in alloy systems may vary greatly in 

size and distribution according to composition and treatment of the 
alloy. The particles may thus occur isolated from each other, or they 
may form a continuous network. In the first case, if the inclusions are 
relatively small, they will cause only little disturbance in the flow of the 
matrix; in the second case, however, the skeleton-like net-work must 
give way if the whole piece of metal is to be deformed.

Considering now inclusions of equal volume but different shape, the 
disturbance is greater if for example an elongated inclusion is arranged 
with its long side in the direction of compression. Assuming a hard 
particle, the matrix mass above and beneath the inclusion has to under­
go greater specific compression than the material ahead of the particle. 
A compression for example by an amount AII o f the whole specimen, is 
shared by a thickness of material H  if there is no inclusion, whereas the 
same compression AH above and beneath an inclusion has to be taken up 
by the thinner layer II — h. (Here it is supposed that the inclusion 
does not participate at all in the deformation.) Conversely, with a 
particle arranged with its flat side perpendicular to the direction of 
compression, the disturbance will be less because of the smaller difference 
of the flow velocities around it, on account of its lesser height. I f  the 
atomic connection between inclusion and surrounding mass is loose,



174 Unckel: Deformation of Macrostructure of
cavities eventually occur at the sides of the inclusion, as illustrated 
later.

The Flow and Deformation Round an Inclusion.
The flow of the matrix in the neighbourhood of a Imrd inclusion is 

schematically illustrated in Fig. 1, in which, for simplicity, the particle 
is assumed to have been square-shaped at the beginning. Supposing a 
network of vertical and horizontal lines within the test-piece then, after 
compressing the specimen, the original squares at some distance from 
the inclusion deform to rectangles. In the vicinity of the particle, 
however, the flow is disturbed, and the disturbance is levelled out again 
only at some distance from the particle. It is clear, therefore, that the 
original horizontal lines are crowded up above and beneath the in­

clusion. Now, since the volume of the particle is constant and supposing 
the flow to be negligible in the direction perpendicular to the plane of 
the paper, the area of the original squares is constant during deform­
ation. By drawing the cross-set of lines so that the area of each element 
is equal, it is found that the horizontals are less distant from each other 
even at the vertical sides of the inclusion and further, that the deform­
ation is very considerable at the very corners of the particle. As the 
surrounding material flows with greater velocity at the horizontal than 
at the vertical faces of the inclusion, a sideward pressure is exerted in 
the vicinity of the corners which tends to elongate and separate the 
material at (a) in Fig. 1. Likewise, a pressure is exerted in the 
direction of the corners of the particle itself. As is shown by means 
of dotted arrows, a movement takes place in the material from the 
regions above and beneath the inclusion towards the right and left 
sides of the particle.

Fig. 2, on the other hand, is intended to give a conception of
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the kind of deformation in the neighbourhood of an inclusion which is 
softer than the matrix. Hero again, the disturbance caused by the 
difference in deformation stress of the two materials diminishes with 
increasing distance from the particle. As an extreme case, it may be 
assumed that the inclusion consists of a frictionless liquid. It is clear 
that the pressure put upon it from above and below is hydrostatically 
propagated to the sides, as shown by small arrows on one side of the 
figure. There the elements of the adjoining mass are exposed to a side 
pressure which leads to an outward bending of the originally vertical 
lines. By constructing elements again with equal area it is found that 
the original horizontals drop towards the upper and lower sides of the

particle and that their distance from each other is greater there. The 
portions of the surrounding mass adjacent to the vertical sides of the 
inclusion are stiffened, so to speak, by the horizontal side pressure against 
the vertical compressive forces, and are consequently compressed to a 
less degree. As indicated by the curved dotted arrows, flow takes place 
from the right and left sides to the upper and lower ones.

On the whole it is seen that the total deformation in the matrix is 
less if the inclusion is softer than the deformation would be if the 
inclusion had the same hardness. Conversely, the deformation of the 
matrix is greater if the inclusion is harder. Later in the paper part of 
the subject is considered mathematically.

Effect of Strain-Hardening.
With most metals and alloys (except those recrystallizing at the rolling 

temperature), a further complication is involved by the fact that the
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yield-point, or the resistance to further deformation, increases with 
increasing cold-work. This increase of the deformation stress as a 
function of cold-work varies with different materials and accordingly it 
is to be expected that the inclusion particles harden differently from 
the matrix. Assuming for instance an inclusion with an initial yield- 
point Y2, in Fig. 3, which strain-hardens according to the curve A  and a 
matrix hardening according to curve B. Then, if the imbedded in­

clusion behaved as if it were free, it would start to deform after the 
matrix had already suffered the reduction corresponding to a stress 
1 '2; depending on the different gradient of curve B the deformation of 
the inclusion thus lags behind that of the matrix.

An imbedded particle, however, is exposed to stresses which differ 
from the pure compressive stresses as supposed in Fig. 3, because of 
the special flow around it and, consequently, it behaves otherwise than 
if not included. Moreover it is uncertain whether the strain-hardening 
curve of an imbedded particle really is the same as if the same material 
were free.
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E x p e r im e n t a l  I n v e s t ig a t io n .

General Procedure.
Since it is not possible to follow the deformation of definite individual 

grains, resort must be made to statistical methods of measurement in 
order to obtain a reliable mean value of the deformation. The actual 
measurements made were restricted to the plane containing the rolling 
direction perpendicular to the rolling plane, since the flow of material 
in the cross-direction is negligible. The measurement itself of the 
dimensions—height and length of the second-phase particles—was 
made by means of an eye-piece micrometer consisting of a plane glass, 
divided into a network of small squares, mounted between the lenses of

the ocular. The degree of deformation of a grain is — where
designates the height of the particle before, and / ¡2 its height after, 

deformation. One might either measure the heights only or the pro­
portion of height to length of the inclusion and therefrom calculate the

j h
height reduction as 1  — i since the volume is constant, viz. hjbi =/ " 1  V bi

(bx — length before, b2 length after deformation). The latter method 
yields better results, as it is easier to estimate the proportion of height 
to length with a fair degree of accuracy, than to estimate the height 
only in which case the error of observation may be greater. The first 
method is to be preferred, however, if the length of the individual grain 
is not clearly determinable, as is sometimes the case with heavier 
reductions.

Prior to rolling, the distribution and size of the second-phase 
particles was checked in the cross-plane. It was found with all alloys 
that the inclusions were approximately equiaxedand evenly distributed 
in the two perpendicular planes.

In order to obtain reliable results of the average deformation value 
it is necessary, of course, to measure a very great number of grains 
in very many different places on the specimen, and thereafter to compute 
the mean value of all measurements.

In addition to statistical grain measurement, direct microscopical 
observation of the neighbourhood of the inclusion can often give certain 
indications of the special flow phenomena which have taken place 
around it. The deformation of the matrix frequently reveals itself by 
the special arrangement of the strain marks disclosed by etching or 
through the displacement of the grain boundaries in the vicinity of the 
inclusion, as will be illustrated later.

v o l . l x i . m
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Hardness Measurements.
Two methods were tried to measure the relative hardness of inclusion 

and matrix, namely scratch hardness tests with a diamond point and 
indentation tests with a sharp steel needle held in a guide assembly and 
loaded with definite wreights (100 or 150 grm.). The latter method might 
be considered more adequate, as it measures plastic flow resistance 
whereas scratching always involves a certain abrasion effect. The 
needle test, on the other hand, has the disadvantage that the dis­
tribution of the second phase particles beneath the surface might be 
different from that visible in the surface itself.

As these did not prove very satisfactory, measurements were made 
of the Brinell hardness of all specimens.

Materials Used.
The materials were chosen with one object only in view, namely 

to represent certain characteristic cases, and not with regard to their 
technical application. The compositions wTere selected so that the 
desired amount of second-phase particles was obtained in the structure.

In order to equalize the structure and eliminate discontinuities, 
all ingots were rolled or forged and then annealed for homogenizing 
prior to cold-rolling. The specimens were cold-rolled so far as their 
capacity for cold-work allowed, e.g. until cracking occurred. Samples 
were taken at different stages of rolling. The etching reagent and treat­
ment were adapted so that both the second-phase particles and the crystal 
grains of the matrix mass appeared as clearly as possible without giving 
too much local attack due to electrolytic action at the boundaries of the 
inclusion and thereby concealing valuable details.

Alloy 1.—Leaded Brass {Copper 63, Zinc 27, Lead 10%).
Lead in brass is a typical example of soft plastic inclusions in a harder 

matrix. As lead does not form a solid solution with brass, it solidifies 
last and lies between and partly inside the primary brass crystals.

T able  I.—Treatment, Test-Pieces, and Results.
Dimensions of ingot 120 X 120 X 20 mm.
Annealed after rolling to 18 mm. thickness, at 750° C. for 2 hrs.
Average grain-size before rolling Brass crystals : 0-06 mm.

„  „  „  „  „  Lead particles: 0-01-0-04 mm.
Yield-point „  „  Brass (approx.) 10 kg./mm.2.

„  ,, ,, ji Bead ,, 0-3 ,,
Specimens taken at 18 16-25 8-30 mm. thickness,
Brinell hardness 40 84 144.

0 0-7 53-3 per cent, reduction in thickness by
rolling.

0 14-5 34-5 „  „  of lead particles.



It appears surprising that the lead particles are compressed only 
slightly more than the specimen as a whole, in spite of the fact that the 
yield-point of lead is only 1 : 30 that of the brass matrix. At the 
lower reduction the relative deformation of the lead particles was found 
to be greater than at higher reduction. Typical structures are shown 
in Figs. 4-7 (Plate IX ). The structure prior to cold-rolling is represented 
by Fig. 4. At 9 '7 per cent, reduction the lead particles show a somewhat 
greater deformation than the a brass crystals. Figs. 6  and 7 show some 
evidence of the deformation details, and how, for example, twin bands 
have been bent ahead of lead particles owing to the greater elongation 
of these in relation to the brass matrix.

Since it is not possible to examine exactly the same place on thê  
specimen before and after deformation, it is easy to commit the error of 
attributing a certain configuration in the structure, which existed 
before, to the deformation which would have occurred even if the 
inclusions had not been present. All conclusions on such observations 
can therefore only be based on probability.

Besides the displacement of grain boundaries in the matrix material, 
the strain marks or slip bands developed by etching the polished surface 
can give some indications of the disturbance caused in the matrix by 
the second-phase particle, of which Fig. 6  (Plate IX) is an example. 
In front of a great many lead particles bundles of slip plane traces were 
observed which can probably be ascribed to a special flow-movement 
due to the tendency of greater elongation of the lead grains.

It is remarkable that the test-piece broke after 53 per cent, reduction 
in spite of the fact that both the a brass and the lead are highly plastic 
if deformed independently of each other and have a much greater 
capacity for cold-work. The greater brittleness of the alloy may be 
due partly to special stress accumulations through the discontinuities 
in the brass structure by the lead particles, which may act like notches. 
It is highly probable, however, that the side pressure exerted by the 
soft inclusions on the adjoining matrix material contributes to the 
cracking.

Alloy 2.— <x-p Brass {Copper 63, Zinc 37%).
The [i phase in brass is harder at room temperature than the a 

phase. The latter with its face-centred cubic lattice yields to deform­
ation by gliding on (111) planes (octahedral) in the [Oil] directions 
whereas the body-centred p deforms differently, probably gliding on
(Oil) planes in [111] directions. 8

The alloy was investigated after annealing and quenching from 
600° and from 750° C. in order to obtain different p contents. The
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composition of the ¡3 phase at these temperatures can be lead from the 
phase diagram; at 600° C. the 3 contains approx. 56 per cent, copper 
and the a. 63 per cent, copper. Consequently the hardness of the two 
phases can be assumed as being those of an homogeneous alloy with 56 
and 63 per cent, copper, respectively.

Table  II .— Treatment of the Tcst-Piece and Results.
Dimensions of ingot: 150 X 300 X 26 mm.
Homogenized after rolling to 20 mm. thickness at 600° and 750° C., respec­

tively, for 2 hrs.

A. Specimen Annealed, at 600° C.
Average grain-sizo before rolling : Alpha : 0-0*1 mm.

„  „  „  „  „  Beta: 0-022 x 0-045 mm.
Yield-point: Alpha (approx.) 12 kg./mm.2 (before rolling)

„  „  Beta „  23 „  „  „
Specimens taken at 20-6 17-25 9-15 3-59 mm. thickness.
Brinell hardness . 63 107 158 170

0 16-0 55-7 82-5 per cent, reduction in
thickness by rolling.

0 12-5 34-2 55-2 „  „  „  of beta.

B. Specimen Annealed at 750° C.
Average grain-size before rolling : Alpha : 0-062 mm.

„  „  „  „  „  Beta: 0-050 „
Yield-point: Alpha (approx.) 11 kg./mm.2 (before rolling).

,, „  Beta „  25 ,, „  ,,
Specimens taken at 20-33 17-17 9-15 3-55 mm. thickness.
Brinell hardness . 68 110 160 182

0 15-5 55-0 82-5 per cent, reduction in
thickness by rolling.

0 10-1 38-4 44-2 „  „  „  of beta.

Because of the irregular shape of the [3 particles it proved rather 
difficult to determine their average deformation. This applies especially 
to the alloy annealed at 750° C. because of its larger ¡3 content and the 
precipitated « needles within the |3 grains. Since it was not easy to 
estimate exactly the length of the grains, only the height was measured.

As shown in Fig. 8  (Plate IX) the p grains are elongated before cold- 
rolling in spite of the homogenizing treatment. The p phase deforms 
to a less degree than the a. The reduction of ¡3 in relation to that of a 
is, however, nearly the same in both variations of this alloy and there­
fore might be assumed to be independent of the ¡3 content within these 
limits. At the higher reductions it can be seen (Figs. 9 and 10, Plates IX  
and X) that ¡3 obviously has been deformed less than a, the picture 
frequently resembling the flow of a liquid round an obstacle, the elongated 
streaks being gently curved round a region with less plasticity. The 
[3 grains, which from the beginning are of more equiaxed shape, seem 
to withstand deformation better than elongated ones.

180 Unckel: Deformation of Macrostructure of
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Alloy 3.— Complex Brass (Ellis Type) (Copper 55, Aluminum 
3 , Iron 1'5, Manganese 4, Zinc 36'5%).

Alloys of this type are composed of a hard p solid solution and 
a hard, round-shaped special constituent. Owing to the complicated 
atomic lattice and the scarcity or possibly complete lack of definite 
glidc-planes in such intermetallic compounds, their low deformabihty 
is easily understood. As with most special brasses, this one is not a 
cold-working alloy because of the brittleness of the p at room tem­
perature. It is chosen only as representative of this class of alloys.

The test-pieces were annealed before cold-rolling at  ̂600 an 
750° C., respectively, and quenched. The amount and size of the 
special constituent was the same in both cases, only the p grains of t ie 
groundmass having grown excessively at 750° C.

T a b l e  III .— Treatment of Tesl-Piece and Results.

Dimensions of ingot: 150 X 400 X 14-5 mm. as forged.
Annealed after forging at 600° 0. and 7o0 C., respectively, for -  his.

A. Annealed at 600° C.
Average grain-size before rolling : Beta m a te ^ O ^  X 1*

Specimens token at ”  14-35’ 12-35 10-32 mm. thickness.
Brinell hardness . 1j8 217 27-2 per cent, reduction in thickness

bv rolling.
0 2-0 7-1 „  „  „  sP«aalconstituent.

B. Annealed at 750° C.

Average grain-size before rolling : Beta mm.

Specimens token at ”  14-3&’ 12-38 10-38 mm. thickness.
Brinell hardness . 139 18/ 27-7 per cent, reduction in thick-

ness by rolling.
0 1-0 1-3 „  „  of special

constituent.

The hard inclusions do not undergo appreciable deformation. It 
is uncertain, therefore, if the conclusion is permitted that the special 
constituent deformed less in the specimen annealed at the higher temper­
ature, since the whole deformation is very small. _ _  .

Fi^s. 11-12 (Plate X) are given as characteristic, « o  distinct 
disturbance in the matrix caused by the hard inclusions could be 
observed up to the degree of cold-rolling which the alloy allowed before 
cracking. Fig. 12 shows a typical cold-rolling crack as it occurs m 
materials which have attained such hardness that the resistance to
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further deformation on the glide planes exceeds the resistance to shear 
on planes inclined at 45° to the direction of compression which planes 
are exposed to maximum shear stress.

Alloy 4.— Copper with Iron (Copper 94, Iron 6 %).
As the solubility of iron in copper is very limited in the solid state, 

the iron occurs as primary crystals of tree- or star-like form. This 
alloy is typical of a soft matrix with somewhat harder but plastic 
inclusions. From the results obtained with this alloy certain con­
clusions may, however, be reached regarding the behaviour of iron 
inclusions in, for example, brass.

T a b l e  IV .— Treatment of Test-Piece and Results.
Dimensions of ingot : 110 x 300 x 20 mm.
Annealed after rolling to IS mm. thickness at 700° C. for 2 hrs.
Average grain-size before rolling : Copper matrix : 0-20 mm.

„  „  „  „  Iron particles : 0 012 mm.
Yield-point „  .. Copper (approx.) 5 kg./mm.2.

» »  „ „  Iron „  22 „
Specimens taken at 18-18 16-79 9-10 6-87 2-32 0-60 mm. thickness.
Brinell hardness . 68 90 112 122 122 139

0 7-65 49-6 61-4 87-2 96-5 per cent, reduction in
thickness by rolling.

0 3-1 15-4 25-5 41-4 50 0 ....................... of
iron particles.

The deformation of the iron particles is less than that of the test- 
piece as a whole, the difference diminishing, however, with increasing 
degree of reduction. Consequently, the copper groundmass may either 
have strain-hardened relatively more than the iron and/or the flattened 
particles at the higher reductions may have been exposed to greater 
forces from the surrounding material so that the inclusions kept pace in 
deformation with the matrix.

Typical structures are shown in Figs. 13-15 (Plate X). The rounded 
grains composing the iron dendrites are lined up in rows in the course of 
deformation. Cross-like configurations of the dendritic particles are 
folded together, the material between the iron grains being squeezed 
aside. As with the p brass in alloy 2, the deformation of the iron appears 
to be less with those particles which from the beginning were more 
rounded than elongated in shape. Particles originally lying extended 
perpendicular to the rolling direction are, on progressive rolling, 
pivoted round into the rolling direction. Fig. 14 (Plate X) illustrates 
disturbance caused by the inclusion in its vicinity. The slip-plane 
traces clearly show bending and change in direction in the immediate 
neighbourhood of the iron particle.
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Alloy 5.— Tin-Bronze (Copper 90, Tin 10%).
In high-tin bronzes a special constituent is frequently found within 

the a matrix at compositions at which only a pure a solid solution would 
be expected. This is due to the slowness of diffusion whereby equili­
brium is not attained on ordinary cooling. The S constituent is known 
to be hard and brittle and destroys the cold-workability of the material 
if present to a considerable extent.

T able  V .— Treatment of Test-Piece and Results.
Dimensions of previously cold-worked piece : 100 X 250 X 10 mm.
Annealed after rolling to 9-3 mm. thickness at 600° C. for 2 hrs.
Average erain-size before rolling : Alpha matrix : 0-024 mm.

„  Delta constituent: 0-008 x  0-006 mm. 
Specimens taken at ’ 9-35 8-05 5-06 1-15 0-88 mm. thickness.
Brinell hardness . 80 152 195 240 245

0 13-9 45-8 87-7 90-5 per ccnt. reduction m
thickness by rolling.

0 3-5 9-1 40-0 44-6 „  „  „  by
delta particles.

The deformation of the S constituent is at all reductions less than 
that of the specimen as a whole or of the matrix material. As with 
the copper-iron alloy, the compression of the inclusions relative to that 
of the matrix seems to increase at higher reductions. As shown by 
Figs. 16-18 (Plate XI) abnormalities or special features in the ground- 
mass in the vicinity of the inclusions can scarcely be observed. Slip- 
line systems show no appreciable change in their direction in the 
neighbourhood of the included particles. It was frequently noticed 
that inclusions show constrictions or necking, as for instance in Fig. 18 
(Plate XI). This phenomenon might be attributed to their limited 
deformation possibilities, characteristic of intermetallic compounds 
because of their highly complicated lattice and deficiency of pronounced 
glide planes.

¿Hoy g — jjigh Silicon-Aluminium Alloy (Aluminium 8 8 ,
Silicon 12%).

In spite of the fact that it is a typical casting material, this alloy 
was chosen as being characteristic of one containing a very hard and 
brittle constituent in a very soft and plastic groundmass. hcedle 
hardness tests with 150 grm. load did not show any indentations on the 
silicon particles. Aluminium takes up only a very small amount of 
silicon in solid solution at room temperature, the alloy with the above 
composition consisting almost entirely of eutectic. On long-time 
annealing at a sufficiently high temperature, the silicon blades coalesce, 
giving the impression of primary crystals.
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Fig. 19 (Plate XI) shows the typical appearance of the structure. 

As will be seen, the silicon grains frequently break up into small frag­
ments ; this was observed especially with particles of elongated shape 
arranged with the long side in the direction of compression.

It will be noticed also that cavities are formed ahead of the silicon 
particles, the surrounding aluminium mass separating there from the

T a b l e  VI.— Treatment of Test-Piece and Results.
Dimensions of ingot: 120 X 120 X 20'5 ram.
Annealed after rolling to 19-2 mm. thickness at 500° 0. for 12 hrs.
Average grain-size before rolling : Matrix, 0-075 mm.

„  „  „  „  „  Silicon particles: 0-024 mm.
Specimens taken at 19-2 9-04 6-4G 4-20 mm. thickness.
Brinell hardness . 30 45 50 53

0 52-9 67'0 78-0 per cent, reduction in
thickness by roiling.

No plastic deformation of the silicon particles was observed.

inclusion. It should be mentioned, however, that these cavities become 
enlarged by the action of the etching reagent.

Alloy 7.— Aluminium-Copper Alloy (Aluminium 92, Copper 8 %).
In this typical casting alloy the special constituent is the same as in 

some alloys of the Duralumin type, namely Al2Cu, but it occurs in 
greater amount, permitting easier measurement, for which reason this 
composition was chosen. After annealing at a sufficiently high 
temperature the ¡5 constituent, AlaCu, coagulates and accumulates in 
the grain boundaries and within the grains of the solid solution matrix
as rounded globules. In addition needle-shaped dark particles occur,
apparently originating from the primary eutectic. According to the 
rate of cooling, the matrix; may hold up to 4 per cent, copper in solid 
solution and thus varies in hardness.

Table  VII.— Treatment of Test-Piece and Results.
Dimensions of ingot: 120 X 120 x  20-5 mm.
Annealed after rolling to 19-4 mm. thickness at 500° G. for 12 hrs.
Average grain-size before rolling ; Matrix : 0'64 mm.

..........................................  „  AljCu constituent: 0'013 mm.
Specimens taken at 19-0 16-60 12-30 mm. thickness.
Brinell hardness . 5 4  65 70

0 12-4 34-5 per cent, reduction in
thickness by rolling.

Xo plastic deformation of the A!20u constituent was observed.

As with the aluminium-silicon alloy, the included particles showed 
extreme brittleness but no plastic deformability whatsoever. Figs. 20 
and 21 (Plate XI) show typical structures. The needle-like inclusions 
are liable to break into pieces which are then displaced in the direction 
of the flow, as shown in Fig. 20. The rounded particles, on the contrary , 
seem to withstand the stresses better and remain unimpaired (Fig. 21).
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The round-shaped particles gathered at the corners between several 
adjacent matrix grains are lined up in rows in the course of the deforma­
tion of the latter.*

F u r t h e r  D is c u s s io n  o f  R e s u l t s .

The results of the grain measurements with the alloys investigated 
are shown graphically in Fig. 22, with percentage reduction of the tests 
piece as a whole as abscissa and percentage reduction of the second phase

10 20 30 «  50 60 70 80 90 100
REDUCTION OF WHOLE TEST-PIECE, PER CENT.

Fig. 22.—Percentage Redaction of Imbedded Particles as Function of Percentage 
Reduction of Test-Piece.

particles as ordinate. A line, drawn at 45“, divides the diagram in two 
parts : the deformation of inclusions softer than the matrix lie above 
that line, the curves for inclusions harder than the matrix material 
being below it. The 45° line itself represents the deformation curve for 
a homogeneous material, it is remarkable that all curves show a 
tendency to approach the 4 5 ° line with progressive reduction, indicating 
that the disturbance caused by the inclusions becomes less pronounced 
at higher reductions, as already anticipated.

* A paper on faults with pouring and forging aluminium alloys, by 
W. Sclmorrenberg (Aluminium, 1936, 18, (9), 422), winch W w d  ai.ter the 
completion of the present investigation, gives some good examples of fractures 
of AljCu inclusions.
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In the case of inclusions harder than the material in which they are 

imbedded, it might be that the latter strain-hardens relatively more 
than the inclusion so that the hardness difference becomes less in the 
course of the deformation and thereby the deformation more equal ; 
or the inclusion, having gradually been flattened out, then offers a

greater surface to the material
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\
- \ ç /
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flowing around it and is more 
easily stretched out by the action 
of frictional forces. In the case 
of a softer inclusion, the con­
ditions may be such that its side- 
areas which, according to Fig. 2, 
exert a pressure acting at right 
angles to the direction of com­
pression on the adjacent material, 
become smaller with increasing 
reduction in height wherewith this 
side-pressure effect and the pre­
ferred elongation of the softer 
inclusions diminishes.

The experimental results de­
scribed above are, of course, too 
few in number to permit accurate 
and definite conclusions. It has 
been seen, however, that the 
deformation of the second-phase 
particles depends on the relative 
hardness of the two phases, as by 
the laws of geometric similitude 
the flow is not influenced by the 
absolute hardness of the con­
stituents.

If ample experimental results 
were available the flow of the in­
clusion and of the material around 
it could be expressed as a function 

of the relative yield-points or deformation-stresses. Plotting the 
quotient of the deformation-stress of the inclusion and that of the

surrounding material, as ordinate and the relative compression of

A h f h  H 

H

23.—The Relative Deformation of 
Inclusions as Function of tho Relative 
Deformation Stresses of Inclusion and 
Matrix.

the inclusion to that, of the whole specimen -,A7i AII 'h ; IT as abscissa, where
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Mi — the compression of inclusion, AII — the compression of whole 
specimen, h =  the height of inclusion before deformation, and II =  the 
height of specimen before deformation, a curve is obtained as shown 
in Fig. 23. The values for some of the alloys investigated are marked 
in the figure. It must, however, again be emphasized that the exact 
establishment of that curve requires much more experimental founda­
tion and further the relative change in yield-point produced by cold- 
work of the two constituents must be known.

If the hardness of the inclusion is assumed to be equal to that of the 
matrix, e.g. K ( — K, the compression of the inclusion Ah is equal to

-~ h  and the value is equal to unity. On the other hand, a harder
H An .«
inclusion tends to deform less, and a softer to deform more, than the 
matrix. For a deformation, given by a reduction All of the test-piece, 
the plastic flow of matrix and inclusion adjusts itself in such a way that 
the sum of the work necessary to achieve that total compression MI 
assumes a minimum value. For, according to a general principle in 
the mechanics of plastic materials, matter adapts itself to the change 
of outer shape which is forced on it by inner displacements which
require least energy.9

If the work of deformation were known in analytical terms, it would 
he possible to calculate the true compression Ah of the inclusion by 
differentiating the expression for the deformation work with respect 
to Aft, putting the equation equal to zero and solving for Ah.

Now, suppose the relationship graphically expressed by Fig. 23 to 
represent the real relative deformation of inclusion and matrix as 
experimentally established, then, obviously, the work of deformation 
can be calculated if the graphical function of that experimental curve 
can be expressed in analytical terms. We shall now calculate the work 
of deformation which will serve to elucidate further the problem.

Accepting, for simplicity, an exponential form, the graph of which 
closely resembles the said curve, we might p u t:

or logarithmically

..............................(i)
A H .h

 ̂ A Jl . II ■* i I^i _
S AlFTh — 1  +  £  ~  0

which equation m ight be multiplied further by an arbitrary factor 6 . 
The work o f deformation is then, b y  integrating this equation with 
respect to  A h as variable,

C , Ah. log — 2  . A/i. 0  -j- jy  A/t. 0  +  C0 =  W (ii)
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The integration constant C0 follows from the condition that for

A / /— K  . . . W  — K  .1 . log -jj- which is the work of deformation for a

homogeneous mass (Z denoting the length of particle). Considering 
only small compressions AII this becomes

W' =  K . l . M L

On further making the arbitrary constant G =  K  .1 thus satisfying the 
dimensions, we finally obtain

W =  K . l .  (A H -  Ah) +  IU . l . A h + K . l . A h .  log

+  . . (iii)

In this equation the first term signifies the work necessary to 
compress the matrix with the yield-point K  by the amount AH — Ah, 
the second term accounts for the compression of the inclusion with the 
yield-point Kf  by the amount Ah, and the last three terms denote the 
additional work which is added by the extra flow round the inclusion 
which Figs. 3 and 4 illustrate.

The flow always taking place so that IF =  min., we find that for

Ki  =  Ii, Ah becomes =  the whole work being K .1. Ah. If

Ki <  K  or A', >  K  the sum of the three last expressions in equation 
(iii) for minimum work will be positive, e.g. extra flow takes place in 
both cases.

On the one hand, it is easier to compress a softer particle. A softer 
inclusion should consequently be compressed as much as possible, but 
on the other hand additional flow is then upset in the surrounding 
material whereby work is absorbed.

This means, in other words, that a soft inclusion undergoes greater 
deformation than the matrix, but only to a certain limited extent above 
v,rInch the additional flow in the latter would absorb more work than 
would be gained by a greater deformation of the softer inclusion. 
Even if the inclusion is infinitely soft, consisting of a frictionless liquid, 
such a particle is only deformed somewhat more than the groundmass, 
namely, with the above simplifying assumptions

IU =  0 TFmin. for Ah =  e

or e times as much as if the particle were of the same hardness as the 
matrix.

In the case of a hard inclusion, the deformation is less than that 
of a corresponding mass particle of the matrix, the deformation tending



to be as small as possible. The less, however, is the compression of 
the hard inclusion, the more considerable is the additional flow around 
it which also involves work. The harder particle will therefore deform 
somewhat, its deformation becoming less the harder it is in relation 
to the matrix.

If the exact curve of Fig. 23 were known, it would be possible to 
calculate directly the mean pressure values from equation (in), the

pressure being equal to since the inner work of deformation is

equal to the outer work performed by the compressive forces. As is 
easily seen from equation (iii), and in analogy to the previous consider­
ations, the mean pressure to be exerted on the test-piece diminishes 
with decreasing K( and reaches a limiting amount for ii< =  0. For 
if K{ is greater than K  and increasing, the pressure increases and reaches 
an upper limiting value. Since for simplicity an exponential curve has 
been chosen, this limiting value is approached asymptotically whereas in 
reality it is a certain definite number.

From the work of deformation it would even be possible to construct 
the plastic flow round an imbedded particle by graphical methods.

The exponential curve adopted only representing approximately 
the experimental data, the exact form of the terms in equation (iii) might 
differ somewhat if we had started from another, and it maybe a more 
accurate, analytical expression for the curve in Fig. 23. The principal 
features shown by equation (iii), however, remain the same.

Co n clu sio n s .
Embedded particles may be harder or softer than the groundmass 

and may be plastic or brittle. Through the different relative flow of 
inclusion and matrix, additional plastic flow must take place in the 
vicinity of inclusions or second-phase particles.

Thus extra stresses are set up in the material leading to an increase 
in brittleness, as for example with aluminium, silicon, and brass contain­
ing lead.

The deformation of the different-phase particles can be followed by 
microscopically measuring the mean compression of a very great number
of grains by statistical methods.

In alloys consisting of a groundmass with inclusions of a ar er 
phase, the deformation of the embedded particles is less than that of the 
test-piece as a whole or of the matrix, and becomes nil if the stress 
necessary for deformation of the inclusion exceeds a certain value.

In alloys consisting of a matrix with inclusions of a softer phase, the 
deformation of the latter is somewhat greater than that of the 
matrix.

Some Two-Phase Alloys by Cold-Rolling 189
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In all cases tie  deformation within the material is governed by the 

principle of minimum work of deformation. The gain in work by a 
greater compression of a softer particle or less compression of a harder 
particle being at a certain stage of equilibrium counterbalanced by more 
additional flow in the matrix.

If the fundamental relationship between the relative deformations 
of inclusion and matrix and the relative deformation stresses were 
known exactly by experiment, the work of deformation and the prevail­
ing mean stress could be calculated and the flow round the inclusion 
found by graphical methods.
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Director of the Finspongs Metallverk A.B., for permission to carry out 
the experiments described, and for works facilities.

R e f e r e n c e s .

1 W. Tafel, Stahl u . Eisen, 1909, 29, 041; 1925, 45, 190; 1927, 47, 1562.
2 E. Siebel, “  Die Formgebung im bildsamen Zustand,”  Düsseldorf : 1932.
5 S. Ekelund,• Jemkemtorets Ann., 1927, 111, 39.
1 H. Unckel, Arch. Eisenhüttenwesen, 1936—1937, 10, (1), 13. (In which oven more 

references are given to papers on the rolling process.)
5 C. Benedicks and H. Lüfquist, “  Non-Metullic Inclusions in Iron and Steel,”  

London: 1930.
a R. Schnell and E. Scheil, Mitt. Forschunyshist. Verein. Stahlwerke Dortmund, 

1934, 4, (9), 235.
7 E. Scheil, Z. Metallkunde, 1935, 27, 199.
8 F. Wever and W. E. Schmid, Z. Metallkunde, 1930, 22, 133.
8 E. Siebel, “  Hütte”  : Taschenbuch des Ingenieurs, 1925, 25, (I), 325.

DISCUSSION.
(Condensed-.)

T h e  P r e s i d e n t  : Dr. Unckel was trained at the Darmstadt Technische 
Hochschule as an engineer, and some time after graduation took a position at 
the Finspongs brass and copper works in Sweden, at which he has been 
responsible for a good deal o f recent works’ practice and works reorganiza­
tion. He has, therefore, the advantage o f an academic training with an 
appreciable industrial experience. Dr. Unckel’s paper deals with a subject 
which is of very considerable importance to works’ metallurgists and 
engineers.

Professor F. C. T hompson,* M.Sc., D.Met. (Member) sa id : Though I 
intend to make one or two criticisms o f this paper, I should like to say how 
useful is this contribution to a subject which is o f fundamental industrial 
and academic interest, but which has, up to the present, received very little 
attention.

* Professor o f  Metallurgy, Manchester University.



Fig. 4— Alloy 1. Leaded-brass. No Reduction. X  350. Fig. 5.— Same as Fig. 4. 9-7% Reduc 
tion. x  350. Fig. 6.—Same as Fig. 5. 53-3% Reduction, x  450. Fig. 7.— Same a 
Fig. 8. Fig. 8.—Alloy 2. a-/3 Brass. Annealed at 600° C. No Reduction. X 150. Fig. !
—Same as Fig. 8. Annealed at 750° C. 55% Reduction, x  150.

Etching Reagents : Figs. 4, 5, 6, and 7, 11 ¿SO, -f H20 2. Figs. S and 9, CrOa +  HC1.
[To face p- 190.



Rolling -<----------------- y  Direction.
P la te  X.

Fic. 10.—Allov 2. o-j3 Brass. Annealed at 750° C. S2-5% Reduction. X  450. Fic. 11.—Alloy 
Special Brass. Annealed at 750° C. 13-7% Reduction, x  350. F i g . 12.—Same as Fig. i 
X  6. Fic. 13.-—Alloy 4. Copper-Iron. No Reduction, x  160. Fio. 14.—Same as Fig- 
7-65% Reduction, x  350. Fic. 15-— Same as Fig. 14. 96-5% Reduction, x  150- 

Etching Reagents: Figs, 10, 11, and 12, Cr03 -f- HCI. Figs. 13 and 15, NH3 -f- HsOs. lie*' 
HXCV



P la te  X I .
Rolling -<----------------- >- Direction.

he. 16,—Alloy 5. Tin-Bronze. No Reduction, x  450. Fig. 17.—Same as Fig. 16. 87'7% Re­
duction. x  1000. Fig. 18.-—Same as Fig. 17. 90-5% Reduction, x  1000. Fig. 19.— Alloy 
6- Aluminium-Silicon. 34-5% Reduction, x 350. Fig. 20.— Alloy 7. Aluminium-Copper. 
12*4% Reduction. X  350. Fig. 21.—Same as Fig. 20. 34'5% Reduction, x 350.

I Etching Reagents : Figs. 16,17, and 18, H2SO, +  H,Ot. Figs. 19,2), and 21, HF +  HC1 +  HNO,.



P la t e  XII.

F ig . A. (Illustrating Professor Thompson’s discussion.)
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I  know more about the effect o f deformation in cold-drawing than in cold- 
rolling, but some work was carried out in my laboratories by Mr. Cartwright, 
which has a bearing on the first part o f this paper. The author has assumed,
I think without justification, that, in the case of a material consisting o f a 
single phase, the deformation is uniform; in fact, in one part of the paper, he 
expressly states that that is the case. It is generally recognized that the 
effect of a stress exceeding the yield-point is to produce a pair o f deformation 
wedges. When those wedges have ultimately met, it may be that, at any rate 
in many cases, the deformation is more or less uniform, but even then I am 
uncertain whether that is invariably the case. It is perfectly clear, however, 
that for reductions which are relatively small, and in which these wedges do 
not meet, there can be quite considerable variations both o f structure and of 
mechanical properties in a single-phase alloy as one passes from one surface

Until comparatively recently, it has been generally accepted that segregation 
in an alloy is to be ascribed to variations of composition caused during the 
solidification process. Benedicks and Lofquist made quite a novel suggestion 
when they put forward the hypothesis that, when acting on material consist­
ing of phases o f different hardness, the very act of deformation could produce 
a segregation o f those phases. I  should hesitate to deny the truth of that 
hypothesis, but I  carried out some experiments some years ago in connection 
with a rather different problem, regarding the manner in which plasticine 
would deform when inclusions of harder “  play-wax ”  were inserted, and was 
unable to find any indication of this type o f segregation.

I am not in a position to say what is the nature of the deformation round 
a square inclusion, but with the Hele-Shaw apparatus I have carried out some 
qualitative experiments with regard to circular inclusions, which lor this 
purpose must be regarded as being infinitely hard. Such flow-lines are of the 
character shown in Fig. A (Plato X II). From those it is possible to deduce two 
facts • (1) that the compression is very much greater at a than at 0, and (.£) 
that the velocity of flow o f the material round the inclusion varies considerably, 
being reduced before and after reaching the inclusion, i.e. at it,it, but much 
increased at I . I found no indication, however, o f the effects shown m Figs. 1 
and 2, where the author suggests that at R,R the flow lines tend to approach 
each other. I am not exactly sure how the author obtained these figures, and
i t  would be of interest i f  he w’ould elucidate this point.

Dr. Unckel’s method seems to be capable of yielding information regarding 
the mean effect o f these harder or softer inclusions. When all is said and done, 
however, the mechanical properties of a two-phase or more complex structure 
are due to the effect o f the mean deformation of the material as a whole, 
together with the effects o f the local irregular deformations which occur 
around the phase interfaces. At the present time, it. is very difficult, i no 
impossible, to say what proportion of the total influence of the deformation is 
due to the latter factor, but, so far as the ill effects of mechanica.1 deformation 
are concerned in producing cracks, for example, I  am inclined to think that, 
in some cases at any rate, those local irregularities may have very considerable

^Although I  have made certain criticisms o f this work, I want to repeat 
that in my view this paper represents a valuable contribution to knowledge.

Dr. C. H. D esch,* F.R.S. (Vice-President): I  agree with Professor 
Thompson that the great interest o f this paper lies in the fact that it opens up 
a new subject, and I also agree with the criticisms which he has made. I  rto

* Superintendent, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.
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not think that Figs. 1 and 2 represent what will happen in such a case, and 
information on that point might be gained from experiments, o f the kind 
referred to bv Professor Thompson, with the Hele-Shaw apparatus, such as 
have already teen made by engineers in studies o f the design o f engineering 
structures. Obstacles of various forms have been examined m that- connection, 
and I believe that the flow lines do not go in the directions shown.

I would mention, however, the possibility o f further experimental work. 
We often refer to the close connection between the ferrous and non-ferrous 
branches o f metallurgy, and I would direct attention to Hanemann s Atlas 
Metallographies,”  in which the actual flow of steel around slag particles and 
hard masses of cementite is shown in very beautiful photomicrographs. One 
effect which takes place, and is not mentioned in the paper, is that when 
the inclusion is o f a brittle character it may fracture, and a long inclusion may 
break up into a chain of small particles, the plastic material then flowing so as 
to fill the space between. That happens in steels and has been confirmed at 
Teddington. Then, of course, the deformation described hero is very consider-

Dr! IJnckel rightly refers to the amount of deformation of hard substances 
which can be brought about if  they are supported all round, and ho mentions 
the work o f von Karman on marble. Before that Hall carried out remarkable 
experiments in which a cylinder o f marble was deformed nearly to a sphere 
merely by supporting it all round. Some years ago I published the photograph 
of a very hard material, a piece of white iron, which had been caught in the 
gearing of a very heavy rolling mill. It had been sufficiently supported  not 
to break up into fragments, and it deformed into a wavy m aterial recalling 
Damascene steel. The deformation o f an entirely supported inclusion, 
therefore, cannot be inferred from the behaviour o f such a material when
studied in the free state. . ,

I f  the study of this subject is to be continued, as it certainly deserves to be, 
the technique of preparation of non-ferrous specimens, in order to show the 
inclusions, will have to bo improved. Steel metallurgists have been very 
successful in that way; Hanemann’s photographs are particularly beautitui, 
and Portevin has developed the technique of polishing steels to show ttie 
inclusions without any accidental concealing of the structure by flow over 
them. It will be necessary to do that for the non-ferrous metals also, because, 
although these photographs are very interesting, I  am sure that they miss 
many features which would be developed if  the polishing could be improved.

These are minor criticisms. The author deserves great credit for having 
opened up such an interesting subject, and, though I  think that he has carnet 
the mathematical treatment further than the experiments justify at present, 
Pig. 23 is sufficiently interesting in itself to make it worth while to accum ulate 
more data and to ascertain whether such a general tendency can bo confirmed.

Dr. R .  G e n d e r s ,* M.B.E. (Member of Council): This is a subject which 
concerns the steel metallurgist equally with the non-ferrous m etallurgist. 
The localized effects of the mode o f distribution of the hard carbide m steel 
on the behaviour of the surrounding soft matrix is a matter of considerable 
interest. The general subject is one which has not so far been studied innda- 
mentallv, and this paper is a welcome beginning. In work oil brass carried 
out some years ago at Woolwich, we examined the effect o f rolling a brass 
incrot on the shape and behaviour o f  the inclusions o f zmc oxide, which are 
extremely hard particles and very brittle. We found that, in the cast ingot the 
oxide particles were of various shapes, more or less rounded; there were also 
crystallite shapes which were not common unless the inclusions were

* Research Department, Woolwich.
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synthetically produced in large quantities by addition o f copper oxide. When 
the ingot was rolled, the zine oxide inclusions tended to split without, deform­
ation, and to part, readily into small separate pieces, enclosed by metal which 
flowed into, the gaps. Eventually, each original ingot inclusion formed a long 
line o f very small separate particles, and it was possible in some cases to see a 
connecting line o f  separation through the brass between the particles. The 
point of importance which seemed to arise was that possibly in this and in 
other cases o f cold-rolled metal, no welding of the material which flowed in 
between the broken-off fragments occurred, so that to all intents and purposes 
a string o f inclusions might form a continuous line o f separation, and not a 
line o f solidly enclosed particles as it appears in an ordinary microsection. 
In cross-rolled sheet a small plane area o f partial discontinuity might be 
formed in this way.

Dr. W. J. P. Ronii * (.Member): As I have previously pointed out, these 
studies are o f  great interest from the point o f view of the technique of rolling. 
There has been some question about the shape o f the flow lines in the vicinity 
of the harder (or softer) particles. I  think that this shape is influenced not. 
only by the fact that there are two materials in contact with each other which 
are of different hardness, but also that the adhesion o f one material to the 
other must have some influence. I  believe that the shape of those lines at 
those parts would differ according to whether a harder particle was inserted 
simply into a hole drilled into the larger piece or whether this insertion was 
soft soldered or hard soldered into the hole. The forces at the boundary 
between the two materials may influence to some extent, and perhaps a great 
deal, the shape o f the lines at those places. In any attempt to obtain a clear 
understanding o f what happens in the deformation of such a compound 
material, those forces between the material and the inclusion should not bo 
overlooked.

D r , F r e d e r i c k  N. R h in f .s  t (Member) and Mr._ R .  W a r d .J  B .S .: 
The subject o f the plastic flow o f alloys in the neighbourhood o f dis­
persed second phases seems due to be one o f particular importance at the 
present stage of the development of the metallurgical seicnce.

Although Dr. Unckel’s statistical method of investigation appears quit« 
adequate for the present research, we feel that in some instances, at least, a 
direct observation of the movements occurring about an individual particlo 
might be more revealing. Indeed, the statement appearing in the paper to 
the effect that . . it is not possible to follow the deformation of definite 
individual grains . . . ”  seemed to us to be in the nature o f a challenge and 
moved us to devote a few days to work in this direction. As a consequence, 
we are able to suggest a procedure by which it will be possible to observe the 
details o f plastic movement in a more or less limited number of cases.

The method consists in ruling a grating upon the polished surface of a 
specimen and observing with a microscope the distortions appearing after 
successive steps in working. Ruling is accomplished by the aid o f a Micro- 
charaeter hardness tester, the only necessary accessory being a long lever arm 
on the translation gear of the mechanical stage, to assist in locating the lines 
compactly. A very light or no load on the cutter was found most satisfactory,

* Direktor, Heracus-Vacuumsehmelze A.*G., Hanau.a.Miun, Germany.  ̂
f  Assistant Professor, Carnegie Institute of Technology, Pittsburgh, Pa., U.S.A. 
J Assistant in the Metals Research Laboratory, Carnegie Institute of technology, 

Pittsburgh, Pa., U.S.A.
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and straighter lines were obtained by sweeping the cutter rapidly across the 
sample than by a slow movement. _

Examples o f the type o f grating obtained by this means are given 1 1 1J? jg. B 
and E (Plate X III). The photomicrographs following, Figs. C, D, F. and G, 
show the same areas after cold-rolling to reductions in thickness of 5 and 
15 per cent. In both these instances, the alloy is one o f approximately 12 per 
cent, antimony and 88 per cent, tin, in the cast state, and exhibits a matrix 
of tin-rich solid solution with hard particles of SbSn (¡3') embedded in it. The 
sample has been etched, prior to ruling, with 4 per cent, nital. All photographs 
are at a magnification of X 85, oriented with the direction of rolling horizontal 
with respect to the page. The surface pictured was, o f course, kept perpendicu­
lar to the surface of the rolls in order to avoid the erasure of the grating, and 
to conform to the conditions set up in Dr. Unckel’s experiments.

It will bo evident that this method is limited by the fineness and closeness 
o f the lines which can bo drawn with the equipment at hand, and by the 
necessity for ruling the grating upon an external surface o f the sample. The 
latter objection might perhaps be avoided by embedding the ruled sample 
in a plastic matrix, or by some equivalent scheme.

Surface rumpling caused by working interferes, o f course, with the photo­
graphic recording o f the patterns, but visual observation is practicable even 
with relatively high reductions.

By an inspection of Figs. C and D, one may see quite clearly the distortion 
about the hard white particle o f  antimony-tin constituent, and that it 
conforms closely to that given by Dr. Unckel in Fig. 1 (p. 174). In addition, it 
will be seen that the rotation o f  the individual grains o f the matrix is quite 
marked, and readily discernible. Finally, it is noteworthy that some of the 
most pronounced movements have occurred at the grain boundaries, rlus 
latter effect is shown more clearly perhaps by the second series of pictures, 
(E), (F), and (G).

The A u t h o r  (in reply) : Professor Thompson does not agree that deforma­
tion by rolling is uniform, and refers to the formation of deformation-wedges.

194: Author’s Reply to Correspondence

I

Fia. H.

Experiments by Siebel, Ekelund, Unckel, and others (quoted in the paper) 
on the rolling process have shown, however, that.the deformation may, at least 
approximately, be regarded as uniform, in  a paper * on rolling mechanics
I dealt specially with a comparison o f the rolling and compression processes. 
The Hele-Shaw picture given by Professor Thompson is o f great interest.
I  would emphasize, however, that Figs. 1 and 2 o f the paper do not represent

* “ Flow o f  Material in the Rolling Process, and Analogies between Rolling and 
Compressing”  (inSwedish), TtkniskTifakrift, Aid. Bergn-elenskap., 1937,67,17-21.



P la t e  XIII.

(B)

(C)

(D)

Fics. B-G.—Alloy of 12% Sb and 88% Sn. Figs 13 a n d  E as cast; C and F cold- 
rolled 5% ; D and G cold-rolled 15%. Etched in 4% mtal. X 85 reduced 

in reproduction. (Illustrating Dr. Khines’ and Mr. \\ard s communication.)
{To fart p. 19*-



P l a t e  XIV.

1'IGS. J-L.—Compression Tests with Specimens Divided Along Symmetry-Plane and Provided
with Insertions and Cross-Net.

Fig. J.—Copper Specimen with Insertions of Lead, Iron, Brass, and Aluminium; Compressed.
Reduction in Height 40%.

Fj0. k .—Aluminium Specimen, with Insertions of Lead, Brass, Iron, and Copper; Compressed. 
Reduction in Height 32%.

(To Extreme Right and Left Aluminium Guide-Pins for Assembling.)
Fig. L.—Lead Specimen with Insertions of Aluminium, Brass, Copper, and Wax; Compressed. 

Reduction in Height 47%.
(To Extreme Right and Left Lead Guide-Pins for Assembling.)
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stream-lines but the displacements or deformations o f  the original horizontals 
and verticals. The heading on p. 174 might have been better if it had read 
“  Deformation Round an Inclusion.”

Regarding the closing up o f the horizontals above and beneath a hard 
inclusion, the following consideration may be helpful. By virtue of the 
principle o f  reversibility one can imagine the matrix as being at rest and the 
inclusion moving towards it. It will be seen from Fig. H that the horizontals 
close up beneath the inclusion, their distance being smallest in its immediate 
neighbourhood. 3?ig* I  may show, in exaggerated form, the arrangement of 
the streamlines on rolling a material with a very hard inclusion. The position 
of the stream-lines without the presence o f an inclusion is indicated by dotted 
lines. Before entering the rolls (inclusion at position A) all stream-lines arc 
parallel, the velocity being the same throughout* the thickness. The same 
applies to position C after leaving the rolls, the velocity being correspondingly 
greater. Between the rolls, considerable displacements of material, and thus

high velocities, occur above and beneath the inclusion. This diagram resembles 
Professor Thompson’s Pig. A (Plate XII) in some respects. The inclusion 
being assumed to be very hard, all points within it have the same u 1 oci y, 
which in position B  has a value between that in positions A and C. The 
velocity above and beneath the inclusion is increased, since in the case o f a 
hard inclusion less material (height H — h) has to take up the total reduction 
M L  whereas at a distance from the inclusion the compression Atf is shared 
by the total thickness H. The distance from each other o f the original 
horizontals (not stream-lines) in Fig. 1 must, therefore, be te s  above an_ 
beneath the inclusion than at its sides. In drawmg the diagrams Ti^s. and
2 it was thus accepted that, in case o f a hard inclusion, the original horizontals 
close up above and beneath it, and conversely open out 111 the case o f an 
inclusion softer tlian the matrix. On the other hand, the disturbance ^used 
by the inclusion is certainly levelled out at some distance from it, the ong 
horizontals becoming equidistant. The horizontals were drawn t o t ,  c osing up 
in case o f a harder inclusion and vice-versa with a softer one. (The degree of 
this closing up was chosen after some arbitrary law in the schematical figure). 
The verticals were then drawn so that the area of each element (ongi a j  
quadratic) is the samo everywhere (thus satisfying the law o f meomprcs- 
sibility). In this way Figs. 1 and 2 were obtained.
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To verify experimentally the assumptions made, the following experiments 

have been carried out since the completion o f the pa,per. Test-pieees of coPPP1'» 
aluminium, and lead consisting o f two longitudinal halves Were provided wi 
insertions o f materials harder and softer than the material o f the test-pieees, 
namely, iron, brass, copper, aluminium, lead, and bees-wax. These inclusion, 
wore inserted in square holes through the test-piece halves, and matched 
each other when tho two halves were laid together. Moreover the dmdmg 
planes were provided with a square net o f scratch marks filled with lamp-black . 
These test-pieees as made up were compressed in a special die which a l lo w  
two-dimensional flow only, the thickness o f the test-pieees remaining the same. 
Fias. J, K , and L (Plate XIV) show one half o f each test-piece after com­
pression. The deformation o f the matrix is shown by  the distortion of the 
original squares. It will be seen that the details anticipated m Figs. 1 and 2 are 
confirmed by this experiment, and especially that the original horizontals aie 
closed up above and below harder inclusions, and conversely with softer ones. 
The original verticals also show the shape of Figs. 1 and 2. Regarding the 
deformation of the inclusions themselves, the same features were observed as 
in the cold-rolling experiments. The deformation o f the test-pieees is some­
what disturbed by the surface friction in tho die, which appears especially 
at tho front edges (right and left sides of the specimens). (The upper sides 
of the specimens appear slightly curved, this being due to deformation o f the 
movable press steel-plate.) Apart from these experiments those of Dr. 
Rhinos and Mr. Ward, referred to below, also confirm Fig. 1 of the paper.

Part of the above refers to Dr. Desch’s remarks. Regarding the fracturing 
o f brittle inclusions, I  would say that, contrary to Dr. Desch s statement, 
this fracturing is expressly referred to i n the paper in the cases of the aluminium 
silicon and aluminium-copper alloys (p. 184, and Figs. 1J and -0 , Plate XI). 
The plastic deformation of a piece of white iron, referred to by Dr. Dcsch, is a 
remarkable example o f tho plasticity of a brittle material if supported on all 
sides. 1 accept tho criticism of tho polishing of the specimens.

Dr. Genders’ suggestions with regard to the behaviour of hard carbide 
particles, and his remarks on the deformation of zinc oxide particles, aie 
valuable contributions to tho subject. , , ,,

Dr. Rohn is correct in stating that the forces at the boundary between the 
inclusion and the surrounding material must be taken into account. W ith the 
test-pieees Figs. .1, K , and L (Plate XIV) (shown at the meeting by lantern 
slides) it is however, experimentally difficult to obtain intimate contact 
between the insertions and the matrix. With insertions of iron and brass 
in the copper test-piece an attempt was made to obtain tho contact in 
soft-soldering. Apparently, the contact is o f minor importance m the case 
o f inclusions softer than the matrix, since they tend to elongate more than the 
surrounding material, and therefore exert a pressure on the latter.

Dr. Rhines’ and Mr. Ward's experiments are extremely interesting. 1 heir 
method is very ingenious and will in my opinion be most valuable in further 
investigations. The effect o f tho free surfaces o f the specimens could lie 
avoided if  the grating were applied at the dividing-plane of a test-piece con­
sisting o f two halves, as with my rolling experiments, quoted above, and the 
compression experiments illustrated in Plate XIV. The two halves might be 
clamped together, or rolled between guides. In addition, the friction 
on the rolls would help to hold tho halves together. Dr. Rhines and Mr. 
Wrard’s proposal to apply a fine grating to two-phase alloys avoids the 
difficulties o f obtaining good contact between the inclusion and the surround- 
ill" material, to which I have alluded in my reply to Dr. Rohn. Xaturaliy, 
the results will be the more clear and reliable the coarser the gram-size lor a 
given line*distance oi the grating.
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A NEW INTERMEDIATE PHASE IN THE 776 
ALUMINIUM-COPPER SYSTEM.*

By A. G. DOWSON.f 

Synopsis.
This work was originally undertaken to fix more accurately the 

position of the boundaries between the 0 and y phases in the alumnnum 
Conner system at high temperatures. The copper-rich end ol 
aluminium-copper equilibrium diagram as at present accepted is shown 
In Fig 1- The present investigation is c o n f i n e d  to the area enclosed in

theXes°S i°a n oya 'con ta in in g  between 12-5 and 18 per P“ t. alwninium 
by weight were examined above 900° C. b>\thc™ a ’, ^ ' ^ g[7IL r ’ccut, 
duatmoetric methods. A new s t a b l e  phase between 
aluminium has been shown to exist above 963 C„ at com.
it decomposes into a eutectoid mixture of p and V- k ¡¡¡.p a
position is 15-4 per cent, aluminium by weight The ncj ph^c, liLo B 
of high aluminium content, cannot be retained by quenehi g, •
L p oL b le , therefore, to distinguish the two under the- microscope. Both 
appear half tone with the y  white.

M a t e r ia l s  a n d  M e l t in g .

The materials used were the purest obtainable, being not less than 
99-99 per cent. pure. The alloys were made under hydrogen by me _g 
most of the copper, adding the aluminium, and then the rest of the 
copper. Stockdale 1  found that a more homogeneous melt is obtained 
in this way. The melting was done in Salamander crucibles kned wi 
Alundum. The specimens for microscopic examination were cast m 
a 1  cm. circular steel mould; those intended for thermal investigation 
were allowed to cool slowly in the crucible. The specimens examine 
microscopically were analyzed (see Table I) and in most cases t e 
composition was within 005 per cent, of that intended. Iron was just 
detected in some cases, but the amount of impurities  ̂was so small m 
all cases that the specimens used in the other experiments "ere no 
analyzed.

E x p e r im e n t a l  M e t h o d s .

The liquidus curve and the peritectic line UD were determined by-
cooling curves taken directly on the screen of a water dropper.

* Manuscript received January 16, 1937.
■f Metallurgy Laboratories, The University, Cambridge.
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Differential heating and cooling curves on solid specimens and more 
particularly the micrographic examination of quenched specimens were 
used to determine the other phase boundaries. A dilatometer was 
used to investigate the positions of certain boundaries which could not 
readily be detected by other methods.

Temperatures were measured by means of a platinum/platinum-10 
per cent, rhodium couple enclosed in a thin-walled silica tube, in 
conjunction with a potentiometer. This apparatus could detect a 
potential difference equivalent to 0’2° C. The absolute values given 
are not claimed to be accurate to this figure, but the temperature

Fio. 2.
differences between points on the liquidus curve are correct at least to 
the nearest 0’5° C. The agreement, mentioned later, between tempera­
tures found on heating curves with those on cooling curves indicates 
that the absolute values are probably accurate to this figure, since the 
thermocouple was checked frequently on the melting point of pure 
copper, without any variation being observed.

D ir e c t  Coo lin g  C u rves  of M o lten  A l l o y s .
Specimens weighing 200 grin, were used, but fresh materials were not 

employed for each composition, one alloy being “  diluted ”  with copper



200 Dowson : A New Intermediate Phase
to make the next specimen. By this method is was hoped to get the 
difference between the freezing points more accurately. Three separate 
melts were made, one for the range 12-5-14 per cent, aluminium, one 
for 14-15 per cent, aluminium, and the third for the range 15-18 per 
cent, aluminium.

When the alloy was thoroughly molten the hydrogen was turned off 
and the current in the furnace reduced so that the alloy cooled at a rate 
of 1°—2° C. per minute. The results obtained are plotted on Fig. 2  with 
the results given by Stockdale 1  and Hisatsune 2 on the same scale.

It will be seen that all three curves show a break at about 16 per 
cent, aluminium. This break was apparently overlooked by both earlier

workers. Its presence indicates 
the existence of a peritectic reaction 

JPLE at this point and of a new stable
phase in the area below it. J. H. 

casing Andrew 3 in 1915 found a break in
¿ , „ * l t . w  y q u j ^ u s  c u r v e  i g  p e r  c e u t _

aluminium, which he took to be the 
end of the range.

JUNCTIONS OF

differential D if f e r e n t ia l  T h e r m a l  Cu r v e s
THERMOCOUPLE

o f  So l id  Sp e c im e n s .

For the differential thermal 
investigation, specimens weighing 
2 0 0  grm. were melted and allowed 
to cool in the crucible, a carbon rod 
being inserted in the molten metal 
to provide a hole for the thermo­
couples. This rod was subsequently 

drilled out. A blank of 12'5 per cent, aluminium-copper alloy was 
prepared similarly, and a large tube of the same composition was cast 
in a special mould. The specimen and blank were wrapped with 
asbestos paper and inserted in the tube as shown in Fig. 3. The 
differential couple was of Chromel-Alumel.

The whole was placed inside a vertical electric tube furnace and 
annealed for some hours at about 980° C. The current was reduced so 
that the specimen cooled to about 800° C., where it was maintained for 
i  hr., before beginning a heating curve. The heating circuit contained 
a device for progressively increasing or decreasing the current flowing 
through the furnace, and by suitable adjustment a fairly constant rate 
of heating or cooling could be obtained. Most of the curves were taken 
at a rate of 2°-3° per minute on a double-thread recorder, one galvano-

Fiq. 3.
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meter of which recorded the e.m.f. developed by the differential couple, 
while the platinum couple was attached to the other. To increase the 
sensitivity of the latter circuit, a “  back e.m.f.”  was used in conjunction 
with the platinum couple, so that 8  cm. on the scale represented just 
over 200° C.; but even so, the accuracy was not more than ±  2° C. 
The heating curves for some of the alloys are shown in Fig. 4.

It was inadvisable to heat the alloys above 1020° 0. for fear of 
melting, and therefore, cooling curves did not, as a rule, ‘ settle down 
before reaching the temperatures of the arrests on the heating curves. 
They were, therefore, neglected.

The heating curves show an arrest between 965° and 970° G. in four 
different alloys in the range 15‘5-16'25 per cent, aluminium. This

DIFFERENTIAL HEATING CURVES

FlO. 4.

suggests the presence of a eutectoid transformation in this range, and 
the other points fit in with this. More accurate methods of fixing the 
positions of the various boundaries were employed later, and, in order 
to avoid overcrowding, the points obtained by the above method are 
omitted from the final diagram.

M ic r o g r a p h ic  I n v e s t ig a t io n .

A tilting quenching furnace was constructed for this work, a silica 
tube slightly larger than 1  cm. internal diameter being used inside a 
refractory tube wound with Nichrome wire. The furnace was constructed 
so that it rotated about an axis at right angles to the tube which was 
held horizontal during the heating. To quench the specimen the 
operator unscrewed the clamp, removed the thermocouple, and rotated 
the furnace through a right angle. The specimen dropped vertically 
into a cold aqueous solution of calcium chloride. The 1-cm. diameter 
cast bars were annealed in the furnace for 5 hrs. at 950 0. to ensure 
homogeneity, and then slowly cooled. Small pieces from the bars were 
heated at suitable temperature intervals for 1 hr. and quenched. When



so treated, alloys containing 15 per cent, aluminium or more invariably 
split up into small pieces and, therefore, only one specimen could be
bandied at a time.

Tbe specimens were etched in a 10 per cent, solution of ammonium 
persulphate in water. The y-phase, when present, appears pale blue by 
comparison with the p, and it is easy, therefore, to detect the presence 
or otherwise of primary y in the etched specimen. In alloys containing 
more than 14'5 per cent, aluminium, the p-phase decomposes on quench­
ing giving an intimate mixture of p of lower aluminium content and y. 
These y  crystals, by their small size, cannot be confused with the 
“  primary y  ”  originally present at the temperature from which the
specimen was quenched.

The specimens were analyzed, with the results shown in Table 1.
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T a b l e  I.
Percentage Composition by Weight,

Aluminium. Copper. Total.
14-085 85-85 99-935
14-20 85-79 99-99
14-81 85-14 99-95
15-225 84-72 99-945
15-54 84-425 99-965
15-77 84-225 99-995
1611 83-885 99-995
16-44 83-58 100-02

When the results of this investigation are plotted, they show a 
break between 960° and 965° C. in the boundary, M il, shown continuous 
in Fig. 1. Fig. 11 shows it stepped, MR, RS, SH ; RS being horizontal.

The existence of this break is further confirmed by the photo­
micrographs (Figs. 5-10, Plate XTVa). Primary y  appears white and the 
decomposed p half tone. There is a very small amount of primary y  in 
the alloy quenched from 965° C., i.e. just above the break (Fig. 5), 
while the same alloy quenched from 960° C., Fig. 7, shows nearly half 
the field to consist of y. The alloy quenched from 955 C. (Fig. 9) is 
practically identical with that quenched from 960° C. (Fig. 7). Com­
parison of the three photomicrographs at a magnification of 350 shows 
that the decomposed phase in Fig. 6  is coarser than that in Figs. 8  and 
1 0  and also contains more y (white).

The experiments described above leave no doubt of the existence 
of a new phase, as shown on Fig. 11; and, therefore, above the break 
referred to, the phase which decomposes will not be p, but the new 
phase. However, since both decompose into an intimate mixture of B 
of lower aluminium content and y, it is impossible to distinguish the 
two under the microscope. Therefore, the expression break in the p



P la te  X I V a .

p IG. 5 — 15-54% Aluminium. Quenched from 965° C. X 30. 
Fic. 6.— Same as Fig- 5. X 350.
Fig. 7.— 15-54% Aluminium. Quenched from 960 U  X M.
Fig. 8.— Same as Fig. 7. X 350- 
Fig. 9.— 15-54% Aluminium. Qucnched from ytö X 
Fig. 10.— Same as Fig. 9. X 350.

All Etched in 10% Solution of Ammonium Persulphate. [Tofacep W2_
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boundary,”  though not a strictly accurate statement, is an adequate 
representation of the facts as revealed by the microscope.

in the Aluminium-Copper System 203



204 Intermediate Phase in A luminium-Cofifier System
E x p e r im e n t s  w it h  t h e  D ila t o m e tk k .

A dilatometer was used in order to detect the lines RX  and SI7 
(Fig. 11), which are necessary to complete the diagram, but for which 
little concrete evidence had been obtained. The model used was a small 
one in which the expansion of the metal is communicated by a silica 
thrust rod to a tensometer on the dial of which in. represented an 
expansion of , 0 u in. The specimens were 5 cm. in length, and the rate
of heating and cooling was approximately C. per minute. The 
results are plotted on Fig. 11.

Several heating and cooling curves were taken on each specimen. 
The points at 1036° and 1035'5° C. in the specimens containing 15-0 and 
15'30 per cent, aluminium were found after the other points had been 
definitely established by both heating and cooling curves. To obtain 
them it was necessary to sacrifice the specimens. Coming, as they do, 
at exactly the same temperature as the break in the liquidus curve, they 
indicate that the temperatures shown can be relied upon, since they 
were obtained on heating curves, while the liquidus points were found 
on cooling curves.

Fig. 11 is plotted from the results of the experiments described. It 
shows a new phase (marked x) decomposing into a eutcctoid mixture of 
p and y at 963° C. Andrew found points at 964° C. in a 15‘5 per cent, 
alloy and at 990°-981° C. in his 16 per cent, alloy, which points fit 
almost exactly on to the author’s diagram. It is of interest to note that 
15'9 per cent, aluminium corresponds to a ratio Cu9A14, which ratio 
should, on theoretical grounds, give the y  structure with 52 atoms per 
unit cell.
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THE CONSTITUTION OF THE COPPER- 782 
GALLIUM ALLOYS IN THE REGION IS 
TO 32 ATOMIC PER CENT. OF GALLIUM*

By WILLIAM HUME-B OTHERY,t M.A., D.Sc., F.R.SL, M ember, 
and GEOFFREY VINCENT RAYNOR,J B.A., B.Sc.

Synopsis.
The equilibrium diagram of the system eopper-gallium has been 

investigated above 420° C. in the region 1 ,S-.'i2 atomic P «  cent, gallium.
Three distinct modifications of the fi phase, denoted 0, B , and 0 , are s 
to exist above 420° 0., and there is evidence that a farther modification 
exists at low temperatures. The 0 phase, stable at high tempo ,
has a considerable range of composition which diminishes ™pidly with 
decreasing temperature until a e u t e c t o i d  point is reached at .
phase boundaries for this modification of the /3 phase agree well wrth the 
diagram of Weibke, but, in contrast to the results of this investigator, the 
eutectoid transformation is not a reaction of the type f e  a +J> 
but S ^  B' +  y where the /S' phase exists over a narrow range of com­
position in the region 22-3 atomic per cent, gallium. The 0 phase is 
stable abovo 475° 0-, at which temperature another transformation takes 
place with the formation of the /3" phase existing oyer a narrow range of 
composition in the region 21-5 atomic per cent, gallium.

(1) I n tr o d u c t io n .

The system copper-gallium has been investigated by Weibke, 1  whose 
equilibrium diagram is shown in Fig. 1. This diagram was construct« 
from results obtained mainly from heating and cooling curves ta en a 
the rather high rate of 1 0 ° C. per minute, a,nd was supported by in­
complete X-ray and micrograpliical investigations. In a previous 
paper,§ Hume-Eothery, Mabbott, and Channel-Evans 2 determined the 
«-solid solubility limits, and in the course of this work results were 
obtained with which the diagram of Weibke could not be reconci ec.
The 3 -phase area of this diagram was therefore reinvestigated, and 
extremely complicated results were obtained. I he present paper 
describes the equilibrium diagram above 420° C-, and showst at in is 
range three distinct modifications of the g phase are forme . ere is 
evidence that a fourth modification of the ¡3 phase exists at ow

* Manuscript received February 23, 1031.
t  Royal Society Warren Research Fellow, Oxford.
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peratures, and it is hoped to present later a detailed study of this region 
together with the results of X-ray crystal analyses of the different
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F ig . 1.

modifications. The whole system is so complicated, however, that it 
was thought advisable to publish the results which definitely establish 
the high-temperature portion of the diagram.
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(2) E x p e r im e n t a l  D e t a il s .

(a) Materials Used.
The gallium used for the present work was supplied by the Kaliwcrke, 

Aschersleben, Germany, and was of 99-875 per cent, purity, the chief 
impurities being zinc 0-07, copper 0-04, and lead 0-01 per cent., with 
traces of iron and nickel. The copper used for the first four alloys 
prepared was electrolytically refined metal with a guaranteed purity 
of 99-95 per cent.; these alloys are referred to in the Tables as the 
“  A ”  series. For the preparation of the remaining alloys, special copper 
of 99-99 per cent, purity was kindly presented by the British Non- 
Ferrous Metals Research Association.

(b) Cooling Curve Technique.
The liquidus curve for the p phase was determined by means of 

cooling curves, using from 50 to 30 grin, of alloy melted in graphite 
crucibles provided with graphite lids. The experimental methods 
were those already described 3 for the accurate determination of freezing 
points The composition of the melt was determined by the analysis 
of a sample removed shortly before reaching the expected arrest point 
by suction into a preheated silica tube. The alloy was thoroughly 
stirred until the arrest point was established, and the rates of cooling 
used varied from 0'6° to 1‘2° C. per minute. Tim authors must thank 
Mr. P. W. Reynolds for helping to take these cooling curves.

(c) Preparation of Specimens for Annealing and Quenching Experiments.
For the preparation of cast alloys, the copper and gallium were 

melted together under powdered charcoal in a small Salamander 
crucible, and were cast into a | in. diameter cylindrical mould bored 
in a heavy copper block. The resulting specimens ha fine micio 
structures, and were free from segregation effects.

(d) Solidus Determinations.
Part of the solidus curve for the p phase was determined by the usual 

quenching methods. For this purpose the specimen, after a preliminary 
licat,treatment, was annealed in a sealed, evacuated, hard glass tube 
heated in a well-lagged tubular resistance furnace. The temperature 
was controlled by hand adjustment of resistances, and was measured 
by means of a thermocouple, the tip of which touched the tube con­
taining the alloy. By this means the t e m p e r a t u r e  could be kept 
constant to within ±  0-2° C. for 30 minutes. For some alloys the solidus 
and liquidus curves were so close together that etching met o s  ai e 
to reveal the presence of chilled liquid, even though it was c ear rom



tie  shape of the specimen that considerable melting had occurred. 
Two points were obtained, therefore, by means of heating curves using 
cylindrical specimens approximately § in. long by § in. diameter. 
After preliminary heat-treatment, one of these was embedded in a 
large crucible of charcoal contained in the crucible furnace, and annealed 
for 4  hrs. at a temperature within the homogeneous range, after which

the temperature was increased at a 
rate of about 0'S° per minute. In 
order to minimize loss of gallium 
during the experiment the second 
specimen was enclosed in a partially 
evacuated quartz tube, into which the 
thermocouple sheath was sealed as 
shown in Fig. 2. This was embedded 
in charcoal as in the previous case. 
The thermocouple was inserted into a 
hole drilled along the axis of the 
specimen, and the composition was 
obtained by the analysis of sections 

o f  s h e a t h  takell £rom b o t i j  e ll(j s  0 f  the specimen
after the experiments.

(e) Annealing Experiments.
For the annealing experiments, the 

alloys, contained in sealed evacuated 
tubes, were heated in electric resist­
ance furnaces controlled by Foster 
temperature regulators, and were 
quenched in a freezing mixture of 
ice and salt. It was found that in the 
case of the alloys referred to below, 
which decomposed on quenching, the 

less drastic cooling obtained by the use of cold water resulted in the 
production of a very coarse decomposition structure, in which it was 
difficult to detect the presence of small amounts of a second consti­
tuent present at the quenching temperature. The general arrangements 
have already been described,4 and the constancy of the temperature 
control varied from ±  1° C. for short periods to ±  2-5° C. for periods 
extending over several weeks.

(f) Etching Technique.
As the work proceeded it became clear that it was only within certain 

ranges of temperature and composition that the high-temperature

208 Hume-Rothery and Raynor : The Constitution of
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modification of the S phase could be retained apparently undecomposed 
on quenching. In other cases decomposition occurred, resulting in the 
precipitation of particles of the a or y phases according to the com­
position. The structures were always sufficiently coarse lor the 
individual constituents to be identified under a in. or -TV in. objective.

The transformations from one modification to another at the lower 
temperatures were accompanied by slight changes in composition. 
Under certain conditions it was very easy to obtain alloys which were 
not in true equilibrium, but which consisted chiefly of one of the 
low-temperature modifications of the (3 phase, with small particles of 
both the a and y  phases. It was essential, therefore, to be able to 
distinguish clearly between the a and y  phases, and this was done by 
means of the reagents shown in Table I. No reagent was discovered 
which distinguished between the different modifications of the (3 phase, 
although the high-temperature modification tarnished most readily 
•with alcoholic ferric chloride.

T a b le  I.

Reagent. TJse. Colour Contrast.

Alcoholic fcrric chloride . . . 
Aqueous solution (19 per cent. FeCI3, 

G per cent. HC1) diluted with twice its 
volume of absolute alcohol

Ammoniacal hydrogen peroxide
(2 c.c. 20 vol. hydrogen peroxide in 10 

c.e. O'880 ammonia).
10 per cent. Aqueous ammonium pcr- 

sulphato . . . . . .

Chromic acid-nitric acid mixture
(40 per cent, nitric acid, 25 per cent, 

chromic acid, 35 per cent, distilled 
water.)

a +  p alloys

a +  p alloys

o -f  p alloys 

f} 4 - y alloys

a light yellow 
¡8 dark bro wn 
y white

a dark 
|S light
y white

a light 
|S dark 
y white
a and ft light 

yellow 
y shining blue

(g) Analysis.
A very slight loss of gallium occurred during the melting process, 

and all alloys were therefore analyzed, both copper and gallium being 
determined. The alloy was dissolved in nitric acid, and the copper then 
separated as sulphide, redissolved, and determined electrolytically. 
The filtrate from the sulphide precipitation was boiled free from 
hydrogen sulphide, and the gallium precipitated by ammonia. Ihe 
mixture was then boiled until Sofnol No. 2 indicator showed that it was 
only feebly alkaline. Under these conditions the gelatinous precipitate 
became powdery, and could readily be filtered, but the last traces 

v o l . l x i . 0
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showed a tendency to stick to tlie walls of the flask, and were therefore 
dissolved off and reprecipitated. After ignition to the sesquioxide the 
precipitate was allowed to cool in a vacuum desiccator, and weighed as 
quickly as possible, since it tended to gain in weight owing to absorption 
of vapour or gases. In the determination of phase boundaries above 
620° C., the analysis was carried out with the actual specimens annealed 
at the upper and lower limits of the temperature bracket giving the 
phase boundary for the alloy concerned. These determinations showed 
that no loss of gallium occurred on annealing, and for the alloys used in 
the determination of phase boundaries at low temperatures, the alloys 
were analyzed after the high-temperature anneal. A slight loss of 
gallium occurred when alloys were heated above the solidus tem­
peratures, and for the alloys used in the determination of the solidus 
curve by the quenching method, the compositions were determined 
by the analysis of the quenched specimens. For the alloys used in the 
heating curve experiments the composition was obtained by the 
analysis of the specimen after the heating curve had been taken. Thirty 
alloys were analyzed, and the totals of the percentages of copper and 
gallium were between the limits 99'88 and 100 05, with two exceptions 
where the totals were 99-83 and 100T0, respectively.

(h) Temperature Measurements.
As in the previous work,3 temperatures were measured with a 

platinum/platinum 13 per cent, rhodium thermocouple calibrated 
against the freezing points of silver (960-5° C.), silver-copper eutectic 
(778-8° C.), aluminium (659° C.), zinc (419° C.), and lead (327° C.). 
Intermediate temperatures were obtained by means of a deviation 
graph used in conjunction with the standard tables of Roeser and 
Wensel 5 as recommended by these authors.

(3) E x p e r im e n t a l  R e su l t s .

(a) The Liquidus Curve.
The results of the cooling curve experiments are shown in Table II, 

and are plotted in Fig. 3. The upper peritectic temperature corre­
sponding with the reaction a +  liquid p was determined as 915-1° C. 
by cooling curves, whilst quenching experiments with two-phase alloys 
in the a +  ¡3 area placed the peritectic horizontal between the limits 
914-0° and 915-3° C. These temperatures are considerably higher than 
the value of 909° C. given by Weibke, who used melts of 25 grm., but 
are in good agreement with the value of 914° C. obtained by H.-R., M., 
and C.-E. from a cooling curve using 7 grm. of alloy. The composition 
of the liquid phase at the peritectic horizontal is 21-5 atomic per cent.
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gallium. The upper portion of the liquidus corresponding with the 
deposition of the S phase is about 5° higher than that of Weibke, but 
for the lower portion the results of the two investigations are in close

T able  II.

212 Httme-Rothery and Raynor: The Constitution of

Gallium, Weight 
Per Cent.

Gallium, Atomic 
Per Cent. Amsst Points.

19-48 18-07 953-7, 914-1 f
22-58 21-01 915-1
23-40 21-84 912-1
24-24 22-58 906-7
26-75 24-98 888-1
28-38 26-54 870-7
29-96 28-06 864-0 834-7 f
32-45 30-46 841-0, 835-9
33-215 31-20 835-2
33-S16 31-78 835-8

t Since these two alloys were almost completely solid when the second arrest 
points were reached, stirring was impossible; the crucible was therefore vigorously 
tapped in order to minimize supercooling. It is very probable that the absonce of 
adequate stirring accounts for the fact that the peritectio temperatures obtained 
from these two experiments were slightly low compared with the values obtained 
from experiments during which stirring was possible throughout.

agreement. The lower peritectic temperature corresponding to the 
reaction p +  liquid y  was determined as 835'9° C. by cooling 
curves, whilst quenching experiments placed the temperature between 
the limits 833-8° and 836-8° C.; these results are in good agreement 
with the value of 835° C. given by Weibke.

T able  III.

Composition.
Temperature,

■o, Microstructure.
Gallium, Weight 

Per Cent.
Gallium, Atomic 

Per Cent.

22-496 20-92 903-1 Arrest on heating curvo

23-97 22-32 890-7 Arrest on heating curve

26-64 24-875 861-5 m  +  1»1-
858 m

27-09 25-88 851-5 ip] +  Hq.
848 m

28-71 26-86 841 rffl +  H q-
838 m

29-08 27-21 840 ÏIÎ] +  Hq.
837 m

Notc.—In this table the symbol [/J] is used to denote the decomposed ¡8 structure 
typical of alloys quenched from temperatures within the homogeneous /3 area of 
the equilibrium diagram.
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(b) The Solidus Curve.
The results of the heating curves are shown in Table III, which also 

includes the results of the critical quenching experiments on either side 
of the phase boundaries. The full details of the additional experiments 
which confirm these results * have been deposited in the archives 
of the Institute. In the region 19-5-24 atomic per cent, of gallium 
the present solidus curve is higher by amounts of the order 5°-S° C. 
than the figures given by Weibke from the end points of the arrests 
on cooling curves, but in the region 25-27'4 atomic per cent, of gallium 
the two investigations are in close agreement.

(c) The p Phase Stable Above 618° C.
The results of the critical f  annealing experiments which establish 

the boundaries of this phase are given in Table IV, and are shown in 
Fig. 3, which also includes the results of the confirmatory experiment«. 
The composition of the [3 phase at the upper and lower peritectic tem­
peratures and the eutectoid point are 19'3, 27’45, and 23’7 atomic per 
cent, gallium, respectively, as compared with the values 19'3, 27'32, 
and 23'98 atomic per cent, gallium given by Weibke. The two investiga­
tions are thus in very good agreement as regards the limits of the 
p-phase area, although the exact temperatures are slightly different.

Interesting observations were made regarding the stability of the 
p phase on quenching. Within the narrow range of composition 22’5 - 
23-8 atomic per cent, of gallium, the alloys quenched from the homo­
geneous (i area were apparently retained undecomposed, and the 
microstructures were typical of a single phase. If the 3 phase contained 
less than 2 2 ‘ 5  atomic per cent, gallium, decomposition occurred on 
quenching with the production of an acicular type of structure. Fig. 4 
(Plate XV) shows the structure of alloy 1919 after quenching from 914° C. 
At this temperature the alloy is in the (cc +  p) area, and the quenched 
alloy shows the original a crystals in a ground-mass of decomposed p. 
Fig.’ 5 (Plate XV) shows the rather confused acicula rstxucture typical of 
alloys containing less than 22'5 atomic per cent, gallium when quenched 
from temperatures within the homogeneous p area.

In alloys containing more than 23'8 atomic per cent, of gallium, the 
P phase also underwent decomposition on quenching, but with the

* In the later sections the same policy has been adopted, and only the critical 
results are submitted for publication, whilst the complete tables containing the 
additional experiments have been deposited in the Library of the Institute; they 
may be inspected in the Library on application to the Librarian. . .

t  The results of the additional experiments have also b e e n  deposited in the 
Library of the Institute, where they may be inspected, on application being made 
to the Librarian.



production of a fine rosette type of structure. Fig. 6  (Plate XV) stows the 
structure typical of alloys in this range quenched from temperatures
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T able IV.— The a. +  P/P and p/p +  Y Boundaries.

Composition.

Final Annealing 
Treatment.Gallium, 

Weight Per 
Cent.

Gallium, 
Atomic Per 

Gent.

Preliminary
Heat-Treatment. Microstructure.

20-66 19-19 A 30 minutes 
915-3° C.

a -j- chilled 
liquid.

it A 1 hr. 914° C. a +  [£]•

21-46 19-94 C 6 lira. 877° C. m-
>» C 6 hra. 862-5° C. a +  m-

22-51 A 20-94 A 40 hrs. at 600° C. 10 lira. 815° C. m .
»> F 12 hrs. 798-5° C. [/ÎJ +  a little a.

23-52 A 21-90 A F 12 hra. 745° C. m-
» F 12 hrs. 727° C. ra  +  a.

24-67 A 22-99 A F 30 minutes 
at 876° C.

48 hrs. 669-5° C. JS.

.. F 48 hrs. 654° C. J3+ a.

25-73 A 24-07 A E 48 hrs. 647-5° C. ' P.
ft E 48 hrs. 631-5° C. P +Y-

26-67 24-88 D 10 hrs. 721-5° C. m ■
»» D 48 hrs. 706° C. [0] +  y-

27-69 25-88 C 10 hrs. 770-5° C. m .
.. D 10 hra. 755° C. m +  v -

28-71 26-86 15 hrs. at 600° C. 12 hrs. S20-5° C. r a .
ft D 10 hra. 800-5° C. m +  y-

29-06 27-21 B 1 hr. 831-5° C. m-
tJ G 3 hrs. 826° m +  y.

29-60 27-73 24 hrs. at 6S0° + 
5 hrs. at 800°

1 hr. 836-8° C.

1| hr. 833-8° C. 
1£ hr. 831-3° C.

[/3] + chilled 
liquid.
[ffl + y- [0] + y-

The preliminary heat-treatments referred to are as follows : A. 15 hrs. 600° C. +
9 hrs. 901° C.; B. 35 hrs. 610° C. +  12 hrs. 814-5° C.; C . 15 lirs. 600° C. +  
12 hra. 809° C.; D. 15 hrs. 600° C. 4- 12 hrs. 819-5° C.; E. 40 hrs. 600° C. +
10 hrs. 840° C.; P. 40 hrs. 600° C. +  10 hrs. 815° C.; G. 15 hrs. 660° G. +  10 hrs. 
814-5° C.

within the homogeneous p area. Fig. 8  (Plate XVI) shows the structure of 
an alloy quenched from the (p +  y) area, and this structure is of interest 
on account of its very close resemblance to the structures of copper-zine
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alloys when quenched from the corresponding (p +  y) area; an example 
of this type is shown in Fig. E, Plate LVIII, of the discussion on the 
paper by Jenkins, 6 which is reproduced as Fig. 9 (Plate XVI).

Careful etching with the reagents described in Table I showed that 
in quenched alloys the decomposition of the ¡3 phase took place by the 
precipitation of the constituent which would have separated if the alloy 
had cooled slowly through the phase boundary. In the structures of 
Fig. 6  (Plate XV) and Fig. 8  (Plate XVI) the small precipitated particles 
had the etching characteristics of the y  phase, whilst in the structures of 
Figs. 4 and 5, the light etching constituent was identified as the a phase.

(d) The p Eutectoid Transformation and the a +  ¡3 P' Reaction.
The annealing experiments confirmed that the 3 phase underwent 

a eutectoid transformation, the composition of the eutectoid point 
being 23-7 atomic per cent, gallium. Fig. 7 (Plate XV) shows the structure 
of alloy 24-07 after cooling at a rate of C. per minute from 800° to 
530° C., at which temperature the alloy was quenched. Since this alloy 
contained slightly more gallium than corresponds with the eutectoid 
point, the structure consists mainly of the finely divided eutectoid 
with a few crystals of the y  phase deposited in the grain boun &nes. 
Careful etching showed that, in contradiction to the diagram of \Y eibke, 
the constituents of the eutectoid were not the a and y  phases, but were 
the y  phase, and a new phase, the etching characteristics of which 
closely resembled those of the high temperature 3  phase. I he results 
of section (e) showed that below the eutectoid temperature of the p 
phase, alloys containing approximately 22'25 atomic per cent, gal um 
were homogeneous, and the new phase may be denoted p . The most 
probable form of the equilibrium diagram in this region is shown m 
Fig 3 The true eutectoid point corresponds with the reaction 
p p' +  y, and quenching experiments gave its temperature as 
lying between the limits 616° and 619° C., as compared with the value
620° C. given by Weibke. . .

According to the Phase Rule only three phases can exist in equilib­
rium at any one temperature, and hence the a phase cannot theoretically 
be in equilibrium with p' and p phases at the temperature at which ese 
two phases are in equilibrium with the r  phase. The theory therefore 
demands the presence of a second horizontal fine corresponding with 
the reaction a +  p ^  P', and this is mcluded in Fig. 3. 
experiments showed that alloy 22‘99 was m the (* +  P) area at 619 5 U, 
and since the (p —  P '+  y) eutectoid temperature lies between 
616° and 619° C., the temperatures of the two horizontal lmes canno 
differ by more than 3’5° C. The p' phase appears to exist over a small
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range of composition which is of the order 0 ' 1  atomic per cent. a,t 
016° C., and increases at lower temperatures. The narrowness of this 
range prevents the use of heating or cooling curves to obtain the 
temperatures within more precise limits, since equilibrium in the S 
area is attained very slowly.

(e) The §' Phase.
The critical experiments establishing the composition and solid 

solubility limits of this phase arc summarized in Table V. The com­
position of the point G in Fig. 3 is 22-4 atomic per cent, gallium, and is 
thus on the copper-rich side of the p eutectoid point; consequently 
misleading results were easily obtained unless the annealing treatments 
were carefully adjusted. Suppose, for example, that an alloy con­
taining 23 atomic per cent, of gallium is quenched from the (a +  p) 
area, and is then re-annealed below the temperature of the p eutectoid 
point. The quenched alloy consists chiefly of the p phase with isolated 
particles of the «  phase. On re-annealing, the p phase decomposes to 
form both p' and y  phases, so that the alloy contains a, p', and y phases, 
and true equilibrium is obtained only by the complete absorption of 
the a-phase. a process which takes place very slowly. If the preliminary 
annealing treatment is at a temperature within the homogeneous p 
area, the same difficulty may be encountered if the quenching is in­
sufficiently drastic to prevent decomposition. At 616° C. the p' phase 
has a range of composition which does not exceed 0'3 atomic per cent, 
and which, from examination of the relative amounts of the constituents 
in two phase alloys, is estimated as approximately 0 1  atomic per cent. 
At lower temperatures the extent of the p' solid solution increases to 
about 0'75 atomic per cent, at 480° G.

The p' phase has a yellowish-brown colour, and is soft, and difficult 
to etch without producing staining or relief effects. It is stable between 
616°-619° C. and approximately 475° C. and is retained by quenching 
alloys within this range of temperature. When, however, a homogeneous 
p' alloy is re-annealed at temperatures below 480° C. small particles of 
the y phase are precipitated, and the composition of the homogeneous 
alloys changes slightly but abruptly in the copper-rich direction, 
indicating that a third modification which may be denoted P" exists 
below this temperature. The structure of alloy 22‘15 when quenched 
from 486° C. is shown in Fig. 10 (Plate XVI) and shows homogeneous 
crystals of the S' phase, whilst Fig. 11 (Plate XVI) shows the same alloy 
after quenching from 465° C. when the structure consists of small 
particles of y embedded in a ground-mass of 3".



Pla te  X V .

Fig. 4.—Alloy 1919 Atomic-% Ga Annealed at 914° C. a Crystals in 
Decomposed ß  of Acicular Type, X  175.

Fig. 5 — Alloy 20-94 Atomic-% Ga Annealed at 844 C. Decomposed ß of 
Acicular Type, x 175.

F i g . 6.—Alloy 25-88 Atomic-% Ga Annealed at 820-5“ C. Decomposed ß o 
Rosette Type, x 175- 

Fig. 7.— Alloy 24-07 Atomic-% Ga Slowly Cooled from 800° to 530 C. and 
Qucnched ; Primary y  +  Eutectoid. x 175.

û
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p IG_ g.__Alloy 26-86 Atomic-% Ga Annealed at 737-5“ C. y + Decom
posed/S of Rosette lype. x 175. .

Fig. 9.—Cu-Zn Alloy : 46-9 Atomic-% Cu Annealed 2 Days at 734 C. 
x 150. (Jenkins.)

FIG. 10.__Alloy 22-15 Atomic-% Ga Annealed at 486» C. Homogeneous 0
Phase, x  80. .

Fig. 11.—AHov 22-15 Atomic-% Ga Annealed at 465° C. y Particles m 0 
Phase, x 175-
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T a b l e  Y.—The p Eutectoid Transformation and the p ' Phases.

Composition.

Preliminary
Ileat-Treatnient.

Final Annealing 
Temperature.

Mierostructure.
Gallium, 
Weight 

Per Cent.

Gallium, 
Atomic 

Per Cent

24-67 A 22-90 A F +  30 minutes at 
876° C.

5 hrs. 619-5° C. a /3.

24-67 A 22-99 A E +  48 hrs. at 
697° C.

1 hr. 800° C .: then 
cooled at ^ /m in­
ute to 619° C. and 
quenched.

Large precipi­
tated a crystals 
in ¡3 phase.

No eutectoid.

25-73 A 24-07 A E +  24 hrs. at 
697° O.

1 hr. 800° C . : then 
cooled at £°/min- 
ute to 610° C- and 
quenched.

Precipitated y 
crystals in 0 
phase.

No eutectoid.

24-67 22-99 A 17 hrs. at 670° C .+ . 
15 hrs. at 840° C.

5 hrs. 616° C. fl' +  y.

26-64 24-88 G 5 hrs. 613° 0. P' +  r-

25-73 A 24-07 A E 4- 24 hrs. at 
697° C.

1 hr. 800° C. : 
cooled at ^/m in­
ute to 609° C. and 
quenched.

Primary y +  
cutcetoid.

24-20 22-55 J 2 weeks 486° C. /3' +  y-

24-08 22-43 C
C
c
])

10 days 606-2° C. 
10 days 544° C. 
10 days 523° C.
2 weeks 486° C.

0' -f little y- 
0' -j- little y. 
/j' -f little y.
F-

23-79 22-15 11
H

10 days 606-2° C. 
10 days 544° C.

j3' +  a. 
(S'-

23-55 21-93 J
J

10 days 550° C- 
2 weeks 486° C .

0' ■+• a little a.
F-

23-52 A 21-90 A E 10 days 521° C. F-
23-35 21-73 H 2 weeks 486° C. 4- a little a.

The preliminary heat-treatments A-G are described in 1 
remainder are as follows : H. 35 hrs. 610 +  12 hrs. S14-o C.; I. «  hrs. +  
12 hrs. 814-5° C.; J. 40 hrs. 620° +  12 hrs. 814 C.

(f) The p ' ^  P" Transformation and the Existence of the p "  Phase.
The results described above suggest clearly that the p phase is 

stable only above about 480° C., and that a further modification exists 
below this temperature. The critical experiments which establis i ¡> 
part o f  the diagram are given in Table V I, and are plotter on a arDe



scale in Fig. 12. These alloys required from 2 to i  weeks of annealing 
in order to reach true equilibrium, and no useful information could be 
obtained by means of cooling curves, since it was shown conclusively

218 Hume-Rothery and Raynov : The Constitution of
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by microscopic examination that when cooled at the rate of \ C. 
per minute alloys did not undergo the changes which took place on 
prolonged annealing. The most critical evidence is given by alloy
21-73. On quenching from 486° C. this consisted of the p' phase together 
with traces of the a phase, but on quenching from 475° C. the structure 
was almost homogeneous with traces of the y  phase. Alloys 21-93 and
22-43 consisted of homogeneous ¡3' when quenched from 480° 0. but all 
contained particles of the y  phase when quenched from 475° C. so that 
the evidence for a discontinuity in the phase boundary is very con­
siderable. It is perhaps significant that the cooling curvos of Weibke 
for all alloys in the range 19-7-29-3 atomic per cent, gallium showed 
arrests at about 490° C., which were ascribed to a transformation of the 
y  phase, but as these experiments began with the liquid alloy cooled at a 
rate of 9°-10° C. per minute, it is not possible to correlate them with the 
P' and P" phases which require long annealing to reach equilibrium. 
A transformation of the y  phase would be expected to lead to a change 
in direction of the solubility limit of the p' phase on the gallium-rich side. 
Reference to Fig. 12 shows how improbable any continuous curve 
appears, and as the a +  P'/P' boundary is also displaced in the copper- 
rich direction, the conclusion appears inevitable that a third modification 
of the p phase exists which may be denoted p". Since the composition 
is displaced in the copper-rich direction, the theory again requires tw o 
horizontal lines in the diagram, one corresponding with the reaction 
a +  p' ^  p", and the other with the reaction p' ^  P" +  y-

The annealing experiments show conclusively that the temperatures 
of the two horizontal lines cannot differ by more than 11° G. Alloy
21-93 when quenched from 480° C. had a large-grained microstructure, 
and was indistinguishable from alloys quenched from the homogeneous 
P' area. No etching reagent was discovered which distinguished between 
the p' and p" phases, so that it is possible that this alloy was in the 
(p' 4 . ¡3") area at 480° C. The coarse grain structure, however ma -es 
this improbable, since if the transformation had begun, we should expect 
a diminution of the grain-size, an effect -which was observ e rom a oy 
2 1 * 2 0  when this was obtained in the pure P form at 
structure of alloy 2 1 ‘9 3  at 480° C. suggests, therefore, that the tem­
peratures of the two horizontal lines do not differ by more an , 
and in the absence of apparatus for the measurement of electrical 
resistance at high temperatures, it does not seem possible to place the
limits more precisely. . , , ,

The p" phase is soft, and yellowish brown in colour, and closely

* A similar grain refinement was found in the (a +  ft) alloys below the trans­
formation temperature at 616° C.



resembles tbe S' pbase in properties. From the relative amounts of the 
constituents in two-phase alloys, the range of composition of the (3 
phase is estimated as about 05  atomic per cent, at 420° C. (21-05-
2 1 - 5 5  atomic per cent, gallium), and diminishes to less than 0 ‘ 2  atomic
per cent, at 475° C.

The microstructures of the alloys containing 21"73, 2T93, and
22-15 per cent, gallium after quenching from 423° C. were almost
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T a b l e  V I.—The P'~P" Transformation and the Limits of the p" Phase.

Composition.

Preliminary
Heat-Treatmenfc.

Final Annealing Treat­

Gallium, 
Weight 

Per Cent.

Gallium, 
Atomic 

Per Cent.

ment and Quenching 
Temperature.

Microatructare.

22-79 21-20 1 1 + 3  weeks 8 days at 445° C. P" +  a little a.

21-20
423° C. 

H 3 weeks at 423° C. P". See Foot­
note on p. 219.

23-35 21-73 H 2 weeks at 486° C. f}' +  a little a .

21-73 I 4 weeks at 475° C. j8" +  a trace of y.
21*73 I 2 weeks at 465° C. P" -f- a trace of y.
21-73 I 3 weeks at 423° C. P" +  a trace of y.

23-55 21-93 J +  2 weeks 
486° C

10 days at 480° C. P'-
21-93 J 4 weeks at 475° C. p"  +  y-

23-79 22-15 H 2 weeks at 486° C. &22-15 I 4 weeks at 475° C. P " +  y-
24-08 22-43 D +  2 weeks 

486° C.
10 days at 480° C. P'-

22-43 D ' 2 weeks at 465° C. P" +  y.

24-20 0 9 .5 5 J 2 weeks at 486° C. P' +  a l it t le  y.
22-55 J 4 weeks at 475° C. r  + y-

identical with those of the corresponding specimens quenched from 
465° C. After annealing for 6  weeks at 401° C. and also at 382 G., a 
further sudden precipitation of the y  phase occurred, suggesting that a 
fourth modification of the p phase exists at lower temperatures. It is 
hoped to present a study of this effect at a later date.

(4 ) D i s c u s s io n .

In the course of the work described above, alloy 19-94, after annealing 
at 524° C., was found to consist of the homogeneous a-phase. Ihis 
agrees with the a solid-solubility curve of H.-R., M„ and C.-E., but not 
with that of Weibke whose results would require this alloy to be within 
the two-phase area at 524° G.
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The present results show clearly that the system eopper-gallium 
is one in which several modifications of the p phase exist, and since 
the solid solubility limits have been determined in detail, it is of interest 
to examine the compositions of the critical points in order to see whether 
these correspond with integral atomic ratios as might be expected from 
the general viewpoint adopted by Stockdale.'

The authors have previously discussed these in terms of the ratio of the 
number of one kind of atom to the total number of atoms, but in view 
of Stockdale’s request,8 we use here the Tatio of the number of atoms of the 
one kind to that of the other. An alloy containing 30 atomic per cent, 
of gallium contains 30 atoms of gallium to 70 of copper, and the ratio in 
this notation is therefore f  The point B representing the composition 
of the liquid at the upper peritectic temperature lies between 21*3 and 
21-65 atomic per cent, gallium, and is indistinguishable from the 
ratio 3/11 =  21-43. The point 0  representing the composition of 
the liquid phase at the lower peritectic temperature lies between 30-9 
and 31-2 atomic per cent, of gallium, and is thus barely distinguishable 
from the ratio 5/11 =  31’25. The eutectoid point E at approximately
23-7 atomic per cent, gallium cannot be distinguished from 5/16 == 23-81. 
In the p' area the critical point F  at the higher temperature limit lies 
between 2 2 ‘ 2  and 2 2 '4 5  atomic per cent, gallium, and cannot be dis­
tinguished from the ratio 2/7 -  22-22. The points J and K  at the head 
of the 3 "  area be between the limits 21-3 and 21-Q5 atomic per cent, of 
gallium, and this range includes the ratio 3/11 =  21‘43. The remaining 
„rJf.’nnl nnints iinnpAT definitely distinguished from any fraction in­

ratio is possible.
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T he  Un iv e r sit y  M useum , Ox f o r d .

CORRESPONDENCE.
D r.-Ikg. F r .  W e ib k e  * (Member): Tho work of the authors has furnished 

us with important new knowledge on the decomposition of the ¡3-phase at 
low temperatures, which subject I  was the first to investigate. In this 
connection I would like to refer them to the work o f Zintl and Treusch (/?. 
physikal. Chenf !  1936, [B], 34, 225), which describes the results obtained in 
an X-rav investigation o f the structure of gallium bronzes and appears to 
have been in progress simultaneously with the work of the authors. My 
results indicated that, on cooling, ¡3 decomposed into the a +  y eutectoid and 
that the decomposition was probably a complex process passing through inter­
mediate stages such as occur in the decomposition of Cu3Al. Zintl has shown, 
by X-ray analysis, that alloys with 20-24 atomic-% gallium, contain an 
hexagonal phase, a =  2■504, c — 4*229 A., as well as a and 8, and I considered 
that this hexagonal phase might be one o f the unstable intermediate phases 
o f the decomposition of (3. The fact that Zintl and Treusch always found lines 
due to a and S, as well as those of the new phase, in the same alloy is probably
due to the low reaction velocity o f the peritectoid decomposition a +  P -----^ P
or a 4_ rj' — ^  p" an(j  t0 thc displacement o f the homogeneity range o f the 
(3' and ¡3" phases further towards the copper side as compared with the p-phase. 
Zintl and Treusch have also shown that the quantity of new' phase present 
may be increased by heat-treatment.

As regards the position o f the solubility lino of gallium in copper [the 
present authors (H.-R. and R.) find a lower solubility at room temperature 
than at higher temperatures, whereas I  found the converse], tho differences 
may be due to faulty establishment o f equilibrium conditions, although the 
sharpness o f  the lines on my X-ray photograms gave no indication o f  this. 
Apart from small differences in the temperatures o f the horizontals, there 
seems to be very good agreement between Hume-Rothery and Raynor’s 
results and my own.

The A u t h o r s  {in reply) ■ We thank Dr. Weibke for his interesting 
communication, and agree that the results o f Zintl and Treusch can be 
reconciled with our diagram.

* Dozent, Institut fur anorganische Chemie dor Technischen Hochschule, 
Hannover, Germany.
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THE TRANSFORMATION IN THE j3 BRASSES.* 781
By C. SYKESf, D.Sc., Ph.D., Member, ami H. WILKINSON,J M.Sc.Tech.

S y n o p s i s .

The energy released during tho ft-ft' transformation in brass has 
determined as a function of both temperature and composition. Ihe 
results are compared with those predicted by the theoretical work of 
Bragg and Williams and of Bethe.

I . I n tr o d u c tio n .
T his transformation is typical of a large number of transformations 
which differ in certain essential features from those associated with a 
change in phase. Tammann and Ileusler, 1  in a review of the experi­
mental data available in 1926, emphasized that the transformation 
occurred without change in phase over a range of temperature of the 
order of 250° C. and that no recrystallization took place. ri  hey remarked 
on the fact that the magnetic transformation in ferro-magnctic materials 
produced similar changes in heat content, thermal expansion, and 
electrical resistance, and concluded that a new type of phenomenon 
had been discovered in the transformation in brass. Since that 
time there has been a considerable amount of speculation as to the 
mechanism of the transformation, but it is now generally accepted that 
in the ¡3 or high-temperature modification the zinc and copper atoms are 
distributed at random amongst the atomic sites of the body-centred 
lattice, whereas in the p' or low-temperature modification a more or 
less perfect ordered arrangement of the atoms exists with say copper 
atoms at the cube corners and zinc atoms at the cube centres. Ch\ ing 
to the similarity in scattering power of the zinc and copper atoms, it 
has not been found possible to verify this view by means of the X-ray 
diffraction method, but similar transformations in other alloys such as 
Cu3Au, FeAl, &c., do produce such ordered structures.

Bragg and Williams,2 on the basis of certain assumptions regarding 
the mechanism of the ordering process, have calculated the amount of 
energy which should be released and its effect on the specific heat- 
temperature curve for binary alloys containing equiatomic proportions

* Manuscript received April 20, 1937. Presented at the Annual Autumn 
Meeting, Sheffield, September 8, 1937. _ ,

t  Physicist, Research Department, Metropolitan^ ickers Electrical Company,
Ltd., Trafford Park, Manchester.

J Research Student, Physics Department, University of Manchester.
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of the two constituents. They have shown that at the temperature at 
which atomic rearrangement sets in on cooling (the critical temperature) 
the specific heat should increase to an abnormally high value and then 
gradually diminish as the temperature decreases and the degree of 
order increases. Standard cooling curve methods are not particularly 
suitable for the investigation of transformations following such a course, 
and in order to make a quantitative determination of the energy 
involved one of the present authors devised an apparatus for the 
measurement of instantaneous specific heat.3 The preliminary experi­
ments were carricd out on a sample of ¡3 brass and the results were 
compared by Bragg and Williams 4 with those expected from their own 
theoretical work and also that of Bethe. 5

The agreement was satisfactory in that the transformation occurred 
in a similar manner to that predicted by both theories, but the energy 
was released too rapidly just below the critical temperature, giving rise 
to a much higher maximum specific heat than was expected. The total 
energy involved in the transformation was about 85 per cent, of that 
predicted by theory. In order to make a more thorough comparison 
possible, the experiments described in the present paper have been 
carried out with an improved apparatus which was recently described 
in this Journal, 6 The specific hcat-temperature curves of repre­
sentative a, a +  ¡3, and (J brasses have been measured. These, together 
with energy content measurements, enable a reliable estimate to be 
made of the behaviour of a p brass of the composition CuZn (50-7 
per cent, by weight zinc). This estimate is then compared with the 
theoretical work which is primarily concerned with this hypothetical * 
alloy. The effect of concentration on the energy content is also com­
pared with that predicted by theory. The experimental results are 
of interest in connection with the fixing of the phase boundaries of the 
CuZn system.

II. E x p e r im e n t a l  D e t a il s .

(a) Preparation of Specimens.
The alloys were prepared from electrolytic copper and distilled 

zinc, the latter metal having as impurities : iron 0-003, lead 0-002, and 
cadmium 0-001 per cent. The melting was carried out in a hydrogen 
atmosphere in crucibles lined with alumina. The ingots were cast in 
graphite moulds.

The following heat-treatment was given to the ingots : they were 
rapidly heated to 820° C., soaked for 10 minutes, and quenched in cold

* The J3 phase ends at about 50 per cent, zinc by weight, i.e. 49-3 per cent, 
zinc by atoma.
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Fig. 2.— Specimen 5. p Brass Showing Traces of
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water. A final treatment of 100 lirs. at 450° C. in evacuated glass tubes 
was then carried out. According to the results of the annealing experi­
ments of Genders and Bailey, 7 this heat-treatment should be quite 
adequate to ensure equilibrium at 450° C.

The specific heat specimens (see Fig. 1) were machined from the 
ingots. Finally, for reasons which will be given later, the specimens 
were nickel-plated to a depth of about 0 - 0 0 1  in.

(b) Experimental Method.
The methods used for the determination of the specific heat- 

temperature curve and the measurement of total energy content have 
been fully described recently in this Journal 6 in a paper on the trans­
formation in the alloy Cu3Au. For the p brass transformation one
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minor modification was made to the method : the heating rate used 
was increased to 2° C./minute in order to reduce the duration of the 
experiments and so minimize loss of zinc. In the initial stages of the 
investigation trouble was experienced owing to evaporation of zinc 
from the specimen into the evacuated furnace enclosure. e speci­
mens are heated to a maximum temperature of 500° C. and remain for 
a period of 3-4 hrs. above 500° C. ; consequently the effect of evapor­
ation on the composition of the alloy becomcs important. Apart from 
this, however, the evaporation affects the measurements m two ways. 
The surface of the specimen changes continuously and its emissivity 
gradually increases : this leads to a large and somewhat uncertain 
radiation correction at the critical temperature. The evaporated 
zinc condenses in cooler parts of the apparatus and gives rise to eakage 
currents between circuits which are required to be t orou^ } we
insulated from one another. _

These difficulties were considerably reduced by nickel plating the 
specimens. The polished plated surface has a substantially constant 

V O L . L X I .



emissivity which is much smaller than that of a brass surface. Further, 
the rate of evaporation is considerably diminished. In the case of the 
specimens containing traces of the y  constituent, however, the apparatus 
had to be cleaned thoroughly after each run in order to avoid trouble
due to leakage effects.

(c) Homogeneity and Chemical Composition of the Specimens.
There are many discrepancies in the results of the various investi­

gations which have been carried out to determine the position of the 
phase boundaries of the copper-zinc system.8 Loss of zinc by 
evaporation and oxidation during the necessary thermal treatment of 
a specimen leads to uncertainty as to its homogeneity and precise 
chemical composition. Errors introduced m this way may well accoun

T a b l e  I.
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Specimen. Phase. Weight Per 
Cent, of Zinc. Tt-

Cal./grm.
2 10°-500° C.

0
1
2
3
4
5
6
7
8 
9

Pure Copper 
a

a + P
a + P

i
j3 + y  (trace)

P + Y

0
36-10
40-39
42-74
44-94
45-76 
47-38 
47-71
49-70
50-06

455-5
456-0 
454-5
457-5 
467-0 
467-5 
469-0 
469-0

26-2
27-6
29-7 
32-05 
34-05
34-66
35-5a
30-75
36-6s 
36-1

for the lack of agreement in some of the experimental work on this 
system. Plating the specimens did not entirely prevent evaporation 
of zinc and it was considered desirable to section the specimens on 
completion of the experiments and to examine them for homogener>. 
The zinc content as indicated visually on an etched section was lower 
at the surface than in the main body of the specimen. ^he “ agmtude 
of the effect is quite small and maybe estimated from lug. 2 (Plate II), 
w M ch tow l the structure of specimen 5 (see Table I) from the edge 
inwards This alloy is just inside the (J phase and therefore 
sensitive to a small diminution in zinc content. The a phase is present 
in relatively small quantities in a band about 0 - 0 1 0  m. deep P^aHelto 
the surface of the specimen. All specimens containing more zinc than 
No. 5 showed no trace of a constituent. _ , . ,, , f

In order to obtain a thoroughly representative analysis the lids o
the specimens were dissolved for analysis at the ends of the tests, 
results are recorded in Table I.
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III. E x p e r i m e n t a l  R e s u l t s .

(a) Specific Ileat-Temperature (S.T.) Curves.
These are given in Figs. 3 and 4 (the number on the curve is also 

the number of specimen in Table I). Curve 1, Fig. 3, refers to the 
a brass. Above 200° C. the curve is linear and forms a convenient 
reference line for the other curves; it is shown dotted in curves 2, 3, 
and 4 so that the specific heat as modified by the p constituent is more

|0-20-|
-<H 0

015

200 300
t e m p e r a t u r e ;

Fig* 3.—Specific Heat of a +  P Brasses.

easily recognized. The presence of this constituent alters the shape 
of the S.T. curve, introducing a maximum at about 4o0 C l i  
height of the maximum increases as the amount of p constituent m le 
specimen increases. The temperature at which the maximum occurs 
is practically constant in the two-phase alloys. ' . . ,

There is'an unexplained anomaly in the S.T. curve of the a brass 
starting at 200° C. and proceeding to lower temperatures, as 
anomaly gradually disappears as the P phase is approac e

In F R  4, curves 5 and 6 refer to single-phase p alloys, curve 8 to a 
specimen which contains a slight trace of y. The maxima in these 
curves are higher than those for the two-phase region, and the critical
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temperature increases slightly as the zinc content is increased. Curve 8 
for the alloy containing 49-73 per cent, zinc is probably very close to 
the S.T. curve for the ideal alloy CuZn (50-7 per cent, zinc), and is the 
best approximation which can be realized experimentally.

(b) S.T. Curve of the Quenched Alloys.
Various investigators have concluded that the [3-(J transformation 

in brass is not appreciably retarded by quenching. The authors have

examined the S.T. curves obtained on specimen No. 6 starting from 
both the annealed and quenched states. Below 250° C. the curves 
coincided to within 1-5 per cent., whilst above this temperature the 
agreement was slightly better. The curve for the quenched alloy was 
the lower, but the difference is of the same order as the experimental 
error and any retardation of the transformation produced by quenching 
must have been very small. The measurements on the quenched alloy 
were started 3 hrs, after the quenching operation, and this represented 
the minimum time in which the apparatus could be assembled and 
evacuated.



(c) Energy Content Differences.

It is dear from the S.T. curves that the critical temperature is 
below 500° C. in every case, so that 500° C. may be taken as an upper 
limit to the transformation. The lower limit is rather indeterminate.
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40 «  50
Z IN C . W E IG H T PER C E N T.

65 60 55
COPPER. W E IG H T  PER CENT.

Fig. 5.—Difference in Energy Content of Brasses Between 240°-500° C.

Detailed examination of the S.T. curves 
have practically the same spec.fic heat at 240 0. ( 0 T 0 4  )
the ¡3 brasses (5-9) have the same specific heat at 1(X) C «* . 0 0» . 
It follows, therefore, that the difference in energy content at 240 and 
100° C. is practically the same for all the brasses m t  e f  p ase,

•c
470 -

4 5 0 -
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any differences which exist between the various specimens in the phase 
are confined to the temperature interval 240°-500° C. Direct energy 
content measurements could have been made from 20° to 500” C., but 
this rwould have meant diluting the energy corresponding to the 
interesting part of the S.T. curve (from 240° to 500° C.) with a fairly 
constant amount of energy due to the interval from 20’  to 240° C. and 
reducing somewhat the accuracy of measurement of the differences 
between the specimens in the pure p phase.

As the authors were particularly interested in the variation in 
energy content differences throughout the p phase, the measurements 
using the voltameter method 6 were made over the range 240°-500 C. 
These were supplemented by values obtained from integration of the 
power input used during the specific heat experiments. The mean 
of 2-4 determinations for each alloy is given in Table I. In Fig. 5 the 
energy content difference is plotted against the zinc content; and the 
curve splits up into four parts corresponding to the four areas on 
the equilibrium diagram, i.e. a, a -j- p, “ , and P +  y. The points in the 
(a -j- p) two-phase region and in the p phase lie on straight lines; the 
line OAC' is obtained by joining the points for pure copper and a brass, 
CD joins the points obtained for the two specimens containing the 
y  constituent. The line BC produced gives an extrapolated value of 
37-3 cal./grm. for the alloy of equiatomic composition, i.e. 50-7 per cent, 
zinc by weight.

(d) The Behaviour of the Alloy at the Critical Temperature.

Although the specific heat changes rather rapidly in the neighbour­
hood of the critical temperature, the experimental method is sufficiently 
sensitive to enable this part of the transformation to be examined 
in some detail. Fig. 6 gives the S-T. curve for the alloy No. 8 in this 
range of temperature, from which it appears that the rate of increase 
of slope of the specific heat-temperature curve in the last few degrees 
is very small and the possibility of the evolution of even a small amount 
of latent heat is therefore remote. (Comparison of lig . 6 with the 
S.T. curves obtained for the Cu3Au transformation 6 shows that p brass 
and Cu3Au behave in quite a different manner at the critical 
temperature.)

The maximum specific heat observed for specimens 6, 7, and 8 was 
about the same and equal to 0-27 cal./grm./° C., so that it is unlikely 
that the behaviour of the alloy CuZn (50'7 per cent, zinc) would be 
greatly different at the critical temperature. Any slight temperature 
gradients in the specimen or sluggishness in the transformation will



tend to flatten the peak of the curve so that 0-27 eal./grm ./° C. must be 
regarded as a minimum value for the maximum specific ca •.

(e) Accuracy of the Experimental Results.
Owing to the fact that the critical temperature is higher in p brass 

than in the alloy Cu3Au and that an increased heating rate was usee 
the accuracy is somewhat less than in the Cu3Au transformation. p 
to 500° C. the specific heat measurements arc considered to bo correct 
to within ±  2 per cent.; at temperatures below -100 C. the error is
probably not more than i  1 per cent. , ,

The heat content measurements made by the voltameter me t
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460
tem p e ra tu re ,*c.

Pro. c.-Specific Heat of 0 Brass Near the Critical Temperature.
Specimen No. 8.

were lower by about 0-3 per cent, than those obtained by direct Integra-S. S.T. curve. Either ̂ type o
could be reproduced to within ±  0-4 per cent for c o iu ^ u t o ^ p o n  
ments. The relative error in the results plotted in 1 lg. 0 
than ±  0-2 per cent. The absolute error may be estimated Jy  com 
paring the result obtained by this method for p « e _ copper ̂ th  the
value obtained by Jaeger and his associates. ici 
copper for the difference in energy content o v e r  the tempera uremn^ 
240°-500D C. is 26-07 cal., with an error not greater than ±  p 
The authors’ results were :

, i. \ 96-18 26-20 cal.Direct determinations (voltameter) - • 26-25
Integration of S.T. curve .



the final value of 26-20 given in Table I being the mean. From this 
comparison it appears that the absolute error is within the limits 
+  l ’5-0-5 per cent.

IV. C o m p a r is o n  w i t h  P r e v i o u s  W o r k .

(a) The Equilibrium Diagram.
The energy content-composition curve, Fig. 5, cannot be claimed 

to contribute any very reliable information regarding the position of 
the phase boundaries in the copper-zinc system, since the measurements 
cover a range of temperature throughout which the limiting com­
position of the phases varies to some extent. The initial heat-treatment 
of 100 hrs. at 450° C. given to the specimens would produce equilibrium 
conditions corresponding to 450° C. and it is highly probable that any 
subsequent changes were quite small. Consequently, the intersection 
of the various lines on Fig. 5 should correspond to the phase boundaries 
at 450° C. on the CuZn diagram. The comparison has been made 
using the most reliable determinations shown in the equilibrium 
diagram compiled by Hansen.8
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Pig. 5. Gayler. Genders 
and Bailey.

Bauer 
and Hansen.

a/(a+/3) boundary. Zinc, per cent. 
(a+^)/P  ,, ,, »j »»
P K P + v) >> >' ”

38-3
45-4
49-6

38-7
45’8
49-7

38-9
45-1
49-7

The general agreement is good, and indicates that the precautions 
taken to eliminate errors due to loss in zinc have proved effective.

(b) Effect of Composition on the Critical Temperature.
The critical temperature is plotted against composition in Fig. 5, 

the temperatures chosen being those at which the specific heat first 
begins to diminish rapidly. This point can be very readily observed 
during the specific heat measurements and is about 1 C. higher than 
the temperature corresponding to the maximum specific heat. 
Haughton and Griffiths,® from resistance-temperature curves, give the 
critical temperature as 453° C. in the a -j- $ region and 470 C. in the 
p _j_ y  region. Their curve is similar in shape to the one in Fig. 5, so 
that the general agreement may be considered good.
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(c) The Experiments of Steinwehr and Schulze.10
Apart from the original experiments of one of the present authors, 

the investigation of Steinwehr and Schulze appears to be the only one 
attempting to determine quantitatively the heat evolved during the 
P~P' transformation. The experimental method consisted in taking a 
cooling curve on a large specimen (20 kg. in weight) which was very 
heavily lagged. The specimen was heated to various steady tem­
peratures by means of a Nichrome coil and the power input determined.
It was then allowed to cool freely from about 550° C. and a temperature- 
time curve taken. The logarithm of the temperature was plotted 
against the time and the curve obtained was found to split up into 
two straight lines with an intermediate section corresponding to the 
interval in which the transformation occurred. The retardation m 
cooling, in minutes, was estimated from this curve and the excess 
energv given out during this time calculated as the product or the 
power necessary to maintain the specimen at the mean temperature
multiplied by the time. . .

Steinwelir and Schulze examined two brasses, one containing 
56-46 per cent, copper, i.e. an a - f  P brass, and the other containing 
49-8 per cent, copper; the energy of the transformation was found to 
be 1-81 and 2-48 cal./grm., respectively. On the basis of certain values 
for the phase boundaries, they calculate the energy/grin, o pure 
as 3-0 cal./grm. from both specimens and conclude that it is independent 
of composition in the p phase. This conclusion is scarcely justified m 
view of the large dispersion in their experimental results for each 
specimen, ±  20 per cent. Further, the relative amounts of the two 
phases obtained by calculation are very sensitive to small changes in 
the precise values chosen for the phase boundaries.

The experimental method suffers from the same defect as the
* In a recent paper by

rpShL“,™”o.” I’&SSBw ° «w  p. 7 «  £* “>»
difference from 240° to 500° C. for his J 5f|0? l ^ ucr and Kremers 1S

on an alloy containing 48 2 per eent.z_____ nf 35-9 cal./srm. fromon an alloy containing 48-2 per cent. 0f 35-9 cal./grm. fromheat above 500° C. this leads to an energy content diilerencc o i w a  , s
240° to 500° C. » . «  c,i i„nn with an estimated maximumOur result obtained from Bg. 5 ib 3j  95 cal./gm  ̂
error of +  1*5 and — Oj per cent. B found by Moser is about 0-26

Finally, the maximum v a l u e  o f  th p acreement with our value of
il./grm. at the critical temperature, th s i g J  investigation of

this part of the curve.
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standard cooling curve method applied to [3 brass : it gives the impres­
sion that the transformation takes place over a much smaller tem­
perature interval than is actually the case. For example their 
experimental results indicate that the transformation ends on cooling 
above 400° C.; comparison with the S.T. curves in Fig. 4 show that 
this is not the case. The experimental method of Steinwehr and 
Schulze is strictly applicable only to the cases in which the transforma­
tion occurs over a limited temperature interval and where the specific 
heat of the alloy both above and below the temperature of the trans­
formation varies only slightly with temperature. Their value of
3 cal./grm. is much smaller than that of 10 cal./grm. obtained in the 
present authors’ experiments. (See next section.)

(d) Experiments of Sykes.3
In a previous paper dealing with thermal methods for investigating 

transformations of the [3 brass type, one of the present authors published 
a S.T. curve for a (3 brass containing 49-06 per cent. zinc. The total 
energy of the transformation calculated from this curve by Bragg and 
Williams is in satisfactory agreement with the value found in the 
present investigation. (See next section.) The S.T. curve is in 
excellent agreement with Fig. 7 at temperatures up to 450° C .; above 
this temperature the original curve is higher by an amount greater 
than the experimental error claimed in the present paper. This dis­
crepancy is to be ascribed to experimental errors present in the original 
work which have been eliminated by the improved technique and 
apparatus now employed.

V . Co m par iso n  w it h  t h e  T h e o r e t ic a l  W o r k .
The transformation has been investigated theoretically on the 

basis of two different assumptions: Bragg and Williams -• 4 assume 
that the energy of a given structure is determined by the average degree 
of order throughout the whole structure, i.e. by the long distance or 
superlattice order. The whole of the change in energy and entropy 
is to be found therefore below the critical temperature since superlattice 
order disappears at this point on heating. Betlie,5 on the other band, 
assumed that interaction occurred only between nearest neighbours 
and showed that, whilst superlattice order disappears at the critical 
temperature, a certain amount of local order exists above this tem­
perature since a tendency for unlike atoms to be neighbours still persists. 
Local order only disappears completely at very high temperatures; 
consequently an abnormally high specific heat should exist above the 
critical temperature. As both theories deal quantitatively with certain 
features of the transformation which have been investigated experi­
mentally a comparison is possible.



(a) The Specific Heat-Temperature Curve.
The S.T. curve, Fig. 7(a), specimen 8, is, as has already been men­

tioned, the best approximation to the S.T. curve for the hypothetic» 
alloy CuZn which can be realized experimentally. It contains the 
effects of the atomic rearrangement process superimposed on the norma 
(Dulong and Petit) S.T. curve, and it is necessary to make an estimate 
of the latter in order to obtain results which can be compared with
those obtained theoretically.

It may be assumed, to a first approximation at any rate, that the
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rtrtPC R A TO R £.*C .

F lo, 7.— Specific Heat Curves (Theoretical).

specific heat of an alloy in the absence of any transformation is equal 
to the specific heat of a mixture of copper and zinc of the ŝ  c° ‘ 
position. According to Jaeger 11 the specific heats of pure copper and 
pure zinc are given by the equations.

Copper Cp -  0092597 +  0-20832 X i-tem perature in C.
Zinc Cp =  0-093335 -  0-778 X lO'61 +  0*12708 v  10
The S.T. curve for a mixture having the s a m e  composition asi speci­

men 8 is given by Fig- 7 (d) ; the actual curve follows 7 (a) rhe two 
curves coincide at 160° 0. and are practically the same down to 100 
suggesting that the transformation ceases to affect the speci ic 
appreciably below 160° C.



The S.T. curves derived theoretically according to Bragg and 
Williams and Bethe are given in Fig. 7 (b) and (c). Bethe’s curve is 
strictly applicable to an alloy having a simple cubic lattice. For a body- 
centred lattice the curve will have a slightly lower maximum.* The 
change in specific heat at the critical temperature is very much larger 
than that given by either Fig. 7 (b) or (c), which suggests that the 
disappearance of order at the critical temperature takes place much 
more rapidly than either theory predicts. At lower temperatures the 
experimental curve lies below the theoretical curves. It is unlikely 
that this effect is produced by the freezing in of any appreciable amount 
of disorder, since the rate of diffusion in brass is known to be very 
high. Further, such an effect could be traced on the S.T. curve as it 
would give rise to a step f  in the curve. The authors conclude, there­
fore, that the transformation is compressed into a much smaller 
temperature interval than is predicted by either theory.

(b) Energy of the Transformation Released Below the Critical 
Temperature.

Referring to Fig. 5, it is seen that the energy content difference for 
the alloy CuZn is found to be 37-3 cal./grm. from 240° to 500° C. Over 
the same range of temperature the corresponding value for a pure mix­
ture of the same composition is 27-3 cal./grm., so that over this tem­
perature interval the transformation contributes lO'O cal./grm. To 
this value the energy released below 240° C. must be added, whilst the 
energy released between the critical temperature and 500° C. must be 
subtracted in order to determine the energy of the transformation 
released below the critical temperature. No S.T. curve is available for 
the alloy CuZn and these corrections therefore must be estimated from 
Fig. 7 (a), and the assumption made that the behaviour of the ideal 
alloy is identical with that of specimens in these parts of the S.l ■ 
curve. The two corrections are quite small, i.e. +  0-32 cal./grm. and 
-  0-48 cal./grm., so that the final value for the energy released by the 
transformation below the critical temperature is 9-8 cal./grm. The 
theoretical results are 11*4 cal./grm. according to Bragg and Williams 
and 10-9 cal./grm. according to Bethe, and the agreement is therefore 
quite good.

It is possible, however, that this agreement is to some extent for­
tuitous. Referring to Fig. 5, line O'C" represents the change in energy 
content difference with zinc content assuming the alloys to have the 
same specific heat as mixtures of the same composition. It falls well

* In comparing the curves it should be remembered that the transformation 
energy in CuZn is about 8 per cent, higher than in specimen No. 8.

f  Of. S.T. curves for Cu3Au.12
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below the experimental point for the a brass, and suggests that O'C"  
.rives too low an estimate for the normal heat content, lo r  example 
if the experimental values for pure copper and cc brass are ^ a p d a te d  
linearly into the p phase (line OAC'), the normal energy con ten t differ 
ence for CuZn is given as 28-05 cal./grm. so that the energy_af the
transformation below the critical temperature :r  fo r «  brass
oil /srrm As has already been pointed out, the S.T. curve for
i^ anomalous. Further, the use of line O f
that the transformation ends at about 240= C„ whereas the ^ -c u r v e s  
show no peculiarity in this region. These consideratio 
siderable doubt on the validity of this second method of estimation and 
we think the first method more reasonable.

(c) Change in Entropy.
According to Williams 13 the change in entropy accompanying an 

o r d t ls o r d L  transformation ,  independent of £  “
to the precise mechanism of the ordering process,
reliable  ̂check that the phenomenon under « - £ ^ £ 4 2  
formation of a »np.rl.ttie.. w ^ d  i  t l f  t o
temperature for specimen 8 is 0 0 •/» d thcoretically
CuZn is therefore about 0-0157. The values pre 
are 0-0214 by Bragg and Williams and 0'0193 b[  Be , ■ b

If it be assumed that the total energy_ of 10 ̂ ¿ ^ ¿ ^ 1  
Bethe’s theory is correct, then according I
work 1-1 cal./grm is still available below H O C . T ta  ^
further contribution* to the e n t r o p y  change l y jg  ^ t h e r c f o r o  i n

0-0025 and 0-0050 ed ./gm . f  J J a t e .  tie  opinion
reasonably good agreement with th y, der transformation.
that the P~P' transformation is in fact an ord

(d) Specific Heat above the Critical Temperature 
. . v -n r, it seen that the experimental curve (a) is

Referring to g. , ■ above the critical temperature,
slightly higher than the S 2 ( ) # aboufc 0.008 cal./grm.
The d i f f e r e n c e  i n  s p e c i f i c  heat gn e n  by d lattice it wm be
for the simple cubic lattice; or err0r this prediction
slightly low «. Within the limits of experimental error p
is verified.

M  V  0/  0 — in on 
The critical “ 0Me n tfio n  of th. two types of

: i i - » « o a s r - s a #
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atom being a maximum for the equiatomic alloy.4 The variation with 
concentration is given by the equation:

where T °  is the critical temperature for the alloy CuZn and c is the 
concentration of one constituent (zinc).

For an alloy containing 4-5*7 per cent, zinc S =  0-05 and therefore
Tm  o   m    ± J_  —  7 .4 ° n

Jc 100 “

Experimentally, a difference of 12° C. is found. The theoretical result 
is thus of the right order, and the expression gives a curve (parabolic) 
of the right shape.

(f) Effect of Concentration on the Energy of the Transformation. 
Once the composition of the alloy is changed from that corresponding 

to equiatomic proportions the energy of the transformation will diminish. 
The magnitude of this effect has been calculated by Easthope * using 
Bethe’s theory, who obtained the result:

where E is the energy released below the critical temperature, c the 
concentration, z the number of nearest neighbours (eight for CuZn), 
and Ii a constant.! The ratio of the energies for the alloy at the 
extremity of the p phase poor in zinc (c — 0*45) and the alloy CuZn is 
0*78 according to this equation. The experimental result is 0*75 so 
that the agreement is again quite good.

Comparison of these results with those obtained for the alloy 
Cu 3A u  12 shows that in both cases an excess specific heat exists above the 
critical temperature, so that this feature of the order-disorder trans­
formation may be considered as established. The Bethe theory also 
gives the better agreement as regards total energy and entropy change. 
Consequently, the assumption that interaction occurs only between 
nearest neighbours must be considered more probable than the more 
general assumption of Bragg and Williams. In both cases the energy 
predicted by Bethe’s theory is about 10 per cent, higher than the value 
found experimentally, and is not sufficiently compressed into the 
temperature interval within 200° C, of the critical temperature.

In particular, the theoretical S.T. curves are a very poor approxi-
* Private communication.

K is a function of the energy of interaction between neighbouring atoms 
and also depends on the type of structure.

Tc =  T °  (1 -  482) S =  ( i  -  c),

VI. Co n c l u sio n s .



mation to the actual curves. Their shape is fixed by the ̂ aumptions 
made as to the precise nature of the ordermg force and, _ ‘
pointed out, slight modifications are likely to make large cbanges m 
S.T. curve at the critical temperature. It is not surprising, ,
that this feature of the transformation is the least satis a cw y  smce 
is unlikely that the form of the ordermg force is as simple as Bet 
assumes. Further theoretical improvements must be chiefly conce
in the evaluation of the correct S.T. curve. , i  nf

CuZn and Cu3Au are probably amongst the simples I
order-disorder transformations which exist, and are the only cas
which have been examined experimentally in o r d e r  to determine whethe
They obey the various theoretical predictions. It is highly probable
h Z  the maiority of such transformations will be more complicated hat the majority o ^  ^  generalizatl0n 1S best

avoided until a large number of different transformations have been 
studied.
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240 Correspondence on Sykes’ and Wilkinsons’ Paper

DISCUSSION.
Du, C. H. D esch ,*  F.R.S. (Vice-President): There is nothing to say by 

way o f criticism of this paper, because the old problem o f the transformation 
in [3-brass was cleared up when Dr. Sykes published bis earlier work. This 
paper, however, gives the finishing touch and the last proof which was 
necessary, and also provides an important quantitative treatment, isot 
only has the problem been solved for (3-brass, but a firm foundation has been 
laid for the study o f these transformations in general.

Professor F. C. T h o m pso n ,f  M.Se., D.Met. (Member): I  should like to 
reiterate what Dr. Desch has said, that the very fact that there has been no 
discussion o f this paper may be taken as an indication o f the high opinion 
which has been formed of the authors’ work.

The A u th o rs  (in rep ly): Since the paper was written twro interesting 
communications have appeared which deal specifically with the ° -fi ' trans­
formation in brass, and a brief summary o f their contents may bo o f  interest.

Jones and Sykes,% using the A'a radiation of zinc, have obtained X-ray 
powder diagrams of [3-brass which show superlattice lines, thus producing 
direct evidence o f an ordered structure in the alloy at room temperature.

Bethe, in his original treatment of the order-disorder transformation 
in a body-centred lattice, assumed that interaction occurred only between 
an atom and its nearest neighbours. In any final theory the possible effect 
o f higher interactions should be taken into account. Recently Chang § 
has worked out the effect o f  interaction between next nearest neighbouring 
atoms, and has shown that, provided that a reasonable value is assumed for 
this second interaction energy, an S.T. curve is obtained which is in much 
better agreement with the experimental results. In particular, the specific 
heat attains a much higher maximum at the critical temperature and decreases 
more rapidly with diminishing temperature than in the case for the S.T. 
curve (Fig. 7 (c)) given by Bethe.

CORRESPONDENCE.
D r. H elm u t  M ose r  ||: This paper interests me very much, since I have 

recently determined the true specific heat o f  a definite [3-brass by a somewhat 
different method. The very close agreement between my result and that 
of the authors shows that the technique o f calorimetric measurements at high 
temperatures has now reached such a degree o f precision as to enable us 
to form satisfactory conclusions on the correctness o f  theoretical relations. 
There can be no further doubt that the frequently-used cooling method 
is unsuitable for quantitative measurements when the material undergoes 
a transformation extending over a wide temperature range.

The anomaly in the Cp curve o f a +  (J brass at about 210° C. found by the 
authors, and not yet satisfactorily explained, appears to me to be very re­
markable, since it seems to bear no relation to the true transformation as it 
occurs also in a-brass which undergoes no transformation. On the basis of 
observations previously made on certain irregularities in the property- 
temperature curves o f gold-copper alloys and o f nickel, I  originally expressed 
the opinion that a similar anomaly should be found in [1-brass but, like the 
authors, I have failed to find it.

* Superintendent, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington,

f  Professor of Metallurgy, Manchester University.
1 F. W. Jones and C. Sykes, Proc. Hoy. Soc., 1937, [A], 161, 440.
§ T. S. Chang, Proc. Roy. Soc., 1937, [A], 161, 546.
|| Beg. Bat. an der Physikalisch-Teclmischen Reichsanstalt, Berlin-Charlotten- 

berg, Germany.
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ALLOYS OF MAGNESIUM. PART VI.—THE 777 
CONSTITUTION OF THE MAGNESIUM- 
RICH ALLOYS OF MAGNESIUM AND 
CALCIUM.*

By J. L. HAUGHTON.f D.Sc., Member.

S y n o p s i s .

The constitution oi magnesium-rich alloys of magnfflium and calcium 
has been re-determined. The eutectic pomt occurs at lb*- per cent, 
calcium and at 517° 0. Magnesium dissolves about 1-8 per cent, calcium 
at the eutectic temperature and about 0'5 per cent, at ~n0 U

I n tr o d u c tio n .

T h is  report is Part VI of the investigation of the constitution and 
mechanical properties of magnesium alloys which is being conducte a 
the National Physical Laboratory under the direction of l)r. U H. 
Desch, F.R.S., for the Metallurgy Research Board.1- 2 3'

It has been shown recently 6 that additions of small amounts of 
calcium cause an improvement in the mechanical properties of some 
magnesium alloys at high temperatures; they also reduce the tendency 
of magnesium and its alloys to burn, and appreciably reduce the amount 
of scale formed during annealing. The present work has been carried 
out, in connection with the investigation of the mechanical properties, 
to check the existing equilibrium diagram, and has been extended to 
alloys containing up to 26 per cent, calcium in order to determine 
accurately the composition, of the eutectic.

P re v io u s  W o r k .

The complete system was investigated in 1911 by N. Baar,7 whose 
diagram up to 26 per cent, calcium is given in Fig. 1. Further wor' 
was carried out by R. Paris 8 in 1933, as a preliminary to an investigation 
into the ternary system magnesium-calcium-zinc Pans, however, 
did not publish a diagram, but stated that his results differed slight y 
from those of Baar, in particular with reference to the maximum in the

*  M a n u s c r i p t  received February 10, 193 TSTational Physical
t  Principal Scientific Officer, Metallurgy Department, National in jsica i

Laboratory, Teddington. „
VOL. LXI.



Uquidus w h ic h  he found at the 50  :  5 0  alloy, indrawnas . compound 
containingiess calcium than the jlg^Ca* given oy ii.12.i- EMs parr . ..he 
diagram, however, is outside the range dealt, with. in. the present jeport.
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was the same as that for the magnesium-silver alloys,5 i.e. the thermal 
curve crucible was fflled from the pot in which the alloy was made 
and the remainder o f  the liquid was poured into chill moulds; after 
the thermal curves were taken the metal from the crucible was ranelted 
and poured into chill moulds, from which a sample for analysis wa.^, -
bv cutting a slice right through the ingot. It was hoped in this waj to 
<4t a more truly average sample of the metal than would be obtained by 
taking drillmas from the ingot in the crucible. When the variable loss m 
calcium was observed, however, it was realized that serious 
he introduced in remeltmg the metal m the cracihle. o c 
allov was made to contain IS per cent, calcium and «a t  
curve crucible and into a chill mould. A sample (A) was taken rroin 
the chin mould, and then a pair of heating and coohng 
taken. Drillings (B) were then r e m o v e d  from the pot. _
was melted and cast into a chill mould from which a sample (C) was
cut. The results of analyses were :

Sample A - ■ Calcium
B . • !'•’ ‘ [per Cent.
C . . 1*89.1

A armilaT experiment on an alloy made up to contain 10 j
calcium gave on analysis -

Sample A . - ^  | Calcium
B , - °  ¡’Per Cent.
C . - 6-82]

It is obvious Ufa* a lu g» loss of d -  « * »  P'»“  »  
metal out of the crucible, and it was consideredwiser <0> ^
to segregation and to obtain the had been taken.

outside,- or from the top to the bottom wa' ^  ̂ f  t tl t . thc
To the difficulties already mentioned must be aadOT the i > 

estimation of small amount of calcium m  magnesn _ ‘ ^
Mr. W. H. Withey, B.A., of the Chemical D m ««»  of this Labora. „
has worked out a new method for this purpose.

TUrmal Analysis.

Owing to the low densities of 
considered unlikely that errors duo. to 1 fumaCe. Seven corves,
of thethermal curves were taken m t eg t these agreed well
however, were taken in the stirring apparatus,1» and these agre
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with those taken in the gradient furnace, though the observed arrests 
were somewhat sharper. As stated above, microscopic examination of 
a sectioned ingot suggested that segregation was small.

Thermal curves were taken on 33 alloys, but only 27 of these have 
been tised in establishing the diagram. The remainder were either

CALCIUM. ATOMIC PER CENT.

CALCIUM, WEIGHT PER CENT.
F ig . 2,—Equilibrium Diagram of the Magnesium-Calcium Alloys Containing 

up to 26 Per Cent. Calcium. (Haughton.)

poor curves or gave points which were obviously incorrect, though 
the cause of the inaccuracy was not known. The alloys as a whole gave 
unsatisfactory arrests, and this, with the continuous change in composi­
tion of the alloy and the difficulty in analysis, has made difficult the 
determination of this apparently simple diagram.

The impossibility of preparing alloys to a required composition, 
together with the other difficulties referred to above, accounts for the 
fact that 33 alloys were made to determine a simple liquidus curve
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over a range of 26 per cent. The curves were taken on Payne’s auto­
matic potentiometer.11

Microscopical Examination.
The method of polishing the specimens was the same as for the 

magnesium alloys previously studied. In general, they were etched in
4 per cent, nitric acid in alcohol, though in a few cases a much weaker 
solution was used.

The specimens used for the determination of the solidus and of 
solid solubility were annealed in sealed tubes of Pyrex glass in vacuo, 
in hydrogen, and in argon. The earlier specimens were annealed in 
vacuo and were perfectly satisfactory. Later, however, when a new 
Pyrex tube of larger diameter was used, marked sublimation of the 
alloys took place, the tube becoming Hned with a dark blue deposit, 
presumably Mg2Si, at temperatures considerably below that at which 
successful annealings had been carried out previously. The tubes 
were then filled with hydrogen or with argon in such quantity that they 
were at about atmospheric pressure at the temperature of annealing. 
Even this did not completely prevent sublimation. Success was 
obtained, however, on using a piece of tube similar to the original one 
and filled with argon. The reason for this is obscure, but is being 
investigated.

The diagram obtained is given in Fig. 2.

The Equilibrium Diagram.
(a) The Liquidus.—Except for alterations introduced by the change

in composition of the eutectic, the liquidus found differs little from 
that given by Baar. . ,

(b) The Eutectic.—The eutectic temperature (517° ±  1° C.) iŝ  m 
very good agreement with that found by Baar, who gave it as 514 C. 
The eutectic composition found in the two investigations is, howe'er, 
very different: Baar gave it as 19 per cent, calcium, while the present 
investigation shows it to be 16'2 per cent. The determination of the 
composition was rendered difficult by the fact that the errors in t ie 
thermal and chemical analyses introduced a certain amount of un 
certainty into the location of the position of the liquidus. The error 
in composition of the eutectic as determined from the intersection of t le 
bquidus curves is unlikely to be greater than ±  0'5 per cent.; the 
probability of its being so great as this is reduced by the fact that 
micrographic examination of the chill-cast 16‘27 per cent, alloj^suggeste 
that it was pure, or very nearly pure, eutectic. Fig. 3 (Plate XVIII) is a 
photograph of this alloy, while Fig. 4 shows an alloy containing 10 per 
cent, calcium.



(c) Solubility — The solubility limits were determined by
the microscopic examination of annealed and quenched specimens. 
Magnesium dissolves about T8 per cent, of calcium at the eutectic 
temperature i at 250° C. the solubility has decreased to about 0 5 per 
cent.

Su m m a r y .

The equilibrium diagram of alloys of magnesium with up to 26 
per cent, of calcium has been determined. The alloys form a simple 
eutectiferous series between magnesium and a compound whose com­
position has not been determined, but which is given by Baar as 
Mg4Ca3. The liquidus and eutectic temperatures are in fair agree­
ment with those of previous workers, but the eutectic composition 
is found to occur at 16'2 per cent., whereas Baar gave it as 19 per cent. 
No previous determination of solid solubility had been made, but the 
present work shows the solubility limit to occur at 1 '8 per cent, calcium 
at the eutectic temperature, and about 05  per cent, at 250° C.

A c k n  o w l e  d gm en ts  .

The author wishes to express his indebtedness to Dr. C. H. Desch, 
F.R.S., Superintendent of the Metallurgy Department, under whose 
direction the work was undertaken, and to the members of the Chemical 
Division of the Department for carrying out the very difficult chemical 
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THE CONSTITUTION OF THE NICKEL- 778 
ALUMINIUM SYSTEM*

Bv W 0  ALEXANDER,t Ph.D., Member, and N. B. VAUGHAN,t
• M.Sc., Member.

S y n o p s i s .

The system nickel-aluminium has been studied by i 
graphic methods, and a hitherto ¿ L  corresponding to the
containing 84-5-87 the
i i l S i L Œ s t e n S L y  ai detemined by ^ . e x c e p t  that the
compound described by Gwyer alloys witli 80-85 per

A change in solubility of » cke* auenched from tcm-
cent. nickci to QPPand to ^ d e rg o  hardness changes on heat-
d ï ï ï ï î S e  w M Ï  occur in the suppressed f> phase of the

C°^ o m e 1preliminary observations suggest that the nickel-rich alioys may 
possess desirable heat-resisting properties.

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

M ic r o g r a p h ic  e v id e n c e  o b ta in e d  in  th e  c o u r s e of
t h e  c o n s t i tu t io n  o f  th e  n ic k e l-c o p p e r -r ic  a  id en tified
alloys, pointed to the «M è n e . of .  phase whrch couldnut be d e n g
by reference to the only publiehg di=  f »  
due to Gwyer.1 A re-exammation

" T h ^ l  other published
until very recently was that of Fin > nickel They
investigation of the alloys
determined accurately the eutectic P i „Mnhilitv of nickel in
and the changes with temperature of the solid m a g lm
aluminium. Jnst as the present paper ™  ™  ^
Bradley and T a y l o r *  published ' f  ¿ ultsobtained
phases present at room temperature, together with
from q u e n c h e d  sp ec im en s .

* Manuscript received April 9,1937. Presented at the Annual Autumn Meetrng,

“ S X ,  Metallurgical Department, University of Burming- 

ham. , , p  Metals Research Association, London;



P r e l i m i n a r y  W o r k .

Through the interest of Dr. L. B. Pfeil, several nickel-rich nickel- 
alurainium alloys were prepared in a small high-frequency induction 
furnace in the laboratories of The Mond Nickel Company, Ltd.

Examination of the microstructures of slowly-cooled and heat- 
treated specimens lead to the tentative modification of Gwyer’s diagram 
by the introduction of an additional phase, which has been termed 0, 
for ease of reference in discussing the constitution of aluminium- 
nickel-copper alloys, which is to be the subject of a subsequent paper. 
The authors have preferred to name this phase 0, rather than p or y, 
because its space lattice and electron-atom ratio do not correspond with 
those usually now associated with the phases denoted by the latter 
symbols. The phase in this series of alloys which has the typical p
features is the compound NiAl.

The range of existence of the 0 phase field appeared to be from 85'5 
to 88 per cent, nickel, for alloys with compositions lying between these 
limits underwent no change in structure on slow coohng from 1400° C. 
It was noted that a compound having the formula Ni3Al would contain
86-7 per cent, nickel. An X-ray spectrogram showed that the 0 phase 
has a face-centred cubic lattice with a superlattice, a fact that has been 
confirmed independently by Bradley and Taylor,3 who also agree with 
the suggested formula.

E x p e r im e n t a l  W o r k .

As a result of the above observations it was decided to proceed to a 
fuller investigation of the nickel-aluminium system. Alloys covering 
the entire range of compositions were therefore made up, aluminium 
of 99'89 per cent, purity and Mond Nickel shot of an equal degree of
purity being used. _ ,

Alloys containing up to 20 per cent, nickel were prepared in an 
electric resistance furnace and cooling curves were taken on samples 
of them which were remelted and cooled in a gradient furnace. A 
Chromel-Alumel couple was employed, which had been calibrated 
against the usual pure metals and the copper-silver eutectic, and 
it was estimated that the accuracy of temperature measurement was 
±  0-25° C.

All the alloys containing more than 20 per cent, nickel were made 
in a high-frequency induction furnace, through which a continuous 
stream of dry, oxygen-free nitrogen was passed. Sillimanite crucibles, 
coated internally with a white Alundum cement, were found suitable 
for containing the melt. The volume of alloy was kept approximately 
constant and, since considerable changes in density occur over the range
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of alloys investigated, the weight of a melt varied from 100 grin, for 
aluminium-rich alloys to 300 grm. for nickel-rich alloys. The loss on 
melting was of the order of 1 per cent, of the total weight.

Cooling curves were taken of the alloys as they cooled m the furnace 
immediately after synthesis, the temperature being measured with a 
platinum/platinum-rhodium couple which was protected by a si ca 
sheath coated at the end with Alundum cement. Determinations of t 
melting points of pure copper and pure nickel with this couple showed 
close agreement with a standard calibration cun c w ic was aval < ,
and of which use was consequently made. The accuracy o i - 
peratures obtained is estimated as ±  2 C. at 1400 C. an ± . ‘
1100° C A Carpenter-Stansfield potentiometer was used throughout, 
and all cooling curves were recorded as inverse rate curves on a Rosen-
hain plotting chronograph. tliit

The observation of Gwyer and earlier workers (e.g. Grnllet), that
large evolutions of heat occur on s y n t h e s i z i n g  alloys containing
85 per cent, nickel, was confirmed. If nickel shot be stared into
aluminium at 800° C. sufficient heat is generated to increase the ten -
perature of the melt to 1500° C. for a brief time

Analysis of a few representative alloys showed that m most cases th 
nickel content was slightly less than the calculated t* . ;  but&the 
discrepancy was not large enough to make it necessary for evoy alloy 
to be analyzed and in constructing the equilibrium diagram the nomi

^ S i i ^ a l y s i s  were as follow: A grm. s a m p le d  
dissolved in sulphuric acid. An aliquot portion of 
and, after addition of tartaric acid to keep t h e  aluimmum m solution, 
was made faintly ammoniacal. Gravimetric determination of nickel 
by the usual dimethylglyoxime method or 
then be made. In the latter case e x c e s s  of a a t*#  
cyanide solution was run in and the excess titrated with standard silve 
nitrate solution, potassium iodide serving as indicator 

The results of the analysis of a few alloys 
given in Table I. Spectrographic anai ysissoone a trace
that the only impurities present to the exitent oi m 
were iron and silicon, which were of the order of 0'0o and 0 10 per cent.,
respectively.

R e s u l t s  o f  T h e r m a l  A n a l y s i s .
The thermal arrests obtained from t h e  c o o h n g  curvcs are given^m

Table II . „ d  »  Z J ? ' ¿ J ' Z Z  .

*  *• * "•
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Nominal* By Analysis.

90-60
86-65
79-92
74-75
59-85
39-90

N iA L

+

NiAli

9° 95
N I C K E L .  W E I G H T  PER C E N T .

X  GWYER'S RESULTS 
P  AUTHORS' THERMAL ARRESTS 
0  AUTHORS' SINGLE PHASE ALLOYS 

O  O  AUTHORS' DUPLEX ALLOYS 
(| PHASE LIQUID)

0  ©  AUTHORS' DUPLEX ALLOYS 
(BOTH PHASES SOLID)

F ig . 2.

T a b le  I .
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T a b l e  II.— Cooling Curve Arrests.

Nominal 
Oom position,

Nickel,
Soliduf.Per Cent. Liquidas.

100 1452
95 1431
92-5 1414
90 1391
89 1384
88-5 1378 1360
86'7 1363

1362S6 1379
85 1424 1354
83-5 1431 1357
82 1458 1347
80 1531
75 1586
68-5 1638
65 1629
60 1574
56 1493
52 1385
50 1329
45 1191
40 1062
35 956
30 881
25 838
20 800
15 772
10 710

5
0 659

Temperature, 0 0.

1133
1134 
1133 
1133 
1133

1320-1167
1305-1145
1248-1190

845
854
853
857
853
856
850

635

636 
636 
636 
634 
638 
638 
642 
642 
632

Ni3Al3; (2) peri-In alloys containing less tnan ou per —
columns 1-3 refer to : (1) peritectic reaction: NiAI +  H * 
tectic reaction : X i2Al3 +  liq. — >  NiA13 ; (3) A M .1AI, eutectic

support in general those of Gwyer and of Fink and Willey .which are 
also included in Fig. 1. The peritectic reactions were found to occur 
at the following constant temperatures .

NiAl +  liq. — >  Ni2Al3 at 1133° C.
Ni2Al3 +  liq. — >  NiAl3 at 854° C.

That the peritectic reactions did not proceed to completion at the 
rate of cooling obtaining in the high-frequency furnace, was apparen 
from the eutectic arrest given by the 45 per cent, me e a oy.

No evidence was found in alloys containing 0-40 per cent, nickel 
of the arrest at about 550° C. which was observed by Gwyer, and which, 
it must be concluded, was in some way connected with the impurities 
present in the materials used.



the Nickel-Aluminium System
The liquidus curve fell both from pure nickel and from the 68'5 per 

cent, nickel alloy, reaching a minimum at a temperature of about 
1362° C. and a composition of 86'7 per cent, nickel Alloys containing 
82-88'5 per cent, nickel gave arrests near this minimum temperature 
and in addition, those alloys containing 82-85 per cent, mckel exhibited 
an extended arrest between 1320° and 1150° C. of a type indicative of a 
separation from solid solution. _ No investigation has been made of the 
effect of aluminium on the Curie point of nickel.

M ic r o s t r u c t u r e s  o f  S l o w l y -C o o l e d  A l l o y s ^

Specimens cut from the cooling curve ingots were examined micro­
scopically. The most suitable etching reagents were found to be dilute 
hydrofluoric acid for the aluminium-rich alloys and a mixture of nitric 
and acetic acids in water, glycerine, or acetone for all alloys containing
more than 20 per cent, nickel. . , , ,

Alloys with compositions between 80 and 95 per cent, mcke pro 
very difficult to prepare as they were extremely hard and tough, anc ■ le 
only method of securing suitable microspecimens was by grinding wi 
a high-speed abrading disc. The greatest combined hardness and 
toughness appeared to be possessed by t h e  aUoycontennng 86-7 per cent, 
nickel, the hardness of which was 270 V .P.N. (see Table ’ P.

The alloys containing more than 92'5 per cent, mckel exhibited the 
cored structure typical of cast solid solutions. Alloys having between
87-5 and 92'5 per cent, nickel presented a similar appearance ( g. , 
Plate X IX ), but in these cases the darker areas were foun a 0 
magnifications to possess a duplex structure of a and 6 havrng a fine 
cellular form, as shown in Fig. 6. The 86-7 per cent, mckel alloy was 
quite homogeneous, and thus the existence of the 0 phase was confirm«

In alloys containing less than 86'7 per cent, mckel, primary en n 
of the NiAl phase appeared (Fig. 7) which down to 82 per: cent  ̂mcke 
bore a suppressed structure, while some 0 which had separated was also 
visible (Fifr 9 Plate X X). The matrices of all these alloys consisted of 

O8' | o  “ J d d  be see. of the » « i o ,  to t o  e*,st« c ,  of
which the minimum in the liquidus curve pointed.

In the range 55-80 per cent, nickel all the alloys appeared homo­
geneous and it was not possible at this stage to diii'erentia c e ween 
■vt’ , , „ „  J v - a 1 /see iafeI) It has been decided, on the authors owi 
S r ^ " S  ley and Taylor* to refer 
paper to NiaAl3 for the compound which Gwyer assumed to be N ^  
This phase "is characterized by a blue-grey cok^  
intergranular cohesion, so that alloys large y or w o y p 
constituent tend to crumble. The difficulty which this latter property



offered to the preparation of microspecimens was overcome by mounting 
the powdered alloys in Bakelite. The authors do not agree with Bradley 
and Taylor that Ni2Al3 is readily attacked by water; specimens lett 
for days in water appeared quite unchanged.

Alloys containing between 35 and 53 per cent, nickel, in the un- 
etclied state were seen to consist of the blue-grev NiaAl3 phase and t e 
brilliant white NiAl3 phase. The latter, when etched with dilute 
hydrofluoric acid, became blue, brown, or black, according to the 
duration of attack. The 35 per cent, nickel alloy (Fig. 14, Hate A A ) 
contained some Ni2Al3, present as a result of the mcompletion of the
peritectic reaction : Ni2Al3 +  liq. >■ NiAl3.

Between 5 and 30 per cent, nickel the alloys consisted of primary 
NiAl3 dendrites and NiAl3-aliimimum eutectic. The 5 per cent, nickel 
alloy showed eutectic with a trace of primary aluminium.

D e t e r m in a t i o n  o f  t h e  S o l i d u s .

The solidus curves were determined from the microscopic examin­
ation of numerous small specimens which had been cut from the cooling 
curve ingots and subjected to various heat-treatments. These heat- 
treatments were given at intervals of 5° in the region between 80 and 
90 per cent, nickel, and the results are incorporated in Figs. 1 and 2. 
Incidentally, it was revealed in the course of this "work that some of 
these alloys, when they solidified, were undercooled to the extent of 
20° C,, a result, probably, of the very rapid cooling which takes place m 
the high-frequency induction furnace at these high temperatures.

No special precautions were taken against surface deterioration 
during the heat-treatment, as it was found that all these alloys are 
extremely resistant to heat. As the specimens were treated in batches, 
however, each one was lightly covered with a wash of Alundum cement 
to prevent those containing liquid at the high temperature from
running together.

For treatments above 1100° C., a platinum-wound resistance 
furnace was used, periods of the order of 2 hrs. at 1400° C. and 3 Ii t s . 

at 1300° C. proving to be sufficient to ensure the attainment of equili­
brium. Since these times were comparatively short, the temperature 
could be controlled manually to within i  2° C. of the desired figure. 
Annealings at temperatures below 1100° C. were carried out in Kanthal- 
wound furnaces, supplied with current through a voltage regulator 
which maintained the temperature constant to within ±  2° C. over
periods of several days.

It was found possible, by quenching specimens, to reveal the eutectic 
which had been believed to exist near the nickel end of the diagram
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the Nickel-Aluminium System
(Fig. 8, Plate XIX ) and to place its temperature at 1385° ±  2° C. and its 
composition very close to 86'7 per cent, nickel. The observation that 
tie  alloy of this composition consists entirely of 0 when slowly cooled, 
or quenched from below 1375° C., is explained by the increase of 
solubility of nickel in 0 that occurs betweeu 138o and 1370 C- and whioh 
results in the disappearance of what little a has separated in the 
eutectic.

At the eutectic temperature the limit of the a phase field was« 
estimated to be 89 per cent, nickel, and that of the 0 phase field as 
86-4 ±  0'2 per cent, nickel.

The peritectic reaction of NiAl with liquid to give 0 appears to take 
place at 1395° ±  2° C., for whereas at 1-100° C. the alloys containing 
86, 85, 83'5, and 82 per cent, nickel consisted of NiAl solid solution and 
liquid, at 1390° C. they were all solid. The first alloy was composed 
wholly of 0, the second and third of NiAl solid solution and 6, and the 
last of NiAl solid solution bearing a suppressed structure, such as is 
shown in Fig. 12 (Plate XX). The NiAl phase extends to about, 83 per 
cent, nickel at the peritectic temperature.

On the other side of the maximum which occurs in the hquidus at 
1638° C. and 68'5 per cent, nickel, the solidus falls steeply to 1133° C. 
at 61*0 per cent, nickel, where NiAl solid solution of this composition 
reacts with liquid containing 44’4 per cent, nickel to produce a new 
phase having 59-5 ±  0'3 per cent, nickel.

That the alloys containing 44-60 per cent, nickel did not undercoo 
when they first solidified, was shown by heating curves and by the micro- 
graphic work, both of which confirmed the reaction temperature gm .n 
by the cooling curves. The alloys containing 51, 52, and 53 per cent, 
nickel, when annealed at 1100° C„ proved to consist of compound and 
liquid in approximately equal quantities, whereas one phase on ) was 
present in the 59 and 60 per cent, nickel alloys. The composition of the 
ori»in of this phase thus affords substantial grounds for attributing to 
the phase the formula Ni2Al3 (5918 per cent, nickcl) and for rejecting
NiAl, (52-12 per cent, nickel). . . ,

The solidus curve again falls sharply from 59'5 per cent, nickel 
to the temperature of the next peritectic reaction (851 G.)* m v nc i 
Ni,Al3 solid solution containing 55 per cent, nickel reacts with liquid 
having 28'4 per cent, nickel to give another compound, NiA la, a, 
about 41-42 per cent, nickel. The composition of this phase cannot jo 
given more closely because the single phase alloy proved vi ry < 1 1(11 
to produce. The alloys in this region are not forgeable, and although 
some were chill-cast in order to obtain a fine structure before le tea -mg, 
traces of the compound Ni2Al3 persisted even after slow cooling past >o



pcritectic temperature and an„.ali»E at 850° 0. for 4 day,. T h » : 
retically NiAU contains 42'06 per cent, nickel.

So far as could be judged from the traces of liquid present in quenched
alloys the solidus line falls vertically from 8o4 to o39 U

Tbe composition (5-7 p ., cent nickel) and «
of the a lu m in iu m -N iA l3 eutectic determined by lin k  and 
incorporated in Fig. 1. The authors’ evidence is in agreement wit
their results.

T h e  L im it s  of  So l id  S o l u b il it y  of t h e  V a r io u s  P h a s e s .

The limits of the different phase fields were determined from the
microscopic examination of numerous slowly-cooled and ^ t r e a t  
specimens, cut, as before, from the cooling curve ingots The results 
obtained are indicated by a system of dots m Figs. 1 and .

The a Phase.
On very slow furnace coohng 0 separated from a B o y s  containing 

92-5 and 90'6 per cent, nickel, in the manner shown m F .g ^ P ia te  X IX ). 
The 90 per cent, nickel alloy when quenched froi • j
consisted of uniform a solid s o l u t i o n ,  so m e  o f  th e  g r a m s  b e in g  i

while after annealing at 956° C. for 2 days it became duplex, a ^ | m  
Pier 4 The alloy with 88-5 per cent, nickel w hen  quenched fro 
1340° or 1375° C. did not differ in appearance from the same alloy as 
sfowly cooled except that the cellular structure (Fig. 6) was very much 
t e r  in  t t  quenched specimen, and was only just resolvable into 
a and 0 at a magnification of BOO. Another feature of this fine duple 
structure is its extreme stability, for even prolonged soaking at hi 
temperatures failed to produce perceptible aggregation o e

C° nThpUevSence indicated that the solubihty of aluminium inmckel 
decMases^rom 11 per cent, at 1385° C. to 6 per cent, at 980° 0. and is not
less than 5 per cent, at 700° C.

The 6 Phase.

Tliere i. a slight inerease of 0'S per eent. in #  
in Ni.Al between t ie  eutectic temperature and ■
as has already been stated, to cause the disappearance of all a in . 
eutectic Below 1360° C. the phase boundary appears to be verti 
down to room temperature, at a composition of S6'7 per cent, nickel.

O n the o * L  side of the phase field, the solubility of aluminium 
in Ni.Al shows a small increase, the boundary line sloping nmforady 
from 86 per cent, nickel at 1395° C. to 84-5 per cent, nickel at .80 C. 
and thereafter becoming vertical.

256 Alexander and Vaughan: The Constitution of



Fic. 3.- 

Fig. 4.- 

Fig. 5-

^ , j  t m 19X0= to 950° C. Then Water-Quenched.-90-6% Ni Alloy. S lo w ly -C o o le d  from 1280 to bsu
„  +  o. x  1300. 2 D Then Water-Quenched, a +  o.

-90%  Ni Alloy. Annealed at 95b

-8 8 -5 % ° N i  Alloy. As S olid ified , a +  e. X 60.
r . . a nnFig. 6.—Same as Fig. 5. x 4°0- , 0 „  go

"  -  86% Ni Alloy. As Solidified. NiA, , • c  during 4 Hrs. rhei
86.7% Ni A lloy, Slaw;.y-Cco led on,. 1W

Fig. 7.-
F,G' 250-

All^Specimens Etchcd in a M ix * »  of Nitric and Acetic A c ,|
[To ¡ace p. 253.

P la t e  XIX.



P l a t e  XX.

p .r q __v ; Allov. As Solidified. NiAl-f* x  60. _ , , x- . , ,  , 0
f ! c !  1 0 .-82%  Ni Alloy. Annealed at 956° C. for 2 Days, then Water-Quenched. MAI +  0.

F ig . 11 .-84%  NiAlloy- Water-Quenched after 5 Hrs- at 1390" C. Suppressed NiAl Struc-

FlG. X2— S2%rKi AUoT '  Water-Quenched after 5 Hrs. at 1390° C. Suppressed NiAl Struc-

p .c  13__goo/ Ni Alloy. Water-Quenched after 6 Days at 800° C. NiAl +  Ni,Als. X 250.
f !o! 14 !-35%  Ni Alloy! As Solidified. N1.A1, +  NiAl, +  N iA J.-A l EutecUc. x  150.

All Specimens Etched in a Mixture of Nitric and Acetic Acids except 35%
Ni alloy, which is unetched.
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The NiAl Phase.
When quenched or rapidly cooled from above 1150° C., alloys 

containing 80-86 per cent, nickel exhibited a variety of suppressed 
structures, which changed with decrease of nickel content from a 
form having parallel markings to others which are shown in Figs. 11 
and 12 (Plate X X). Slow cooling, however, resulted in the separation of 
a considerable quantity of 0, so that the NiAl sobd solution lost its 
suppressed structure and appeared as shown in Fig. 10.

Since the suppressed structures disappeared with either a decrease of 
nickel content below 80 per cent, or a decrease of quenching tempera­
ture below 1150° C., and, further, since alloys containing 65-80 per 
cent, nickel were structureless and quite homogeneous at all tem­
peratures below the solidus, it was concluded that the suppressed struc­
tures were associated with the retention on quenching of 0 in solution 
in the NiAl phase, and not with a eutectoid decomposition or phase 
modification, such as may often be found in the (3 phases of other alloy 
systems, to which, in some respects, NiAl bears a resemblance. (See 
sections, Preliminary Work, p. 248 and Hardness Measurements, 
p. 258.) As already mentioned, thermal evidence of a considerable 
change in solid solubility between 1320° and 1150° C. was given by the 
cooling curves.

The limit of the NiAl phase field at various temperatures is approxi­
mately : 83 per cent, nickel at 1395° C.; 82'8 per cent, nickel at 1300 C., 
80-6 per cent, nickel at 1150° C.; and 79-2 per cent, nickel at 
900° C.

Microscopic examination afforded no grounds for supposing that any 
appreciable change occurs in the limits of solid solubility of the a, 0, 
and NiAl phases between 700° C. and room temperature.

The determination of both boundary lines of the two-phase field 
NiAl - f  Ni2Al3 proved very difficult. With decrease of nickel content 
from 68-5 "to 56 per' cent., the alloys change progressively in colour 
from a blue-grey to a pale purple, and unetched specimens failed to 
show under the microscope any difference in colour by which the 
two phases might be distinguished. The only reagent to differentiate 
between NiAl and Ni2Al3 was a mixture of nitric and acetic acids in 
acetone, which, after about 3 minutes, etched the boundaries of the 
constituents as shown in Fig. 13 (Plate XX). It then became possible to 
show that the boundary line of the NiAl phase falls uniformly from 
61 per cent, nickel at 1133° C. to 64-2 per cent. Ni at 850° C. and that 
the solubility of aluminium in NiAl then remains unchanged down to 
room temperature.

V O L . L X I .
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The Ni2Al3 Phase.
The Ni2Al3 phase field has a uniform width and exists over the range 

56-60 per cent, nickel, the nickel-rich boundary falling vertically from 
1133° C. and the aluminium-rich boundary from 854 C.

The NiAl3 Phase.
In view of the extreme difficulty experienced in trying to obtain 

the single phase alloy, it seems reasonable to suppose that NiA13 has 
a very limited capacity for dissolving either aluminium or nickel.

The Aluminium-Rich Solid Solution.
No work has been done by the authors on the solubility of nickel in 

aluminium, but Fink and Willey report that it d e c r e a s e s  from 0'05 per 
cent, at the eutectic temperature to 0-002 per cent, at 450 U

H a r d n e s s  M e a s u r e m e n t s .

Because of the pronounced hardness and toughness w hich  character­
ize the nickel-rich alloys, and the solid solubility changes which occur 
in them, it was thought of interest to carry out a few hardness deter­
minations. A Vickers Diamond Indenter was used, with a 50 kg. load. 
The results are given in Table III.

T a b l e  III.— Hardness Determinations.

Nominal 
Composition, 
Nickel, Per

V.PJJ.”  50 K g. Load,

As Quenched Irom 
12150° O. after 

5 Hrs.

Reheated.
Cent. Cooled.

17 H is. G90° 0 . I +  20 lira. 710° 0.

95
92-5
90
88-5
86-7
86
85
83-5
80

101
232
238
253
270
292
324
285
318

102
152
239
233 
238 
238 
521 
571
234

98-5
246
267
241
164
217
470
499
409

96-3
242
288
231
178
227
394
431
464

* V.P.N. =  Diamond Pyramid Hardness.

In the as-cooled alloys there is an increase in hardness with decrease 
of nickel content, from 101 V.P.N. for the 95 per cent, nickel alloy to 
324 V P.N. for the 85 per cent, nickel alloy.

When quenched from 1250° C., the 92-5 per cent, nickel alloy is
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softer than it is in the as-cooled, state, as might be expected since at 
the higher temperature it consists entirely of «, solid solution. Re­
heating for 17 hrs. at 690° C. followed by water quenching, leads to an 
increase in hardness, since it permits the precipitation of 0 from solution. 
This is likewise the cause of the slight increase in hardness which occurs 
on reheating the 90 per cent, nickel alloy.

The changes in hardness which occur on heat-treating the 86‘7 
and 86'0 per cent, nickel alloys are interesting, and, since there is 
no micrographic change, may be the result oi a disorder to order 
rearrangement of the atoms which takes place on reheating.

Hardness changes in the opposite direction are found m the alloys 
containing 85 and 83’5 per cent, nickel, which, as-cooled, contain over 
50 per cent, of NiAl solid solution bearing the suppressed structure. 
Maximum hardness is developed in the fully quenched specimens, an 
subsequent reheating leads to a softening, as occurs in the suppresse (5
phase of the copper-alumimum system.

The 80 per cent, nickel alloy as quenched from 1250 C. shows little 
suppressed structure though some separation of Ni3A1 occurs on re­
heating to 690° C. accompanied by an increase in hardness from -34 to 
409 V.P.N.

In view of their marked heat-resistance and their maintained hard­
ness at 700° C. (as evidenced by the figures m col. 5, Table III) these 
alloys would appear to merit further attention. The alloy containing 
80 per cent, nickel and 20 per cent, aluminium has, in fact, been made the 
subject of a patent4 on account of its high resistance to oxidation 
and scaling at elevated temperatures. Another patent covers alloys 
containing 9-15 per cent, aluminium.

Con clu sio n s .

The work carried out on alloys containing up to 68'5 per cent, 
nickel supports the constitutional diagram advanced by Gwyer, cxcept 
that the phase called by him NiAl* is suggested to be Ni2Al3.

A new phase, 0, having a narrow range of existence, has been foun 
between the nickel-rich «  solid solution and the NiA solid solutioni p ase
fields It has a face-centred cubic lattice, with superlattice and probably 
corresponds to the intermetallic compound Ni,Al. 
as the result of a peritectic reaction which occurs at 1395 C between 
N ill  solid solution and liquid and it yields a eutectic .nth a solid solution

“  , U o j ,  in  general
and hardness, the latter quality being capable of modification by heat 
treatment.
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DISCUSSION.
(Condensed.)

Mb V a u g h a n  (in introducing the paper) said: A month or so before the 
present paper appeared, Bradley and Taylor published the results of an 
X-ray investigation of the phases existing in the mckel-aluimmum system 
and of their limits at room temperature. We are in complete accord with 
the sequence o f phases they give, and the agreement with the phase limits 
is also quite good if it be remembered that our own work was earned out at 
high temperatures and that the figures given m the paper are therefore

estimates-hcre ^  ^  ^  yariancc with Bradley and Taylor is in respect of 
the newly-diseovercd 0 phase—called by them the a phase, l^om  results 
obtained on quenched powder specimens they concluded that above 1100 C. 
the a' phase is continuous with the a phase and that the a +  a phase fie 
takes the form o f a closed loop. Our own evidence gives no support at all 
to this theory and hence, for the moment, the two diagrams are unfortunately 
irreconcilable.

Dr A. G . C. G w y e r , B.Sc.* (Member): This review o f work, carried out 
thirty years ago, is o f considerable interest because it shows the importance 
o f reviewing these equilibrium diagrams at intervals o f time. I  should be 
interested, on theoretical grounds, i f  someone would repeat the cobalt diagram,
which was very similar in general outline to the nickel diagram.

Sinoc the days o f  the early investigations, our interests being mainly 
concerned with the higher aluminium end, in the work which has been carried 
out in rnv laboratory we have used the super-purity aluminium, 99-09 per cent., 
and the highest purity nickel, and the only revision we have made is in the 
eutectic, which we have fixed between 6*30 and 6-40 per cent.

We did not in those days pay very much attention to the points in the 
solidus and, in fact, we could not do so as our apparatus was not sufficiently 
sensitive. I  do not question, therefore, that the compound which I gave as 
NiAl2 is, as the authors state, K i2Al3.

* Chief Metallurgist, The British Aluminium Company, Ltd., Warrington.
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These remarks are mainly concerned with the historical side of the matter, 
but I  would mention that one reaction which has always bothered us is that 
which I  found at 550° C. The arrests which I found at ooO C. in the nickel 
system, and at just about the same temperature in the cobalt system, seeme< 
■probably duo to something in the aluminium.

I have not re-investigated the higher end o f the system, but the region 
between 82 and 90 per cent., to which the authors refer, seems to be o f very 
considerable importance, in view of the great differences 111 hardness. I took 
no measurements in the early days, but I  did observe these when
preparing sections for micro-examination. It would be an advantage ttie 
authors and Dr. Bradley could get together and come to an agre^ient 
The advantages and accuracy of the X-ray method, as compared with the 
thermal and microscopic, cannot be ignored, and a joint effort would p.oba }  
result in the removal of such discrepancies as now  remain.result in tne ^  D). w  H. Hatfield, Member, and Mr. A. J.
Murphy, M.Sc., Member, here made some interesting observations on the hig 
degree o f  accuracy that was obtained in the early days o f s^ ,  ° f  
equilibrium diagrams with the comparatively simple a p p a r a t u s  then available.]

Mr. A. J. Murpiiy,* M.Sc. (Member): This paper illustrates the great 
value o f the high-frequency induction furnace in work on the nickel-rich a 
o f £  h S h l S S o i n t :  When Austin and I were working on these alloys

means of attaining temperatures of 1(00 C., we made use oi 
evolution o f heat on adding alumm.um to molten
authors on p. 249) to increase the temperature p f the o f the
the liquidus to be determined by eoolmg curves in the nc g

^ ^ h i f o r 'm  o f the liquidus of the copper-niokel-aluminium system„„.™vr sz*s«. «*«. ”f o- vsiSi 1" “ S"have discovered, in view of the pronounced ridge in the ternarj conau w 
model r u X n g  across from NiAl to the copper-alummium ¡3 phase.^ It «d l.be 
most interesting to see how this new phase fits into ■ 1
the solid constitution.

Air V a u g h a n  (in revlv)• Dr. Gwyer seems to place rather more confidence 
in t t S X i T g  ¿he X-ray method
more conventional technique. We are ready t < ir^m?nrp is concerned,
the determination of the limits of the phases at room ^ “ ^ turê n rcsults’ 
the X-ray method is likely to be the more accuratoone. X - r a v j «  
obtained from specimens consisting o f quenche P : , ’ paper bv
rather a different matter. I f  Dr. Gwyer reads: very careMly^thc p a ^ r by 
Bradley and Taylor we think that he wittfind that
o f their conclusion that above 1100 C. “ »ca  an P h f  the lines
As they sav, it all depends on the fact that The gradual aPF™a quenching
of the a and the a' p W ^ t h a t T h e w it emperature is increased shows that the U o p & ,  ( i ) s aoarccly
The final photograph of the powder other photo-
any trace o f NisAl superlattice lines, whic Pj. b t these raay be
graphs; ”  but then they continue : SomefamtImcaoccur, jg an0*ther
d u e  t o  i m p u r i t i e s  in t r o d u c e d  a ,  j  d u r jn g  quenching.”
h ig h  t e m p e r a t u r e  p h a s e  w h ic h  h a s  a lmodt d w a p p e ^  a d d it i o n a l
We s u b m i t ,  t h e r e fo r e ,  t h a t  B r a d le y  a n d  T a y lo r  s h o u ia _ a a  
e v i d e n c e  i n  f a v o u r  o f  t h e i r  t h e o r y ;  m th e  m e a n t im e  w e  p r u e r

* Chief Metallurgist, J. Stone & Company, Ltd., Deptford.



the conclusions set out in the paper, since, from our microspecimens, we found 
no evidence whatever that the a +  a ' phase field is m the form o f a closed

l0°  Mr; Murphy referred to the disturbing influence of the 0 phase we have 
introduced, on the ternary copper- nickel-aluminium system. As was pointed 
out at the beginning o f this paper, Dr. Alexander’s investigation o f the ternary 
svstem showed that there must be some such phase, and the actual establish­
ment of the existence of this phase was really the object o f  the present in­
vestigation. When the second part o f  Dr. Alexander's work is publis i c i , 
Mr. Murphy will see that it is possible to fit in this phase quite reauiT).

262 Authors’ Reply to Correspondence

CORRESPONDENCE.
D r. A. J. B r a d l e y ,* D.Sc. (Member), and Dr. A. T a y l o r  * : The phase 

diagram proposed by the authors is in excellent agreement with that suggested 
by ourselves.t the only important difference being the nomenclature and range 
o f the phase which includes the composition Ni3Al. We termed the phase 
a ' ; the present authors use 0. Recent experiments which we have carried out 
on ternary alloys containing iron, in addition to aluminium and nickel, show 
the advantage o f using the same letter for the two phases. .

We have found that the addition o f iron to the nickel-aluminium alloys 
gradually closes the gap between the a and the Ni3Al phase. This is possiblo 
because there is only one type o f space-lattice (face-centred cubic) common to 
the two phases. In the ternary system, the miseibilitv g a p 110 longer corres­
ponds to a change from a random structure to a superlattice, as in the binary 
system. The change from disorder to order takes place before the break, and 
the Ni,Al type o f structure is found on either side o f  the nuscibitity gap. 
In this case "the ordered structure is merely a portion o f the a-phase, and not 
in any way separated from it. . ,

The general slope o f the a-boundarv, in agreement with our evidence, 
indicates an increase in the solubility o f aluminium in nickel at- high tempera­
tures, but the position o f the a-boundary at 1100° C. does not a-gree with our 
X-ray photograph from a quenched powder. It is doubtful whether quenchmg 
from such a high temperature can be relied upon to preserve the high tem­
perature state. Powders cool more rapidly than solid specimens, and siiJ0U‘<1 
give a closer approximation to the original state, but they are liable o
oxidation. ^  NiA1 p_phasc shriuks „ i th  decreasing temperature. 
Our evidence favours a much greater contraction on the nickel side than is 
indicated by the authors. After slow-cooling, we found the boundary to be 
at 76-5 per cent, o f nickel, which is about 2 per cent, less than the minimum 
value given here. The other boundaries agree excellently.

The authors state that NijAl, is not attacked by water. I  his is due to 
their use o f a solid specimen. In our experiments we left powdered AijAl3 
standing under cold water for several days. There was a gradual evolution 
o f gas (probably hydrogen).

The A uthors (in joint reply) : In spite o f  our correspondents additional 
evidence regarding the behaviour of the G (or a') phase at high temperatures, 
we cannot help thinking that they still have no direct knowledge ot what 
occurs in this region of the nickel-aluminium system.

It seems strange to us that Drs. Bradley and Taylor should appai ently
* National Physical Laboratory, Teddington. 
f  Reference 3 "of Alexander and Vaughan’s paper.
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have felt no necessity at all to confirm their results by further work employ 
ing the conventional m e t a l l u r g i c a l  technique, especially in view oi the doubt«
cast by Hnme-Rothery and Reynolds* and also by .Desoh, Stockdale, and 
Gayler in the discussion of that paper, on the advisabdity oi using nnaKled 
X-rav methods for the determination of constitutional diagrams,

to  our opinion such supplementary’ work would lend much greater authority 
to our correspondents’ publications, particularly in the eyes oi those mew».- 
lur"ists who, rightlv or wrongly, still lack complete confidence m the X-ray 
method when employed alone for constitutional work. For, while in no way 
wishing to belittle the importance of the use of X-rays in metallurgy. 01 to 
deny that X-ravs have been the cause of great advances in the science, 
deprecate the tendency that has arisen to publish equilibrium diagrams based 
solely on X-ray results.

Dr. A lexa n d er  (in f  urther reply)-. In the absence of any positive proof 
bv Drs. Bradlev and Taylor of the efficacy of the practice of qttBnehmg 
powders from very high temperatures, I  prefer the evidence obtaror v 
fundamental metallurgical methods, which are those oi the microscope an,.

thermal analysis^o^  ^ at „¡,¡..¿1^  bickering will cease when the powder-
versus-lump controversy has been adequately solved. Apart f m ^ w  ^  
valuable contribution to the problem by Hume.Rothery a n d ^ o ï ^  
together with the discussion thereon, little comparative observ at.oil ,..
been made o f the limitations o f powder and lump spewmens f" r ;
Whether the safe procedure will bo found to vary with cvery d iff^ n t p W e  
change, or whether some principal will prove generally applicable, wmam, 
to be determined experimentally. After all, vast to n n ^ ^  o 
produeed in bulk form, and it is in the belmpour of bulk samples that me t 
lurgiste are at present primarily interested. Powder metallurgy

1Uf? n ythi8 connection I should like to know to what 
surface, surface freedom and/or surface energy are li îc \ .<-■ p . P (
part in the phase behaviour o f the samples. Here, “
in mind that the X-ray method is selective in that it only reveals p 
relations as they exist at or very near to the surface thcsamp .

ar

crystals. This phenomenon has - v e r g e d  adequate 
explanation, but, i f  truè, clearly leads to the core of the problem.

* W . H um c-Rotherby and P. W . Reynolds, J. /«-si. Metal*, I93i, 60. 3 0 .i-.il,.

I  I S p f a X ' S Ü Inst., 1933, 215. *57-577, and 
MetaUwrtschaft, 1933, 12, 161-162,
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THE CONSTITUTION OF TIN-RICH 783  
ANTIMONY-CADMIUM-TIN ALLOYS *

By P r o f e s s o r  1). HANSON, P.Sc., V i c e - P r e s i d e n t ,t and 
W. T. PELL-WALPOLB, B.Sc., Ph.D., M e m b e r .:?

S y n o p s i s .

Tho constitution of antimony-cadmium-tin alloys containing up to 
4'? tier cent of cadmium and 14 per cent, of antimony has been established 
by therrnal a n d  microscopical analyses. The results are presented[ as 
Isothermal diagrams of the various surfaces, and a, vertical “ -^om onUl 
sections through the oonstitut.onal model

Sparts
been related to the stable state which is obtained by prolonged anneau g 

° f T t i^shown that at 227° C. tin will dissolve 0 per cent, of antimony with

The surface of the eutectoid decomposition of /3 has been aeiermmeu j 
thermal and microscopical analyses.

I n t r o d u c t io n .

The system antimony-cadmium-tin is one of the many ternary systems 
of which no systematic investigation has been made 
present research is an extension of that came ou ^
tin alloys, and already described, the mam ODjeiu ui 
was to discover whether the addition of antimony to alloys ° f c A t a m  
with tin would effect any further improvement m m6Ĉ d  that a C s  
especially with reference to heat-treatment. was p '
suitable for use as bearing metals might be developed. thcoretical
of the alloys was determined first, to provide the necessary theoretlc£“  
basis for a methodical investigation of the mechanical properties o
alloys.

-i t\ i icwfi Presented at the Annual Autumn* Manuscript received December -4, lJJo,
Meeting, Sheffield, September 8, 1937.

t  Professor of Metallurgy, University of 
{  Department of Metallurgy, University of Birmingham.
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P r e v i o u s  W o r k .

A knowledge of the component binary systems is essential to the 
study of a ternary system, and the previous work on the former will
be considered first. _

The constitution of the cadmium-tin system has been established 
and described previously by the present authors.1, 2 Ihe diagram is 
reproduced in Fig. 1.

266 Hanson and Pell-Walftole- : The Constitution of

Previous work on the antimony—tin system has been summarized 
by the authors in a paper describing a research on the constitution of 
the tin-rich alloys.3 During the present research on the ternary alloys, 
a stirring apparatus, devised for use in thermal analyses to prevent 
segregation, was also used to check the liquidus of the tin-rich binary 
alloys. With alloys containing up to 10 per cent, of antimony, the re­
sults agreed with those obtained previously (when stirring was done by 
hand), but for the alloys containing 12 and 14 per cent, of antimony, 
respectively, the results were some degrees higher and the thermal 
arrests were more sharply defined. The necessary corrections to the



second branch of the liquidus are incorporated in Fig, 2, which is other- 
wise identical with the diagram given previously,3

Since the alloys to be investigated lay principally in the tin corner 
of the system, it was expected that the third binary system involved, viz. 
antimony-cadmium, wonld not play an important part in the constitu­
tion of these alloys. The experimental work reveals, however,
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6  T H E R M A L A N  A t  I"SIS 

% E IE C T R IC A L  RESiSTIVtTY

o  1 PHASE 1 „ ¡O K 3 S C O P IC  

f ANALYSIS
f l  !  p h a s e s ]

a n tim o n y , per cen t. 

Fio. 2.

one phase of the antimony-cadmium system has a domi g ^
on the form of the ternary system, hence a brief resum a
the previous work on antimony-cadmium alloys. , :

The earliest systematic investigations f  ^ V ^  T nT and  Kon- 
alloys were carried out by Treitschke* and by Kumakow

diagram of the system according to Besch.



a metastable liquidus with two intermediate phases, CdSb and Cd3Sb2. 
The former does not separate from the liquid on c o o l in g ,unlessinoculated
with powdered CdSb.

Fischer and Pfleiderer 7 state that CdSb is formed at 456 C., and 
reacts at 410° C„ to give Cd3Sb2 +  Sb, but at lower temperatures 
Cd3Sb2 decomposes and CdSb is again f ormed.

Investigations concerned chiefly with the physical properties of the 
intermediate phases have been carried out by Kremann and Lobinger, 
Biltz and Haase,9 Honda and Endo,“ -11 Meara,1- 13 Matuyama,« 
Yolfsen and Rojdestvenskiy,19 Portevin and Bastien,-0 and Olander.- 

Halla and Adler 15 examined the system by X-ray analysis and 
stated that CdSb is rhombic, but they could not discover the lattice o£ 
Cd3Sb2. Chikashige and Yamamoto16 stated that there are two modi­
fications of CdSb, both with hexagonal lattices, and that Cd3Sb2 does 
not exist, the alloys of this composition consisting of a mixture of CdSb 
and cadmium. Halla, Nowotny, and Tompa 17 have since stated that 
the lattice of Cd3Sb2 is monoclinic, with four atoms to the unit cell.

A complete investigation of the system by Murakami and Shinag- 
awa 18 using thermal, electrical, and microscopical methods, confirms 
the earlier work of Fischer and Pfleiderer.7 Their diagram is given in
Fig. 3. . . ,

The existence of Cd3Sb2 as a stable phase over a limited range of 
temperature only will explain the many contradictory results as to the 
existence of this phase, according to the previous heat-treatment of the 
alloys used by the different investigators.

In an attempt to identify one of the phases obtained 1 1 1 the ternary 
alloys of the present research, the authors have examined microscopically 
three antimony-cadmium alloys containing 50, 60, and SO per cent, 
cadmium (by weight), respectively. Although the specimens were 
chill-cast, the 50 : 50 alloy consists of needle-like crystals of a bluish- 
<rrev phase, which is very brittle, with traces of a second constituent 
at the boundaries (Fig. 4, Plate X X I). The alloy containing 60 per cent, 
cadmium consists of the same primary crystals with more of the mter- 
crystalline material. This bluish-grey phase has the appearance and 
characteristics of an intermetallic compound, and is presumably CdSb. 
The allov containing 80 per cent, of cadmium has a primary phase, 
similar in colour but different in form, in a eutectic consisting of the 
same phase and a cadmium-rich solid solution (I< ig. 5, Plate X XI). Ihe 
primary constituent in this case appears to be the phase known as
Cd3Sb„ by previous workers.

Annealing for 1 month at 200° C., has no appreciable efiect on the 
structure of CdSb, but the Cd3Sb2iu the 80 : 20 alloy appears to be under-
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going decomposition (Kg' 6, Plate X XI), in accordance witli the results 
of Fischer and Pfleiderer,7 and of Murakami and Shinagawa,18 discussed 
previously.

Tin-Rich Aniimony-Cadmium-Tin Alloys 269

20 40 60 80 100 
A N T I M O N Y ,  PER  C E N T .

Fig . 3.— Cadmium-Antimony Diagram (Murakami and Shinagawa). 
Continuous Curve =» Stable System.
Broken Curve =  Metastable System.

THE TERNARY SYSTEM ANTIMONY-CADMIUM-T1N.

P r e v io u s  W o r k .

There has been no previous systematic investigation of ^  ternary 
but Campbell22 reported that the microstructure of an alloy

cuboids of the SbSn phase, and prisms of * pmfejol
(probably one of the compounds of the antimony-cadnnum system),
in a cored solid solution. . . ,

Cournot23 states that a ternary eutectic is forme -
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P r e p a r a t i o n  a n d  A n a l y s i s  o f  A l l o y s .

The portion of the ternary system which was investigated first 
consisted of alloys containing 1 to 8 per cent, of cadmium with additions 
of 1 to 9 per cent, of antimony. From a knowledge of the two binary 
systems it seemed probable that this small area would include all the 
tin-rich alloys with useful mechanical properties, but it was found that 
the constitution of the alloys could not be established satisfactorily 
unless the work were extended to alloys with higher cadmium and anti­
mony contents. The range of alloys was then extended (at more widely 
spaced intervals) to antimony 14, and cadmium 43 per cent.  ̂The com­
positions investigated aie indicated by dots in Fig. 7 (page 274).

A temper alloy, containing antimony 50 and tin 50 per cent., was pre­
pared from Chempur tin (purity 99-992 per cent.) and pure antimony 
(purity 99-7 per cent.). This was analyzed for antimony content, 
and was used for making the antimony additions to all the ternary 
alloys. Cadmium was added as the pure metal (Tadanac brand-- 
purity 99-95 per cent.). The tin was melted under charcoal and heated 
to 400° C., when the temper alloy was added and stirred until dissolved; 
the cadmium was then added, and the alloy was again stirred well to 
dissolve the cadmium and effect thorough admixture. The alloy was 
then cast at 300°-350° C. into chill moulds heated to 100° C. _

A large number of the alloys, including all of those which occupy 
important positions in the ternary system, have been analyzed for anti­
mony and cadmium contents. The results are shown in Table I.

T h e r m a l  A n a l y s i s .

Cooling curves were taken on alloys melted under charcoal in a 
Salamander pot, contained in a vertical electric furnace. Temperatures 
were measured with an iron-Constantan thermocouple and a Carpenter- 
Stansfield potentiometer, and curves were plotted on a Rosenham 
chronograph.

For the group of alloys first examined (containing up to 9 per cent, 
antimony and 8 per cent, cadmium), stirring by hand was used to pre­
vent severe undercooling, since this method had been found to be quite 
effective for similar binary cadmium-tin alloys. When it was decided 
to examine alloys with higher antimony and cadmium contents, it 
was known that at least one segregating phase would be present, 
viz. SbSn, which would be considerably lighter than the tin-rich liquid. 
The mechanical stirring device mentioned previously was then evolved. 
The use of this apparatus prevented appreciable segregation, and almost 
completely eliminated undercooling, so that duplicate results agreeing
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to within 2° C. could be obtained, even in parts of the system where the 
liquidus is very steeply inclined, and the thermal arrest obtained is 
very slight. Cooling curves on several of the alloys for which hand- 
stirring had been used, were repeated with the mechanical stirrer. 
The results obtained agree to within 1° C. with those obtained previously,

T a b l e  I .—Analyses of Antimony-Cadmium-Tin Alloys.

Intended Composition. Analysis.

Cadmium, 
Per Gent.

Antimony, 
Per Cent .

Cadmium, 
Pec Cent.

Antimony, 
Per Cent.

0-5
1-0
1-5
2'0
2-0 
2-0
3-0 
30
4-0
5-0 
5-0 
50
5-0
o-o
o-o
6-0
7-0
8-0 
8-0

10-0
10-0
lO'O
10-0
12-0
14-0
14-0
16'0
20-0
25-0
28-0
33-0
33-0
43-0

2-0
9-0 

14-0
3-0
5-0

10-0
5-0
90
5-0
1-0
5-0
7-0

10-0 
2-0
9-0 

12-0
60
5-0

14-0
1-0
7-0
9-0

14-0
10-0 
1-5 
4-0 
30

100
1-0
3'0
1-0
9-0
50

0-50
1-00
1-50
2-00 
2-0 
2-02
2-98
3-05
4-10
5-00 
500 
510
5-00
6-04 
6-01 
6-00
7-10
8-10 
8-12

10-00
10-02
10-02
10-12
12-00
1403
14-03
15-90 
20-10 
25-00 
28-10 
33-00 
33-00 
42-80

-----

1-90
9-03

13-70
3-10
4-86 

10-10
5-05 
910 
5-00 
1-00
5-10 
7-00

10-08
1-95
9-10 

12-10
6-10 
4-90

14-18 
1-06 
7-10
9-00 

14-10
10-18 
1-00
4-00
2-90

10-00 
1-00
3-05 
1-00 
9-30
5-10

in all cases except in alloys of the series containing 9 per cent, of anti 
mony. In these alloys it was found that the supposed liqrndu, arres s 
obtained by the hand-stirring were actuallly « » ■ * * *  J  pê c  
reaction, whilst the true l iq u id u s  arrests, ^ “ ‘ ^ 3  
higher temperature and are very slight m magnitude, had been missed
completely when hand-stirring was used.
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The cooling curves were continued to 100 G. in some cases, but 

generally were discontinued at 150° C .; in either case the alloy was then 
re-melted and cast into a chill mould. From the ingot obtained, a 
specimen 1 in. long was taken and drilled to take the bare junction of 
the thermocouple. These specimens were annealed for 1 month at 
170° C., and cooling curves were taken from 165° C. to room temper­
ature, in order to investigate the presence of transitions in the solid 
state.

The eutectoid transition of the cadmium-tin system was found to 
occur in the ternary alloys at a higher temperature, but for each alloy 
the arrest occurred at a temperature which varied according to that 
at which cooling commenced; the degree of undercooling at the tran­
sition was greater the lower the temperature at which cooling commenced. 
This factor was standardized, the time of heating being so controlled 
that the maximum temperature reached was 170° C .; the cooling curve 
was commenced when the specimen had cooled to 165 C. This method 
gave consistent results, but the arrest temperatures obtained are 
obviously arbitrary.

Heating curves were then taken on the same specimens, the rate of 
heating being 3° C. per minute.

M ic r o s c o p ic a l  A n a l y s i s .

Microscopical examinations have been carried out on cliill-cast 
specimens, cooling-curve ingots and on quenched heating-curve speci­
mens. Chill-cast specimens were used for investigating the equilibrium 
structures of these alloys; these were annealed for 1 month at 170° C., 
and examined after cooling to room temperature, and after quenching 
from a series of temperatures at 5° C. intervals, to determine the positions 
of the phase boundaries and of the solidus and reaction surfaces. An 
annealing time of 2 days was used for all experiments subsequent to 
the preliminary heating at 170° C.

I d e n t if ic a t io n  o f  t h e  P h a s e s .

The phases which occur in the ternary alloys examined are: (1) the 
ternary tin-rich solid solution a ; (2) the p phase of the cadmium-tin 
system, with antimony in solution; (3) a cadmium-rich solid solution 
(r ) ; (4)a hard, white phase very similar to the SbSn of binary antimony- 
tin alloys : this is termed 8, and not SbSn, since it dissolves a consider­
able amount of tin and cadmium; (5) a brittle, pale bluish-grey phase, 
similar to that found in the binary cadmium-antimony alloy, contain­
ing 50 per cent, antimony (Fig. i ,  Plate X XI). This is probably the



compound CdSb but, since it appears to have some solubility for the 
otber constituents, it is referred to as s, in accordance with the usual 
method of nomenclature of solid solutions. In the group of alloys 
which were examined first (containing up to 9 per cent, antimony and 
8 per cent, cadmium), this phase occurs only as a fine separation, 
and in an etched section this is so much like the white 8 precipitate that 
it was not recognized as a separate phase until it was observed as a 
primary constituent in alloys with higher cadmium content. In the 
latter state its form renders it unmistakable.

Considerable difficulty was experienced in etching the specimens 
satisfactorily when three phases were present. A solution of 2 per cent, 
nitric acid in alcohol stains the whole of the tin-rich matrix black, 
whether a or [3 or both phases are present, but does not attack the 8 or the 
e. A solution of ferric chloride etches y black and stains [3 brown, 
but does not give a very satisfactory etch if ct, (3 and e  are present to­
gether. Dilute potassium dichroraate solution gives the most satis­
factory etch if the (a +  y) eutectoid is present. None of these reagents 
distinguishes 8 from e, but it was found that a solution of potassium 
ferricyanide in caustic soda will stain s brown, whilst not affecting S. 
The e'tching scheme described below was then devised for annealed and
quenched specimens.

The specimen was etched in ferric chloride solution; if ¡3 was shown 
to be present as well as a, then only one of the other phases S or e could 
bo present. Preliminary experiments showed that e was the other pos­
sible constituent; hence a subsequent etch in 2 per cent, alcoholic nitric 
acid would reveal if e were present. In alloys which contain no p, 
a subsequent etch in the same reagent reveals the presence of e or i>, 
but does not distinguish between them. Without repolislnng such a 
specimen, it then was etched for 2 minutes in the ferricyanide reagent ; 
if e was present it was stained brown or blue, whilst S was not ^tacke . 
The alloys containing (P +  y) (¡3 +  e )  or ([3 +  y +• E) 8ave no difficulty 
in etching. Slowly cooled specimens and specimens quenched from 
temperatures below the eutectoid transition contain eutectoid (a j- y) 
in the place of p. The presence of eutectoid was detected by etching 
with potassium dichromate solution, after which the methods given 
above were used to detect and distinguish between e ant 6.

Tin-Rich Antimony-Cadmium-Tin Alloys 273

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

The results of thermal curves are given in detail in the Appendix, 
and are incorporated in the isothermal diagrams (Figs. 8-12) and m 
the vertical sections through the constitutional model (Figs. 13-30). 

VOL. LXI.
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T h e  L iq u id u s  S u r f a c e .

The ternary liquidus surfacc is shown as an isothermal diagram in 
Fig. 8. There are five areas corresponding to the separation of the phases 

P. y, 8, and s, respectively. The area ABODE represents the primary 
separation of a tin-rich solid solution, DEFG that of the solid solution 
¡3 , FGIH  a portion of that of the y cadmium-rich solid solution, ODGIJh 
a'portion of that of the e (CdSb) phase, and BCKL a portion of that of the 
S (SbSn) phase.

A Ion" the groove BG the reaction S +  L =  * takes place, and along 
the groove ED the reaction a. +  L =  p. Along FG the binary complex 
S +  y separates. The other grooves have no corresponding reactions 
in any of the binary systems; along OK z plus S separate simultaneously,
along DG, p plus s, and along GI y  plus s.

The points C, D, and G are invariant points, corresponding to the
ternary reactions {L -j- S — a +  ¿), (L +  a =  P +  e) an<̂  ^  e 
y +  P), respectively. The microstructures of chill-cast, and of slow y- 
eooled, alloys, which confirm these separations, are described later.

T h e  S u e f a c e s  o f  S e c o n d a r y  Se p a r a t io n  a n d  t h e  P e r it e c t il

R e a c t io n s .

An isothermal diagram of the surfaces of the pentectic reactions 
and of secondary separation is shown inFig. 9, which has been constructed 
from the combined results of thermal and mioroscopica examma ions.

The area ABGD represents the depressed binary pentectic reaction 
a I i  _  « and EFGHI the depressed binary pentectic reaction
S +  i = a ;  these s u r f a c e s  were built from thermal results. A na i-
tional surface of the reaction (S -f- L =  a) falls almost vertica j  rom 
the line FG to the isothermal at 227° C. This cannot be shown clearly 
in the present diagram, but it can be seen m the vertical sections 
(Figs. 23 and 24, page 293). The areas JKLM  and MLNO represent the 
separation of the binary complex (p +  y) on either si e o e gr 
ML. This surface rises in temperature with increasing antiin 
content to the ternary point L. The areas GHP and GPQ T®Fes^  
the simultaneous separation of 8 and e , respectn e y , on ei ler si 
valley GP. These surfaces are very steep, but m several alloys a 
points were obtained (on cooling curves) corresponding to this separation. 
G is the invariant point corresponding to the ternary pen ec lc rca ,
8 +  Lin =  e +  a, at 227° C., and FG, GQ are boundaries of the hori­
zontal surface. The areas BCGF and CGQR represent the separation 
of (cc +  4  from the liquid, on either side of the valley CG. W ith| 
area CGQR the alloys gave strong arrests, corresponding to this sepa



tion on cooling curves, but in the area BCGF no thermal evidence of this 
separation was obtained, and the surface has been constructed entirely 
from microscopical examinations. The intersection of the binary sur 
faces (a +  L +  p) and (a +  L +  c) in the line BO produces a ternary 
peritectic reaction a +  £  =  P +  e at 209 C., the point B being t e 
composition of the a, K' of the p, and C of the liquid which takes part 
in this reaction. The lines BC and CR are portions of the boundaries
of the horizontal plane concerned.

The areas CRSTL and K'KLC  represent a portion of the surface 
of separation of the complex (s +  p). The area KK'LO lies part y 
beneath the surface of the reaction a +  L =  p, but the details of this 
portion may be seen in the vertical sections (Figs. 14-16, pages 284-285). 
Within this area the surface is very steeply inclined, and no thermal 
arrests were obtained corresponding to the separation of (e +  P); 
the results were obtained by microscopical examinations. In the area 
CRSTL, cooling curves gave well-marked arrests, corresponding to this 
separation. The groove EL  is part of one boundary of the horizontal 
plane at 180° C. with p of composition Ii in equilibrium with liquid 
of composition L. The valley LT  lies in this horizontal plane.

The areas TLU and NLU are parts of the surfaces on which the com­
plex (e -j- y) separates from the liquid, on either side of the valley LU. 
Within the area TLU strong arrests wrere obtained on cooling curves, 
but no arrests wrere obtained with alloys in the area LUN, this part of 
the surface being very steep. The line LN  is a further portion of the 
boundary of the horizontal plane at 180° C.

T h e  C o n s t a n t  T e m p e r a t u r e  R e a c t io n s  a n d  S u r f a c e s .

The limits of the constant temperature reaction surfaces are shown in 
Fig. 10.

The area ABCD represents a portion of a ternary reaction 
§4 - £  =  «  +  6 at 227° C. The reacting a (point A) contains 1-5 per 
cent, cadmium, 9 per cent, antimony; the liquid (D) contains 10 per 
cent, cadmium, 8-2 per cent, antimony. The compositions of the other 
reacting phases, 8 and e, cannot be stated accurately, since they lie 
outside the portion of the system examined. From the direction of the 
line AB, it appears that the S taking part in this reaction will contain 
at least 1-5 per cent, of cadmium.

This reaction does not occur on cooling, except in those alloys which 
already contain £ when the temperature 227° C. is reached, Ihe meta- 
stable structures which result from this suppression are described later. 
The reactiou is marked by a very strong arrest at 227° C. on the heating
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curves of annealed solid specimens. The temperature of the reaction, 
and the positions of the bounding lines, have been confirmed by micro­
scopical examination.

The area EFGHI represents a portion of the ternary reaction 
a +  Liquid =  P +  e. The composition of the a of this reaction 
(point E) is cadmium 24  per cent., antimony 5-5 per cent.; the p 
(point F) contains 5-5 per cent, of cadmium, 5-1 per cent, of antimony, 
and the liquid (point G) contains 154 per cent, cadmium, 4-3 per cent, 
of antimony. These compositions appear to lie in a straight me 
(EFG), so that the s phase has little or no part in the reaction, but i s 
presence requires a constant temperature until one of the reacting 
phases has disappeared. The results of cooling curves are again of 
little use in determining the temperature and limits of this horizontal 
plane, since the separation of secondary e is completely or partially 
suppressed in alloys containing less than 7 per cent, of antimony, an 
the reaction a +  L =  P continues to decrease m temperature, produc­
ing a metastable position of the ternary surface at -03 re -  ■ * ) '
with higher antimony content give constant temperature arrests a 
205° 4- 2° C Heating curves did not give satisfactory resu -s m “ any 
cases, since the rate of heating (2-3° C. per minute) is too rapid for 
equilibrium to be maintained, and the alloy commences o me _
209° C. is reached, owing to the presence of p, containing more cadmiu 
than is required for equilibrium. M icro sco p ica l examination of annealed 
and quenched specimens shows that the equilibrium tem peratoeo 
the reaction is 209° C. The positions of the boundaries EG, LI have
also been determined microscopically.

The area JKLMN  is a portion of the horizontal plane at ■- 
with p, y, and c in equilibrium with the liquid, in the reaction 
e +  Liq =  p +  y. The reacting p contains 7 per cent, cadmium,

Pi  »„I. j x  < * * * “i-  (f“ *K) cmT ms  m ;cad.nium, 1 pe, cent antimony. The compos.t.ons of .  andy  —  
be stated accurately, but the y  must be \ery near y p 
Again, « appear, to play very little part ... the reaction M  th. p. 
liquid and y  compositions must lie very nearly in a straight line. 
X ; T l r r c o o l m g  curves corresponding to this reaction arejvery 
sharp and prolonged, but in alloys near to the oun ary j
ature is suppressed to 176°-178° C. In alloys near the boundary JKL  
a further alight arrest is obtained on coo 1ms: curves at 173 -1 o L 
This is probably caused by the reaction at 180 G. not proceea 
completion owing to lack of e q u il ib r iu m ; the liquid ^ ^ « ¡ 1  
absorbed and the temperature decreases, the
along the valley LM  (Fig. 9) to the cadmmm-tm binary eutectic point,



when the temperature must remain constant until the alloy has com­
pletely solidified. . .

The boundaries JEL, JN  have been determined from microscopical
examinations.

T h e  So l id u s  Su r f a c e s .

An isothermal diagram of the solidus surfaces is given in Fig. 11, 
which is constructed chiefly from the results of heating curves and micro­
scopical examination of quenched specimens.

The area ABODE represents the solidification of the ternary a solid 
solution ; BCFG is the solidus surface of the peritectic reaction 8 +  L  =  
a. CFE  is a portion of the constant temperature surface at 227° C., 
and corresponds to the solidification of a +  S +  s. The area DCI11 
represents the solidification of a +  s. The surfaces discussed so far 
were determined from the results of heating curves, confirmed by micro­
scopical analyses. The remaining surfaces were built from microscopical 
results only, except the area NOPQ, which was determined from cool­
ing curve results and microscopical examinations.

The area DE JE  is the solidus surface of tbe depressed binary 
peritectic reaction a +  L =  p. JENM  represents the solidification 
of the p solid solution, and KNOL that of the complex (p +  e). In the 
area DELI, a -j- p +  e solidify at 209 C.

MNQR represents the solidus surface of the binary complex (|3 +  y). 
This is almost identical with the secondary separation surface of these 
alloys, since the temperature range of solidification is so small that it 
could not be determined microscopically. A range of solidification is 
shown in vertical sections to satisfy theoretical requirements.

The area NOPQ is a portion of the constant temperature reaction 
plane at 180° C., beneath which the alloys consist entirely of ¡3 +  y  +  s.

T h e  E u t e c to id  D e c o m po sitio n  o f  (3.

There is only one transition in the solid state, corresponding to the 
eutectoid decomposition of the (} solid solution to form (a +  y). The 
area over which this transition occurs is marked ABEFCD in Fig. 12.

The transition increases in temperature from 133° C.,at thecadmmm- 
tin face, to 145° C., when 0-8 per cent, of antimony is present. Within 
this area (ABOD) the [i must be presumed to decompose over a slight 
range of temperature, but this could not be detected microscopical!}. 
Within the area BEFC, the decomposition of p takes place in the pres­
ence of e, and for equilibrium conditions the temperature of the transi­
tion must be constant in this area. Owing to lack of equilibrium, 
the eutectoid arrests on heating and cooling curves do not occur at
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constant temperature until considerably more than 0-8 per cent, of 
antimony is present, but microscopical examinations of annealed speci­
mens confirm that the temperature of the transition is 145 ± 1 “ t  
within the area BEFC ; this temperature is approximately the mean of 
the temperatures obtained on cooling and heating curves (see Appendix).

Additional slight arrests occur at 160°-170° C. on heating curves 
of alloys which contain a plus p. These are very similar to arrests ob­
tained previously,2 with the corresponding binary cadmium-tm alloys, 
and are probably caused by the changing solubility of tin in p.
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M ic r o s t r u c t u r e s .

1.1. Chill-Cast and Slowly-Cooled Alloys (Cooling-Curve Ingots).

The microstructures of chill-cast alloys and of the cooling-curve 
ingots confirm the types of primary and s e c o n d a r y  separations discussc
previously, and will be described with reference to Fig. ■

Alloys in the area ABFE  consist of a cored «-solid solution similar 
to that of the corresponding binary antimony-tm alloys (1 ig. 31,
X X II). In the area ABC I) the alloys contain primary <* with a narrow 
fringe of peritectic (J, formed at the reaction a +  Liq. -  P, and traces 
of bfnarv complex p +  y (Fig. 32). The latter .s metastable m the alloys 
with lower cadmium contents, and becomes absorbed on 
The separation of secondary e is suppressed in alloys m the area
except when they are cooled very slowly. i

In the area BCGF the primary a is surrounded by tbecomplex
«  +  S +  e, and traces of the tertiary complex p +  y  +  *■ Th® *m0 
of the latter increases with increasing c a d m u u n  ^ntcnt ’ .g. SS).

Owing to lack of perfect equilibrium, even in cooling cu m  mgote,
which are cooled very slowly, no alloys consist entlle } J"' k { h
area JKLM  the alloys consist of primary P g r a i n s  m a networfc oHhe 
p +  y complex (Fig. 34), while those m the area CKL contain p 
secondary (e +  P) and the tertiary complex (p t  7 +  E) .

Alloys whose compositions lie along the valley ¿M
of the binary complex (P +  y), and are ^ T ^ i ^ c o m -  , ,, /Trirr The alloy CVS, has actually tne comtin eutectic alloy (F.g. 36) Ihe alloy *  i t after solidi.
position of the ternary point L and there is i

^ W ith in  the area EFGHI the structures of the 
containing up to 1-5 per cent, of cadmium are y .
corresponding antimony-tin binary ( j  crystal3 are less per-
moro than 2 per cent, of cadmium th e  primary cry
fectly developed, and are surrounded by the complex ( « +  P 4



with traces of the very fine tertiary complex (p +  e +  y) (Fig. 38). 
These structures are metastable, owing to the suppression of the ter­
nary reaction at 227° C. (S +  Liq. =  a +  e) on cooling. Annealing 
these alloys for a very short time causes an apparent breakdown in the 
8 crystals, to form e plus a. This probably takes place as the reaction
S -j- y  =  E +  a. The breakdown structure appears first as a fringe 
around the S crystals, and on continued annealing proceeds towards the 
interior (Fig. 39), when the particles of a and of e begin to coalesce. 
In alloys with higher cadmium contents, the whole of the S is absorbed 
(Fig. 40), but in alloys with less cadmium there is a residual core of 8 
within the s fringe (Fig. 41).

Alloys within the area GHPQ consist essentially of primary crystals 
either of s or of 8 with secondary ( e  -4- 8) complex in a tin-rich matrix 
with a small amount of tertiary complex ( p  +  y +  e )  at the grain bound­
aries (Fig. 42).

In the area CGQR, alloys with more than 10 per cent, cadmium 
contain primary e, with secondary a +  s in a matrix of (a +  p +  e) 
with traces of the fine complex (3 y -f~ -)■ In alloys with less than 10 
per cent, antimony, the separation of primary s is suppressed on chill- 
casting, and metastable 8 separates. Subsequent annealing causes the 
reaction S + y = s + a t o  occur in the solid state, and equilibrium is 
restored (Figs. 43 and 44, Plate XXIV).

Alloys in the area CLTSR separate primary e needles, secondary 
(s +  P) and tertiary (e +  p +  y) (Fig. 45). Alloys whose compositions 
lie along the valley LT  consist of primary e needles in a matrix of ter­
tiary complex P "h y “T E (Fig. 46). There is no secondary separation 
in these alloys.

Alloys in the area LUT consist of primary e needles, secondary 
(s -\- y) and tertiary ( e  +  P +  y) (Fig. 47).

In the area LUN  the primary separation is the cadmium-rich 
phase y ; the y crystals are surrounded by secondary (y +  e )  and ter­
tiary (y +  e +  P), and in the area LMON the primary y crystals exist 
with the binary complex (p - f  y) (Fig. 48). Along the valley LU  the 
alloys consist entirely of the secondary separation (s -{- y) in a matrix 
of the tertiary complex (s +  p +  y).

Microstructures of Annealed Alloys : the Constitution in the Solid State.

The equilibrium relations in the solid state have been determined 
by microscopical examination of annealed specimens. The results 
are incorporated in the vertical sections (Figs. 13-30), but since 
such diagrams cannot be interpreted quantitatively, vrith respect 
to the Phase Rule, some typical isothermal (horizontal) sections
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Vertical Sections through the Constitutional 

Code :
4  Thermal arrest, 
g  1 phase present.
-t- 2 phases present.
X 3 phases present.
□  4 phases present.

Model.
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composition of the a present in these alloys is given by the point T)
(cadmium 1-1, antimony 3-5 per cent.). .

The elongated phase field CDHI consists of alloys containing a 
plus e. A typical microstructure is given in Fig. 40 (Plate X X li  ). _ 

Within the area JKML the alloys consist entirely of p. This is 
structurally identical with the ¡3 of the cadmium-tm binary alloys 
described previously, having a “  martensitic ” sub-strueitoe, wuc 
indicates that the solid solution is not perfectly preserved by quenchm0. 
A typical microstructure is given in Fig. 60 (Plate X X  ).
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The area BCLJ represents the two-phase field (a +  The

lin S i “  p . * »  . f  • - t .
phase 6*1, conoirtins of -  of C cj mium, 1-7
2-2 per cent.), plus f  o " “ P“  ,on ^ LM0S, alloys consist

. M ™ « .  p“ ** and in the area KMQR of P +  r

S ’ »  a portion of a triangular three-phase field

in 25 30 35 40 45
5 10 CADMIUM. PFRCENT.

y I0. 19 .—Section at 9 Per Cent. Antimony.
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DESCRIPTIONS OF PHOTOMICROGRAPHS
PLATE X X I.

F ig .  4.—C50S50. Chill-Cast. CdSb +  Traces of Cadmium-Rich '  
Material, x 50.

F ig .  5.—C80S20. Chill-Cast. Primary Cd3Sb2 +  Eutectic, x 50.
F ig .  6.—C80S20. Annealed 1 Month at 200“ C. Decomposition 

of Cd,Sb,. Probably to Cd + CdSb. x 50.

Etched in 2 
Per Cent. 

■ UNO, in 
Alcohol.

x 50.
Pcritcctic j3, Traces of (H + y) Com-

PLATE X XII.
F ig .  31.—C1S1. Cored a.
F ig .  32.—C7S5. Primary 

plex. x 250.
F ig .  33.— C3S9. Primary Cored a, Secondary (a +  «) Traces of 

Ternary Complex {ft +  y +  «). x 250.
F ig .  34— C20S1. Primary (3, Complex (0 +  y). x 200.
F ig .  35__ C16S5. Slowly Cooled. Primary £, Secondary (P +  c)

+ Tertiary Complex, x 800.
F ig .  36.— C33S1. Slowly Cooled, {p +  y) Complex, x 200.

C h i 11 - C a s t . 
Etched in 2 
Per Cent. 
HN03 in 
Alcohol.

PLATE X X III.
F ig .  37.— C1S10. Primary S Cuboids (Light) in a (Dark), x 200.'
F ig .  38.—C8S12. Metastable S (White) in a. Network of (£ +

y +  «) Complex, x 250.
F ig .  39.— C8S12. Annealed 1 Day at 170° C. Breakdown of

Mctastable 5 (White) t o o  +  i. x 1500.
Fig. 40.—As Fig. 39. Annealed 1 Month at 175° C., Quenched. 

a (Dark) +  < (Light), x 200.
F ig .  41.—C2S10. Annealed at 175° C., Quenched. Grey t Around 

White 5 Cuboids in a Matrix. Unetched, x 250.
F ig .  42.— C12S14. Primary S Cuboids, Secondary < Needles + 5 

Cuboids in Tin-Rich Matrix, x 250.

C h i 11 - C a s t . 
Etched in 2 
Per Cent. 
HNOj in 
Alcohol.

PLATE XXIV.
F ig .  43.— C12S10. Metastable S (White) in a (Dark). Traces o f ' 

Stable t (Grey) in (0 +  *) Complex, x 200.
F ig .  44.— C12S10. Annealed at 175° C., Quenched. /3 +  £ 

(Light), x 200-
F ig .  45.—C20S14. Primary < (White), Secondary (/3 +  «), 

Tertiary (< + 0 + y). x 100.
F ig .  46.— C26S12. Primary e Needles in Fine Tertiary Complex 

(s+  0 +  y). x 100.
F ig .  47.—C43S5. Primary < (White) Needles, Secondary (« +  y) 

in Matrix of (i +  P +  y). x 100.
F ig .  48.— C48S1. Primary y  (Dark) in (0 +  y ) Complex, x 200.

C h i l l - Ca st .  
Etched in 2 
Per Cent. 
HNOj in 
Alcohol.



P la t e  XXI.

1 'IG . 5 .

F ig s .  4-6.— F o r  descriptions, sec p. 288.
F ig .  6 .

[T o face p. 288.



Plate XXII.

m m mK, -P '?, / ■ >. .

^ ■ O s ^ " .... / w

p ü ^ ^ w

S K S S S i

F ig s .  31-56.— For descriptions, see p. 288.



P la t e  XX11I.



P l a t e  X X V I .

F ig s .  63-68.— F o r  d e s c r ip tio n s , s e c  p . 289.



P la t e  XXVII.

F igs. 69—74.— For descriptions, see p.,289.



P la t e  XXVIII.

F ig s .  75-80.— F o r -d e s c r ip t io n s , see  p. 2£9.
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DESCRIPTIONS OF PHOTOMICROGRAPHS
ETCHING REAGENTS

(.1) 2 Per Cent. UNO, in Alcohol.
(B) As in A, also in Alkaline Potassium. Ferricyaaide.
(C) Acid Ferric Chloride.

PLATE- XXV.
Fig. 57.—CSS14. Quenched from 175” C. Etched ia B. »  (Dark), < (Grey),

S (Light), x 300.
Fig. 53.— CIST. Quenched from 175*C. Etched ia A* a +  Precipitate of 8, 

x 1500.
Fig. 59.—C5S9. Quenched from 175° C. Etched in B. Precipitate of • (Grey) 

and 3 (White) in a (Dark), x 600-
Fig. 60.—C5S1. Quenched from 175s C. Etched in A. ¡3 only, x 400,
F ig . 61.— C3S1. Quenched from 175“ C. Etched in C. a (Light) + £ (Dark), 

x 150.
Fig. 62.—C10S12. Quenched from 175° C. Etched in C. » (Grey), ,3 (Dark),

« (White), x 300.

PLATE XXVI.
Fig. 63.— C8S1. Quenched from 175° C. Etched in C. ?  +  y (Dark), x 500.
F ig . 64.— C16S12. Quenched from 175° C. Etched iu C, « (White) +  y (Dark

in 3. x 100.
Fig . 65.— C1S2. Quenched from 162° C. Etched iu .-1. « (Dark) +  Precipitate 

of f. x 600.
Fig. 66.—C14S14. Quenched from 162° C. Etched in C. .(White) r «(Grev) +

0 (Dark), x 200.
Fig. 67.—C1S9. Annealed at 170° C. and at 120° C. Etched in .1. Needles and 

Globules of « in a. x 1500.
Fig . 68.—C3S9. Annealed at 170° C. and at 120° C. Etched iu B. « (Dark) + < 

(Grey) + S (Light), x 1500.

PLATE XXVII.
Fig . 69.—C14S10. Annealed at 170° C. and at 120" C. litehed in K.Ci jO,

Solution. Eutcctoid (a + y) + y (Dark) •(- < (Light), x 600.
F ig . 70.—C14S14. Quenched from 185° C. Etched in C. < (Light) in fi. X 200,
F ig . 71.—C7S12. Quenched from 185° C. Etched in B. Fringes of ! (White)

Around t Areas in a Matrix, x 200.
F ig . 72.— C2S9. Quenched from 195° C. Etched in B. Precipitates of S (Light)

+ e (Grey) in a. x 1500.
F ig . 73.—C6S10. Quenched from 195° C. Etched in /I. a (Dark) + < (Light),

x 200.
Fig. 74.—C3S5. Quenched from 195° C. Etched iu C. * (Light) + Widman- 

statten /3 (Dark) in a. x 300.

PLATE XXVIII.
F ig . 75.—C8S5. Quenched from 195°C. Etched in A. * (White) f liquid

(Dark) in p. x 50.
Fig. 76— C1S0-5. Quenched from 209° C. Etched in C. Precipitate of ft in <*■

x 200.
Fig. 77.—C8S9. Quenched from 209° C. Etched in C. < (White) + Liquid

(Black) + O (Light Grey) + p. x 200.
I'ig. 78.—C6S7. Quenched from 212° C. Etched in A. (Light) + Liquid

(Dark) in o. x 50.
Fig. 79— C5S4. Quenched from 212° C. Etched in C, a (Light) (- l  iquid

(Black) + 0. x 50.
Fig. 80.—C9S12. Quenched from 227° C. Etched in A. a + Liquid -f « + i. 

x 200.
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(P +  y  +  E)> of which the p has the composition M  (cadmium 6-6, 
antimony 1-6 per cent.). The microstructures of this area consist 
essentially of e as a primary or secondary separation, with 3 plus y 
(Fig. 64, Plate XXVI).

The section at 162° C. (Fig. 50, page 298) is similar in general form 
to that at 175° C. and contains the same phase fields. The chief differ­
ences are the lower solubilities of antimony in a and in p, and of tin 
and cadmium in p.

F i g . 2 0 .—Section a t  10  Per Cent. Antimony.

ABODE represents the a phase field, and DEFG part of the (a +  8) 
phase field. DGI1 is part of the (a +  S — e )  phase field, the a contain­
ing cadmium 0-8, and antimony 2-7 per cent, (point D). The phase field 
(a +  e )  extends nearer to the tin corner (Fig. 65, Plate XXY I) than at 
175° C. The phase fields (3 (JKML) and p +  e (LMON) are appreciably 
narrower than at 175° C., indicating the diminishing solubility of p 
for both tin and cadmium. The area BCLJ represents the (a +  p) 
field. The microstructures corresponding to these phase fields are 
similar to those described previously.

The area CLNI is a part of the three-phase field a +  p +  e, in which 
the a (C) contains cadmium 1-1 and antimony 1-8 per cent., and the p 
(L) contains cadmium 5-8 and antimony 1-2 per cent. Fig. 66 (Plate
XXVI) shows a typical microstructure in which primary e is present.



The area IlMPQ is part of (¡3 -f- y) phase field; the structures of 
alloys in this field are similar to those of the corresponding cadmium- 
tin alloys.

The area MORP is a portion of the three-phase field (¡3 +  y  -f- e), 
in which the (3 (M) contains cadmium 6-2 and antimony 1-2 per cent.

The section at 148° C. is similar in form to that at 162° C., and will 
not be described in detail (Fig. 51, page 299). The phase fields p, and 
([3 -j- E) are extremely narrow, since this section is only a few degrees
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above the temperature of the eutectoid decomposition of p. The solu­
bility of antimony both in a and in (3 shows a further decrease.

The microstructures of alloys quenched from 148° C. are similar to 
those described previously, but the ¡3 decomposes during quenching.

The composition of the a which is in equilibrium with 8 +  e at this 
temperature is given by the point A (cadmium 0-5, antimony 1-9 
per cent.). In the three-phase field (a - j -  (3 - f -  e ) ,  a of composition B 
(cadmium 0-7, antimony 1 per cent.) is in equilibrium with (3 of com ­
position C (cadmium 5-4, antimony 0-8 per cent.) and with s. In the
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phase field (p +  y +  e) the ¡3 contains cadmium 5-6 and antimony
0-8 per cent.

The horizontal section through the constitutional model at 20° C. is 
given in Fig. 52, page 299. The area ABODE represents the a phase 
field, which has a very limited extent at this temperature. In the area 
DEFG the alloys consist of a +  8, with much more fine 8 precipitate 
than at higher temperatures (Fig. 67, Plate XXVI).

The three-phase field a -j- 8 -f- e (DGU) is similar in shape to the 
corresponding fields in Figs. 49-51 (pages 298-299), but extends nearer

CADMIUM. PERCENT.
Fro. 22.—Section at 14 Per Cent. Antimony.

to the tin corner, so that more of the fine s and 8 precipitates are present 
in the microstructures (Fig. 68, Plate XXVI). The a present in all alloys 
within this area contains cadmium 0-5 and antimony 1-8 per cent, (point 
D). The area CD HI represents a part of the two-phase field (a +  e). 
The position of this field has moved slightly towards the right with falling 
temperature, and several alloys which contain i - f  e only at 175° C., 
now contain traces of 8.

Within the area BCKL the alloys consist of a plus y. The y (cad­
mium-rich solid solution) is present only as a constituent of the
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mony 0-6 per cent, (point C), y  is almost pure cadmium, and e consists 
essentially of CdSb.

Several types of microstructure occur within this area. Along a 
line extending from the position C5.5S0.6 to the composition CU.8S14, 
the alloys consist of e in a matrix of eutectoid a -f- y. To the left 
of this line alloys contain e , and eutectoid with excess a, and to the 
right of the line they contain e  and eutectoid with excess y  (Fig. G9, 
Plate XXVII). The eutectoid (a +  y) in the ternary alloys is much 
finer, and less clearly marked, after etching than in binary cadmium-tin 
alloys, but prolonged annealing coarsens this structure.

cutectoid (a -|- y) in alloys containing up to 5-5 per cent, of cadmium, 
but is present both as eutectoid and as ([3 -\- y) complex in alloys with 
higher cadmium contents. The microstructures of these alloys are very 
similar to those of the corresponding binary cadmium-tin alloys de­
scribed previously.

The area CIJK is a portion of a very large three-phase field a +  y  +  e . 

The a is the tin-rich solid solution containing cadmium 0-6 and anti-

aCI>
200 < i c£

175 ^

5 10 15 20
ANTIM ONY. PERCENT.

F ig . 23.—Section at 1 Per Cent. 
Cadmium.

0 5 10 14
ANTIMONY, PERCENT.
Fiq. 24.—Section at 

3 Per Cent. Cadmium.
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The horizontal section at 185° C. (Fig. 53, page 300) is 5° C. above the 

temperature of the reaction y  +  p =  s +  Liquid, so tliat tbe liquid 
phase is present in those alloys which at 175° C. contain the (y +  p +  e) 
complex. Apart from this change, the general form of this section 
is similar to that at 175° C. The solubility of antimony is greater 
both in a and p, but the solubility of cadmium in a is slightly less; 
the solubility of cadmium in the p phase is appreciably lower. These

Fio. 25.—Scotion at 5 Per Cent. Fio. 26.—Section at 7 Per Cent.
Cadmium. Cadmium.

changes are shown by the changed positions of the phase boundaries 
concerned.

The types of microstructures of alloys quenched from 185° C. (Figs. 
70 and 71, Plate XXVII) are in general similar to those quenched from 
175° C., but traces of a precipitate of p in a is visible in some alloys of 
the (a -f- p) and (a +  p +  e) regions.

In all alloys whose composition is on the right of the line KLN  
(Fig. 53, page 300) the quenched liquid phase is present.

The area KLPO represents a two-phase field in which p of composi­
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tion varying along KL  is in equilibrium with liquid whose composition 
varies along OP.

The area LNSP is part of the three-phase field (¡5 -f- e -f- Liquid) 
in which the 3 (L) contains cadmium 6-3, and antimony 2-1 per cent., 
and the liquid (P) contains cadmium 29, and antimony 2 per cent.

Within the area OPQR the alloys are entirely liquid, in the area 
PQTS they consist of e +  Liquid and in the area QRYU of y  +  liquid.

ANTIMONY. PER CENT. ANTIMONY. PER CENT.
F ig . 27.— Section at 12 Per Cent, F io. 28.— Section at 20 Per Cent.

Cadmium. Cadmium.

The area QTU is part of the three-phase field (Liquid +  y  - f  e), 
in which the liquid has the composition cadmium 36-5, antimony 
1-8 per cent.

The phase boundaries to the right of (and including) the line OPS 
have been determined from the thermal study only, and are probably 
not quite so accurate as the other boundaries, which have been deter­
mined microscopically. The primary e phase which separates from alloys 
on cooling probably has a somewhat different composition from the 
same phase after annealing. This would affect the boundaries PS, 
QT.
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The horizontal section at 195° C. is shown in Fig. 54, page 300. 

The area ABODE represents the a-phase field, which extends much 
further into the system than at lower temperatures. The phase field 
a +  S (DEFG) is similar in shape to the corresponding field at 175° C.

DGH is part of the three-phase field a -j- 8 +  e in which a containing
1-1 per cent, of cadmium (4-4 per cent, of antimony) is in equilibrium 
with 8 and e . The microstructures of alloys witfiin this field contain

Fio. 29.—Section at 33 Per Cent. Fio. 30.—Section at 38 Per Cent.
Cadmium. Cadmium.

much less of the fine 8 and e  precipitates than the same alloys quenched 
from lower temperatures (Fig. 72, Plate XXVII).

The phase field a +  e  is nearer to the antimony-tin face, and con­
siderably wider than at 175° C., so that several alloys which contained 
a +  8 +  e  at 175° C., now consist entirely of a +  e (Fig. 73, Plate
XXVII), whilst other alloys, which at 175° G. consisted entirely of (a +  e ) ,  

contain a Widmanstatten precipitate of (5 (Fig. 74). This structure 
occurs in many of the alloys of the (a +  (} -f- e )  field (CLNI), but is 
less noticeable in the a -f- p alloys (area BCLJ), which are still very 
similar to the corresponding binary cadmium-tin alloys.
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Horizontal Sections through the Constitutional Model.

Code :
• 1 phase present.
+  2 phases present.
O 3 phases present.
□  4 phases present.
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The p field (JKML) and the p +  e field LMON are considerably 
nearer to the antimony-tin face than at 175° C., and the latter in par­
ticular is much narrower than at the lower temperature.

The area KMQP represents the phase field p +  Liquid, with p 
of composition varying along KM  in equilibrium with liquid whose 
composition varies along PQ. The microstructures of alloys in this 
field consist of p plus the quenched liquid phase which is present as 
intercrystalline films, and as globules within the grains.

The area MOTQ is a portion of the three-phase field (p +  e +  Liquid) 
in which the p (M ) contains 6 per cent, of cadmium, and 2-9 per cent, 
of antimony, and the liquid (Q) contains 23-2 per cent, of cadmium,
3-2 per cent, of antimony (Fig. 75, Plate XXVIII).

The diagram to the right of (and including) the boundary PQT 
has been determined from thermal curves only. In the area PQRS 
the alloys are completely liquid, in the area RSWV  they consist of 
(y -f- Liquid), and in the area QTUR of (e -f- Liquid). RUV is a portion 
of the phase field (y +  e +  Liquid) in which the liquid has the com­
position R.

The horizontal section at 209° C. is shown in Fig. 55, page 301. The 
solubility of antimony in a and in p is greater than at 195° C .; the (a +  p) 
and p phase fields are narrower and nearer to the antimony-tin face 
than at 195° C. The solubility of cadmium in tin has decreased, but 
with increasing antimony content, the a. solid solution is capable of 
dissolving more cadmium. The alloy consisted entirely of
a at 195° C., but quenched from 209° C., a precipitate of p is present 
(Fig. 76, Plate XXVIII), while the alloy C2S6 contained (a-j- e )  at 195° C., 
but is entirely a at 210° C.

The phase fields (a +  S), (a -f- S -j- e )  and (a - f  s) show little change, 
except that the last mentioned is slightly wider and is nearer to the 
antimony-tin face than at 195° C. The a present in the alloys 
(a +  S +  e) is given by the point D (cadmium 1-3, antimony 5-6 per 
cent.).

The area CIMPOL is a portion of the ternary peritectic reaction 
Liquid - f -  a =  p  +  e .  This has been described previously. A micro- 
structure illustrating the reaction is given in Fig. 77, Plate XXVIII.

The area KLON represents the phase field (p +  Liquid) and OPQR 
is part of the phase field ( e  +  Liquid). Within the area RSNO the 
alloys are completely liquid.

The horizo-ntal section at 212° C. is shown in Fig. 56, page 301. 
This is more complicated than any described previously, since it cuts 
through the peritectic reaction field a +  Liquid =  p.

The area ABODE represents the a phase field, EDGE is part of the
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(a -f- S) phase field, and DGII is a portion of the triangular three-phase 
field (a +  S +  e), in which the a contains cadmium 1-3 and antimony 
64  per cent, (point D).

The area CDHI is a part of the (a +  e) phase field.
The area CION is part of a triangular three-phase field in which 

a containing cadmium 2-3 and antimony 6 per cent, (point C) is in equi­
librium with liquid (N) containing cadmium 14-8 and antimony 4-8 
per cent., and with e .  A microstructure quenched from this phase 
field is shown in Fig. 78 (Plate XXVIII).

The area JKL represents the 3 phase field, bounded on the right by 
the ¡3 +  Liquid field (KLMP), on the left by the (a +  ¡3) field (AJLB).

The area BLM  represents a section through the peritectic reaction 
a -f- Liquid =  p. The a (point B) contains 2-6 per cent, of cadmium 
and 5 per cent, of antimony, the liquid (ili) contains 12 per cent, 
cadmium and 3 per cent, of antimony, and the |3 (L) contains 4-4 per 
cent, of cadmium and 3 per cent, of antimony. Fig. 79 (Plate
XXVIII) shows a microstructure illustrating this reaction.

The area BCNM represents the phase field (a. +  Liquid) in which 
a of composition varying along BC is in equilibrium with liquid whose 
composition varies along AIN.

In the area NOQR the alloys consist of Liquid +  e. and in the area 
PMNRS the alloys are completely liquid.

The ternary reaction at 227° C., S +  Liquid — >- e  +  “  is illustrated 
by Fig. 80 (Plate XXVIII).

Su m m a r y  a n d  Conclusions.

The constitution of antimony-cadmium-tin alloys containing up to
14 per cent, of antimony and 43 per cent, of cadmium, has been investi­
gated by thermal and microscopical methods. A mechanical stirring 
apparatus was used for cooling curves to prevent segregation. The 
results of the thermal work are given as isothermal maps of the liquidus, 
secondary, and solidus surfaces.

The liquidus surface consists of five areas representing the separa­
tion of the phases a, ¡3, y, 8, and e, respectively. The a, (3 and y  phases 
are structurally identical with those in the authors’ diagram of the cad- 
mium-tin system,2 and 8 consists essentially of a solid solution of cad­
mium in the compound SbSn of the antimony-tin system. The phase 
termed e is shown to be a stable intermediate phase of the antimony- 
cadmium system, probably the compound CdSb, capable of dissolving 
a certain amount of tin.

The peritectic reaction at 246° C. in the antimony-tin system is 
depressed by the addition of cadmium. The peritectic reaction at
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223° C. in the cadmium-tin system is depressed slowly by the addition 
of antimony, but the eutectic temperature of the cadmium-tin system 
is increased from 176° to 180° C. by the addition of antimony.

There are three ternary peritectic reactions, at 227°, 209°, and 180° 
C., respectively, but there is no ternary eutectic formed in the part of 
the system which has been examined.

Metastable conditions occur in certain parts of the system at normal 
rates of cooling, but these have been related to the stable state which is 
obtained by prolonged annealing of the alloys.

The results of microscopical examinations are given in typical hori­
zontal and vertical sections through the constitutional model.

A method of etching has been developed to distinguish between the 
phases S and e, which are very similar in form and colour when present 
only as solid solubility separations.

It is shown that at 227° C., tin will dissolve 9 per cent, of antimony 
with 1-5 per cent, of cadmium, and at 209° C., 5-5 per cent, of antimony 
with 24  per cent, of cadmium; below 209° C. the solubilities decrease 
continuously to 1 per cent, of antimony with 0-7 per cent, of cadmium at 
148° C. and to 0-6 per cent, of each metal at 20° C.

The solubility of antimony in the (3 phase of the cadmium-tin 
system decreased from 5-1 per cent, at 209° C. to 2 per cent, at 180° C., 
and to 0-8 per cent, at 145° C.

The surface of the eutectoid decomposition of [i has been determined 
by thermal and microscopical methods. It is raised by the addition 
of antimony from 133° C. at the cadmium-tin face to 145° C. when 0-8 
per cent, of antimony is present. With higher antimony content the 
decomposition takes place as an invariant transition at 145° C.

Certain features of the solid solubility relations indicate that the 
mechanical properties of the alloys should be amenable to heat-treatment. 
An investigation has been undertaken by the present authors and the 
results are communicated in a separate paper.
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APPENDIX.

Results of Thermal Analysis.

Composition.

Cd
%.

Sb

Arrest Temperatures,0 C.

Arrests ou Cooling Curves from Melt.

Arrests on Annealed Solid 
Specimens.

Cooling. Heating.

1 1 231*5, 221*5
2 229-0, 221-7, 171-0
3 226-5, 220-5, 174-5, 130*7 *
4 223*5, 220*0, 174-5, 131*2 •
5 221-5, 219*5, 175*2, 131-7 •
6 219-5, 218*0,176*0,134-0 *
7 218-0, 216-5, 176-5
8 216-5, 176-5

10 211-5, 176-0
12 208-0, 177-0
20 191-5, 179*5
25 188-3, 178*5
28 185-2, 179*0
33 180*0
38 187-0, 179-5
43 198*0,179-5

1 2 234-2, 219*9
2 231*0, 219-2,171*0,131*0*
3 228-5, 218*0, 171*0,134*5 *
4 226*2, 217-5, 174*2, 131-0 *
5 224-0, 216-0, 174*3, 135-0 •

10 213-0,179-0
12 209*8, 179*5
20 196*0,179-5

1 3 235*8, 218-2
2 233-0, 217-5, 171-5, 134-5 •
3 230-5, 216-5, 174*0, 136-5 *
4 228*8 , 215*0, 174-8, 137-9 *
5 227*0, 213-5, 175-3, 138*7 *
6 224*0, 214*5, 177-0
7 222-0, 213-0,179-5
8 219-3, 212-0,179 0

10 215-6, 211-5,177-0
12 211-0, 178-0
14 207*5, 179-0
16 205-0, 178*0
20 199*0, 181*0, 177*5
25 193*5,191-0,1800
28 195-0,187-0, 179-5
33 197-0, 179-5
38 1970, 185-0,179-5
43 197-0,193-5, 180-0

1 4 237-5, 216-6
2 234-9, 215-2, 171-5, 137-5 *
3 233-0,213*5, 173-8, 141-0 *
4 230*8,212-5,174-0, 141-4 ®
5 229*0, 212-0, 174-5, 142-5 *

14 209-0. 205-0,179-0
16 206-0, 203-5, 180-0

1 5 239-8, 215-0
2 236-5, 213*5,169-5, 140-0 *
3 233-5, 211*2, 173*8, 143-3 *
4 232-2, 210-8, 174-5, 113-7 *
5 231-1, 210*8, 175*2, 141-8*
6 229-5, 209-3, 177*0
7 227*0, 209*2, 177-5
8 223-5, 207*5, 177-0

10 219-8, 201-5, 178-0
12 215-0, 200-5,178-0
14 213-5.203-0, 178-0, 175-0
16 214-0,210-0, 180-0, 173-0
20 217-0, 202-5, 180-0,176-0
28 223-0, 1S8-0,180-0,175-0
33 224-0, 180-0, 180-0
43 229-0,193-0, 179-0, 176-0

1321
136-0
136-4
137-2
134-0
135-2

110-5
139-5 
141*5
140-0 
139-5

137-0

115-2
145-5
146*0

147-5
150*0
1460
118-0
148*5
141*5
141-5
139-0

140*0
136*5

218*5
142*5, 161-5, 209-5 
142-5, 164-5, 201-0 
144-0, 173-0, 203-0 
111-0, 175-0, 195-0 
144-0, 172*5, 176-0 
144-0, 173-5, 175-0

131-0 145-0,176-5— —_ —
132-0 145-0, 177*0— —__ —_ 224-0
136-0 146*0, 162-5, 212 0
1390 146*0, 166 0, 201*5
140-5 147-0. 172-0. 201-0
111-3 150-0, 172-0, 197-0
137-0 147-0, 176-0—. —__ —- 225-8_ 214-8
142-2 148-0, 168-5, 202-5
143-8 152-0, 173-6, 200 0
114-7 152-5, 171-2, 197-5
145-0 151-5,171-5, 187-0
146-5 152-0, 171-8, 176-0

— —

1500, 177-0 
1500,176-0 
119*0, 176-5

150-0,176-5

118-5,178-0

227-0
2140

152*0, 169*5, 203*5 
153*5, 173*5, 200*0 
153 0, 168-5, 192-0

153-0,
153-5,
153-5,
150-5, 
1520, 
152-0,
151-5, 
151-5,

228*0 
215-0 
204-5 

174*0, 195-5
169-5,191*5 
171-5, 191-0 
173-0,185-0
170-0, 176-0 
1760 
176*5 
177-0

152-0,178*0 
150-5

* Curres contlnned to 100- C,, other curve* continued only to 1 »0- C. 

VOI,. LXI.
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APPENDIX—continued.

Pnmrtfialf Inn
Arrest Temperatures, ® 0.

Cd
% .

Sb
%•

Arrest« on Cooling Curres from Melt.

Arr

Cooling.

■ests on Annealed Solid 
Specimens.

Heating.
1 7 242-5, 211-3 _ 230-53 236-2, 205-5, 171-2 __ 206-05 234-8, 20-4-8, 173-5, 145-0 ♦ 145-0 154-0, 174-0, 191-56 232-5, 205-2, 179-0 150-2 153-5, 170-0, 189-57 230-0, 204-2, 178-0 148-5 151-0, 170-0,190-08 227-5, 201-0, 177-0 115-0 152-5, 171-5, 189-510 224-0, 200-2, 177-0 140-0 152-5, 187-012 222-5, 218-5, 203-0,178-0, 173-0 139-5 150-0 178-014 227-5, 217-0, 203, 180-0, 172-5 140-516 230-5, 213-0, 203-0,181-0, 173-0 141-0 150-0 179-020 232-0, 204-0, 179-0, 173-0 _

25 234-5, 194-5, 180-0, 173-0 135-5 151-5 177-533 241-5, 182-0, 180-0, 172-5
38 247-0, 184-0, 179-0, 173-0 135-0 150-0 178-51 9 246-0, 208-5 232-33 244-5, 240-5, 202-2, 172-8 __ 206-55 242-0, 237-0, 202-5, 175-0 _ 197-06 241-0, 235-0, 200-0, 176-8 __ 191-57 240-0 232-5, 199-7, 177-0 139-0 151-5, 171-5, 193-08 237-0, 230-0, 200-0, 178-0 141-0 152-0, 170-0,193-010 234-5, 227-0, 206-0, 180-0 __
12 234-5, 225-0, 203-0,180-0 173-0 _
16 243-5 217-0, 202-5, 181-5, 172-5 _
20 249-5, 207-0, 202-5, 179-0, 172-0, 150-0 • 138-0 151-5, 178-025 255-0, 197-0 179-0, 173-0
33 261-0, 182-0, 179-0, 174-0 136-0 152-0, 179-038 267-0, 184-0, 179-0, 174-0

1 10 254-5, 246-0 __ 234-52 254-0, 242-0 — 227-53 253-0, 240-5, 206-0 __ 222-0, 227-55 252-0, 238-0, 202-0 __
7 249-5, 233-0, 204-0,178-2 __ 210-010 243-5 227-0, 206-0, 178-0, 173-0 140-0 150-0, 173-5,197-0, 210-012 240-5 226-5, 202-0, 180-5 173-0 142-5 151-0, 171-0,194-014

12
245-5, 222-6, 202-5, 180-5, 173-0 139-0 150-0, 175-02 266-0, 241-0 _

5 261-0, 236-0, 205-0 __
10 255-0 227-0, 206-0 137-0 150-0, 209-012 252-5, 246-5, 227-0, 201-5, 179-0 172-0 141-0 150-5, 176-014 254-5, 232-5, 227-0, 201-5, 179-0, 172-0 139-0 151-0, 176-0, 209-016 261-0, 222-5, 205-0, 181-0, 173-0
25 274-5, 201-5, 180-0,174-0 _
36

14
282-5, 179-5, 172-0 136-5 151-5, 179-01 284-0, 246-5 234-02 281*0, 244-5 _ 227-03 280-0, 241-5 __ 227-05 277-0, 236-0, 201-5, 179-5, 173-5 ___ 222-0, 226-57 274-0, 232-5, 203-5,180-0, 175-0 __ 215-0, 226-010 268-0, 227-0, 202-5, 180-5, 173-5 __ 179-0, 204-0, 209-012 263-5, 256-0, 227-0, 204-0, 179-5, 172-0 140-5 152-0, 203-0, 209-014 266-5, 253-0, 227-0, 206-0, 180-5, 173-0 140-5 152-0, 195-016 272-0, 229-5, 227-0, 205-0, 180-0, 173-0 __

20 281-0, 216-0, 207-0,180-0, 173-5, 135-5 151-5, 177-525 286-5, 204-0, 180-0, 173-0
33 291-5, 186-5, 180-0,172-0, 143-0 • 135-0 151-5, 177-832-5 0-5 178-0, 174-0
38 1-8 187-0, 179-0 — _

4 6 — 137-5 _
5 8 — 208-5
8 10 — 141-5 150-5, 210-03 12 — — 222-0
7 — — 214-08 — — 209-5, 227-09

14
— 136-5 150-0, 209-0, 226-51-5 — — 227-59
- — 213-0, 226-0

• Curves continued to 100° 0 .. other correa continued only to 160° 0 .
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THE DETERMINATION OF ALUMINA IN THE 7 
PRESENCE OF METALLIC ALUM1NHM *

By G. B. BROOK,t frjtSJG , Monam, w i  A, C. WAT>T«Ktm>'X.i'
MrarB'ER.

Sts'm-sis.
The paper describes «a investigation into tl»e voVtili?» I ion process 

for the determination of afrmrina in the presence of metallic aliimmHrm, 
using hydrogen chloride. After Tevic«ing the previous methods sug­
gested for this determination, a description of a modified process and the 
required apparatus arc given. The method has proved superior to any 
yet proposed for determining alumina in granulatcci afnimninm. dres«,
&e., and results are given showing the application «if the meiJiod to such 
aluminous materials.

I k t s o d o c w o s .

The determination of alumina in the presence of metallic aluminium 
has always proved a matter of considerable difficulty to the analyst-. 
Many attempts have been made to produce a reliable met hod, but to 
the best of the authors’ knowledge no really successful process has yet 
been described. The materials that have to be examined may vary 
considerably in alumina content—from aluminium dross containing 
about 50 per cent., aluminium skimmings with 5 to 15 per cent., to 
granulated aluminium containing often less than 1 per cent, alumina* 

Numerous methods of a varied character have already been published 
as a solution to this problem. Rhodin 1 suggested the dissolution of t he 
metallic portion with a 10 per cent, aqueous solution of sodium Hydroxide 
with the object of obtaining the alumina as the insoluble residue, 
whilst another worker2 employed ice-cold concentrated hydrochloric 
acid as the separating reagent, W. 11. Wit hoy and 11, K, Millar -1 
tried various reagents for preferential attack on the metal, ineluditlg 
halogens both in solution and as vapours, gaseous hydrochloric acid 
and fused salts. W. Ehrenberg4 and many others have suggested the 
use of cupric salts for separating the alumina from the metal, and it has 
also been proposed to use a gasomctrie method in which the volume 
of hydrogen evolved by dissolution of the metal is measured. F. lr.

* Manuscript received January 14, 1037, Prr.venietl ttf the Anmutl Autumn 
Meeting, Sheffield, September 8. 1037,

f  Chief Chemist, Tho British Aluminium Company, Ltd., Kiuluehleveiii 
X Analytical Chemist, Tho British Aluminium Company, Ltd., Kinloehlinwi.
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Halm 5 lias worked a proccss in which, the metal is volatilized as 
aluminium chloride by treatment with chlorine, but H. Lowenstein 8 
later showed that Hahn’s results were open to some doubts, owing to 
interaction between the molten metal and the containing boat. Takayasu 
Harada 7 employed a similar process to that of Hahn and his work may 
therefore be similarly criticized. G. Jandcr and F. Baur 8 designed an 
apparatus and method of separation of aluminium from alumina by 
volatilization of the metal as chloride in a stream of purified dry 
hydrogen chloride. Another method of almost universal application 
consists in converting the metal to alumina, the oxygen absorbed being 
the measure of the aluminium content and the alumina obtained by 
difference.

Since it is generally accepted that the physical properties of alumina 
may be varied by its mode of formation, ignition temperature, and other 
factors, methods employing preferential solvents for the removal of the 
aluminium cannot be considered as wholly reliable. Further, the 
determination of the aluminium content by gasometric methods or 
conversion to oxide and calculation of the alumina by method of 
difference are not to be recommended.

After a careful review of the published work cited above, the authors 
came to the conclusion that the process as described and worked by 
Jander and Baur seemed the soundest from all points of view. Although 
these w'orkers employed the process for the determination of alumina 
in aluminium and the separation of constituents of alloys of aluminium, 
the process also promised considerable advantage in its application to 
the separation of alumina from aluminium dross, skimmings, and 
granulated aluminium. A very commendable feature of the process 
lies in the fact that the alumina is retained in its original form, and the 
metal content can also be determined from the condensate of the 
volatilized aluminium chloride.

P r e l im in a r y  W o r k .

As early as 1925 the authors had been working on the determination 
of alumina in aluminium, using a volatilization process. At that time 
chlorine and hydrogen chloride were used as the gaseous reagents. 
This work indicated that chlorine was unsuitable and the results 
unreliable.

Withey and Millar had found in their work with chlorine that the 
presence of oxygen and carbon in the gas was one of the causes of 
unreliable results. In view’ of this and the experimental difficulties 
encountered by the authors in attempting to remove these impurities, 
this method was ultimately abandoned.
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Earlier experiments using hydrogen chloride were also disappointing, 
but, even so, gave more consistent results; again, the inconsistencies 
were found to be, in the main, due to impurities in the hydrogen 
chloride, for even using the utmost care, oxygen was always present.

As an outcome of this experience, the first step was to find a practical 
method of eliminating the oxygen. After trying various schemes, the 
method as outlined by Jander and Baur was finally adopted. This 
consisted of mixing the hydrogen chloride with hydrogen in the pro­
portion of 10 to 1, passing the mixed gases over platinized quartz 
chippings maintained at a bright heat, and then drying.

It was early found that the temperature at which the test was 
conducted appreciably affected the result.

The amount of sample is another matter which required considera­
tion in view of the nature of the process, as it was essential to complete 
the test in a working day. When working with highly aluminous 
materials 1-5 grm. of sample (according to the alumina content) was 
quite sufficient to give weighable residues, but, owing to the hetero­
geneous nature of dross and skimmings and the difficulty of obtaining 
representative sampling, the tendency was to take much larger samples 
(20 grm.). Experiment soon showed that this was not feasible, for 
even when the volatilization tube was increased in diameter, the 
apparatus tended to choke with aluminium chloride and it was found 
impossible to keep the experiment running. Another serious difficulty 
encountered was the time-factor, for even using 10 grm. it was occasion­
ally found necessary to run the test for 10 hrs.

Finally, the method to be adopted for the assessment of the 
alumina content of the residue had to be decided. Preliminary work 
showed that the residue left after volatilization (particularly in the 
case of granulated aluminium) was to a greater or lesser degree con­
taminated with iron. The method adopted at the beginning of the 
present investigation was to ignite the residue in the boat to 900° C. 
before weighing. The iron oxide was determined analytically and the 
alumina figure obtained by difference. Later it was decided that this 
method would be open to serious criticism when dealing with samples 
containing very small amounts of alumina. In such cases the alumina in 
the residue was determined directly by means of 8-hydroxyquinoline. 
The above refinements have all been incorporated in the following 
description of the process and apparatus.

D e sc r iptio n  of  P rocess a n d  A ppa r a tu s  (see Fig. 1).
Hydrogen chloride wa3  generated in a Kipps apparatus A from 

hydrochloric acid and sulphuric acid. The hydrochloric acid was
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charged into the Kipps apparatus until the level reached the centre 
bulb, and the concentrated sulphuric acid was allowed to drip on to the 
surface from the stem of a large tap funnel, which was inserted into the 
centre bulb. The amount of gas generated was roughly regulated by 
the flow of sulphuric acid.

Hydrogen was obtained from the action of hydrochloric acid and 
zinc. The generator B, was in the form of a cylinder (a calcium chloride 
tower was suitable) into which the zinc was packed and had a connection

H

at the base for the dilute acid which was contained in a reservoir raised 
to a suitable level. The hydrogen chloride and the hydrogen wrere then 
passed through individual wash-bottles C, containing concentrated 
sulphuric acid, which served not only to remove a large proportion of 
moisture from the gases but also provided a visual indication of the 
rates of gas flow. The gases which were regulated approximately 
in the proportion of 1 part hydrogen to 10 parts hydrogen chloride, 
were mixed and passed into a refractory tube D, packed with platinized 
quartz chippmgs maintained at a bright red heat.

The use of quartz chippings (10-30 mesh) coated with platinum 
was finally adopted in preference to platinized asbestos, which caused
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a considerable amount of trouble owing to the conversion of the 
magnesium compounds in the asbestos into magnesium chloride which, 
at the high temperature of the refractory tube, volatilized and condensed 
at the cool outlet. In time the tube became blocked and prevented 
the flow of gas, while the remaining asbestos appeared to be freed from 
its platinum coating and its catalytic action destroyed.

The water vapour formed by the combination of traces of oxygen 
with the hydrogen and the moisture still retained by the mixed gas 
was removed by passing the gas through three dehydrating agents:

(1) Calcium chloride packed into a cylinder E having an inlet 
tube reaching to the bottom with the gas exit at the top.

(2) Concentrated sulphuric acid contained in the gas wash 
bottle F.

(3) Anhydrous aluminium chloride packed into a U tube 
G, the upper portion of the outlet limb being packed with glass 
wool to act as a filter.

The dehydrated gas mixture was then passed into the reaction 
tube J, which consisted of a single piece of good resistance glass about
15 in. long and 1 in. in diameter, fitted with tubulated ground-glass 
stoppers at each end. The stoppers were used without any lubricant, 
as vaseline or any form of grease was found to be attacked by the 
gas. (A single piece of good glass tube fitted with rubber stoppers has 
been found to serve admirably so long as the ends of the tubes arc 
maintained reasonably cool.)

The reaction portion of the tube, that is about 8 in. of its length 
from the gas inlet end, was maintained at a temperature of 220°-250° C. 
by being enclosed in a small electric heater II. The portion of the tube 
protruding beyond the heater (about 7 in.) served as the condenser for 
the aluminium chloride.

In passing, it may be of interest to describe another type of reaction 
tube used on various occasions. This consisted of two pieces of glass 
tube joined by means of a tapered ground joint, the reaction portion 
being about 8 in. long and the condensing portion about 6 in. in length. 
The advantages of such a tube will be obvious. After treatment of a 
sample it was possible to detach the condenser containing the aluminium 
chloride and, if it was desired to determine the metal content of the 
sample, the condensate could be removed and the aluminium deter­
mined as oxide.

The electric heater H was in the form of an asbestos-lined closed 
box about 8 in. long by 3| in. square section, made in two halves, 
the heating element being carried in the lower half, whilst the upper
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half formed a lid. Semi-circles were cut out of the end of each half 
so that the reaction tube lay centrally along the length of the heater.

The heating element consisted of small gauge (37 S.W.G.) Nichrome 
wire wound on two silica rods fixed lengthwise in the bottom half 
and as remote as possible from the reaction tube. Such a heater 
ensured a reasonably uniform heating of the reaction tube. Current 
from the lighting circuit (250 v.) was applied, whilst a variable resistance 
served to regulate the temperature.

The sample was placed in a platinum boat situated in the heated 
portion of the tube J, and a glass bulb was placed inside the tube in 
front of the boat to prevent aluminium chloride from condensing at 
the gas inlet. This platinum boat was used when the reaction tem­
perature was 250° C. or lower. At higher temperatures quartz or 
porcelain boats were employed. The waste gases from the reaction 
tube were absorbed in water as shown at II on the diagram.

D e sc r ip t io n  of  T e st .

A representative quantity of the sample was taken and placed in 
the boat, which in turn was inserted in the cold reaction tube, and the 
glass bulb placed in front of the boat. After making the necessary 
connections, the stream of mixed hydrogen chloride and hydrogen was 
started and passed through the apparatus for at least 30 minutes to 
sweep out the air (the platinized quartz was, of course, at a bright red 
heat prior to commencing the experiment). When all the air had been 
driven out, the heater H  was switched on, and the resistance adjusted 
to give a temperature of about 250° C.

When the whole of the aluminium had reacted, the heater II was 
switched off and, after the reaction tube had cooled to just below 
200° C., the boat was removed and calcined at 900° C. for 1 hr. The 
residue was weighed, then fused with potassium acid sulphate, the iron 
determined and the alumina obtained by difference. When only small 
quantities of residue were obtained, the alumina was determined by the 
8-hydroxyquinoline method after fusion with potassium acid sulphate.

A p p l ic a t io n  o f  P r o c e ss .

It was early realized that the process was applicable to the deter­
mination of oxide in granulated aluminium, and could with advantage 
replace the old “  total oxidation ”  method, which at best left much to 
be desired. Comparative tests by the two methods showed that the 
volatilization process gave appreciably lower figures owing to the 
presence of water, either free or combined, associated with the oxide in 
the samples. These lower figures were subsequently shown to be correct.
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The assay of aluminium skimmings and dross by the volatilization 
process promised many advantages over the older method, as not only 
were the oxidized compounds, remaining as a residue, easily determined, 
but by dissolving the volatile chlorides in water, evaporating and 
igniting to oxide, the metallic portion was also directly determined.

(1) Granulated Aluminium.
Samples were selected in which the oxide had been previously 

determined by the “  total oxidation ”  method. The figures given below 
obtained by the volatilization process represent the alumina content 
only and not the total non-volatile residue.

The residues were ignited at about 900° C., the ferric oxide re­
maining determined analytically, and the alumina content obtained 
by difference. The temperature of the reaction tube in. this scries of 
tests was approximately 300° C.

As will be seen, the value for the alumina content obtained by 
volatilization is in every case less than that given by the “ total 
oxidation ”  method.

In the case of tests 9-12 the average result obtained by volatilization 
varies considerably from the total oxidation figure, and this variation 
cannot be accounted for by experimental errors inherent to either 
process, as might be said of Tests 1-8.

Table I.— Granulated Aluminium. Comparative 
Results.

Te3t No. Sample No.

Alumina, Per Cent.

Volatilization
Process,

Total Oxidation 
Process.

1 S. 6792A 0-48 1-42
2 0-32

3 S. 6792B 0-11 1-15
4 0-26

5 S. 6807 0-53 107
6 0-51
7 0-08

8 S. 0711 0-33 1-15

9 S. 6293B 27-8 47-0
10 23-0
11 20-2 *
12 19-1 *

* Tests 11 and 12 were carried out at about 450° C.
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It is believed that the apparent discrepancies shown in Table I, 

particularly on the material rich in alumina, are due to inability to 
obtain a truly representative portion of the sample.

Observations of these tests showed that the granulated aluminium, 
although dried at 100° C. before treatment, liberated a quantity of 
moisture which condensed on the cooler parts of the tube before the 
reaction commenced. It is generally accepted that alumina cannot be 
completely dehydrated at ignition temperatures below 1200° C., and 
it was recognized, therefore, that the non-metallic portion of granulated 
aluminium might be hydrated. The two following tests carried out 
on the granulated aluminium sample S. 6293B (as used in Tests 9-12), 
in which both the non-volatile and volatile portions were determined, 
serve to confirm this assumption.

The determination of the volatile portion which represented the 
metallic aluminium, consisted of dissolving the condensed aluminium 
chloride in water, evaporating and igniting to alumina and calculating 
to aluminium.

T able  II.

Non-Yolatilc
Residue.

Volatile
Portion. Total. Not Accounted 

For.

1
2

A1A,Per Cent. 
25-64 
23-00

Al, 
Per Cent.
64-95
66-47

A 1,0, +  Al, 
Per Cent. 

90-69 
89-47

II,O, 
Per Cent.

9-31
10-53

Considering the figures from these two tests (Table II) it is seen 
that there is about 10 per cent, unaccounted for, and this amount 
(assuming it to be water) would give a hydrate of approximately the 
formula A120 3.2H20.

An approximate determination of the water retained by this sample 
after drying at 100° C. was next carried out. The method adopted 
was to heat the sample in a porcelain boat in a glass tube to a tem­
perature of between 600° and 700° C. (softening point of the glass), 
while a slow stream of dry air was passed through the tube. The 
moisture was then absorbed in a weighed calcium chloride tube. These 
approximate determinations showed :

Sample No. S. 6293B. . . (1) 9-36 per cent. H„0
• (2) 8-92

From these figures the moisture still associated with the sample 
after drying at 100° C. was established as approximately 10 per cent.

The analytical figures obtained on Sample S. 6293B by the total 
oxidation method were then recalculated, making allowances for the
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presence of 10 per cent, moisture, and the result obtained was 25-7 
per cent. A120 3. This agrees approximately with the figures by 
volatilization.

It was apparent that the determination of alumina in granulated 
aluminium by the oxidation method was at fault and would give in­
correct results unless the moisture content was known and the necessary 
allowance made for it in the calculations. The accurate determinations 
of such moisture, especially in samples low in alumina, would present 
considerable difficulty, as methods of drying such materials at a high 
temperature cannot be employed owing to the reactive nature of the 
granulated metal. The volatilization process is therefore much to be 
preferred for the evaluation of granulated aluminium.

At the time of carrying out the foregoing tests on granulated 
aluminium, it was assumed that most of the water associated with the 
oxide of the samples was evolved by the combined action of the dry 
hydrogen chloride and the temperature of the reaction tube before the 
reaction itself commenced. The moisture, still retained by the oxide, 
was believed to be associated with it in such a manner that interaction 
with the subsequently produced aluminium chloride did not occur. 
The alumina residue at the end of the treatment would still contain 
this moisture, which would then be removed by ignition at a high 
temperature.

In support of this, the powerful dehydrating properties of alumina 
may be cited, and the fact that the alumina residues obtained from 
tests invariably contained traces of moisture, serves to confirm this 
assumption. It was later shown, however, that some reaction does 
occur between the water retained by the heated alumina and the 
aluminium chloride, but the amount was entirely dependent on the 
temperature of the reaction tube. At high temperatures (about 450° C.) 
the amount of alumina produced by interaction of water and aluminium 
chloride was very small, but at lower temperatures the amount became 
appreciable.

Tests carried out on mixtures of aluminium hydrate (containing 
about 35 per cent. II20) and pure aluminium millings showed, that 
when employing a reaction temperature of about 450° C., the alumina 
produced by interaction created an error of less than 5 per cent, in the 
final alumina determination. The bulk of the moisture appeared to 
be given off during the preliminary heating of the tube before the 
reaction commenced.

Employing a reaction temperature of about 220° C., the error 
became about 80 per cent., as very little of the water was given off 
during the preliminary heating of the tube.
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It was obvious from these tests tliat a reaction temperature of at 

least 450° C. was necessary for the accurate evaluation of materials 
containing alumina in a hydrated form.

(2) Aluminium Skimmings and Dross.
The application of the volatilization process in the analysis of 

aluminium skimmings and dross was very successful in so far as the 
determination of alumina and metallic content was concerned. It was 
hoped at first that cryolite flux contaminations in these materials would 
also be wholly retained with the residues, but this was not realized in 
practice.

Observations of tests led to the conclusion that the reaction between 
the aluminium and hydrogen chloride was accompanied by a secondary 
reaction which produced a film of low melting point compound on the 
walls of tho reaction tube above and around the boat containing the 
sample. This film appeared to be sprayed from the sample on to 
parts of the tube in close proximity and although remaining molten, 
showed no signs of being volatile at the temperature of the tube (about 
220° C.). This secondary reaction was very evident during the treat­
ment of a particular sample of skimmings taken from the surface of 
molten aluminium.

On completion of this test, the boat was removed and the film, 
retained on the walls of the reaction portion of the tube, dissolved out 
with water and tested by analytical methods. Sodium and aluminium 
compounds were found to be present and both were identified as 
chlorides. The residue in the boat appeared to be contaminated %yith the 
low melting point compound, but this was wholly removed by ignition 
at 900° C. and the ignited residue (representing approximately 10 per 
cent, alumina containing a trace of ferric oxide) contained only the 
slightest trace of sodium.

Considering that skimmings contained flux in the form of cryolite, 
it was evident that the secondary reaction involved a breakdown of 
fluorides with the formation, suggested by the observed properties of the 
film, of a double chloride of sodium and aluminium.

In order to prove that such a breakdown of fluorides occurred under 
the conditions of the test, a sample of pure aluminium millings was 
mixed with an equal weight of cryolite and treated in the reaction tube 
at 220° C, It was found that practically the whole of the cryolite 
became converted to a low melting point compound, while only a small 
amount of aluminium chloride (judged by the quantity of condensate) 
was formed. The melting point of the material in the boat was roughly 
determined and gave a reading between 180° and 190° C., which sub­
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stantially confirmed it to be sodiu m aluminium chloride. The determina­
tion of the actual composition of this double chloride by analytical 
means was not attempted owing to its deliquescent nature.

The treatment of cryolite alone in the reaction tube, although 
having but little relation to the main uses of the volatilization process, 
may be of some interest as no appreciable secondary reaction occurred 
and the presence of either metallic aluminium or aluminium chloride 
would appear to be essential to the breakdown of the fluorides.

The figures given in Table III indicate the results obtained on 
various samples of skimmings and dross using the volatilization process. 
Some comparative figures by the dilute acid extraction process are also 
given.

Table III.

Sample No. Description.

Alumina, Per Cent.

Volatili­
sation

Method.

Dilute Acid 
Kxtraction 

.Method.

S. 6832 
S. 6832A 
S. 6832B 
L. 3110 
Ł. 3110A 
L. 3110B

Dross
Skimmings
Metal skimmings
Skimmings from clean metal
Skimmings (coarse oxidized metal)
Skimmings (fines, highly oxidized metal)

66-4
4-7
1-3
0-20

12-0
19-0

Ö-23
13-8
20-7

The results shown in the above Table III are typical of such alumin­
ous materials, and indicate the applicability of the process to the 
determination of widely varying quantities of alumina. The process 
can be worked with equal facility when either large or small amounts of 
alumina are present.

Summary.

The volatilization process for the determination of alumina in the 
presence of metallic aluminium has been investigated, and details of 
the apparatus and technique of the process are described.

The application of this process, using pure hydrogen chloride, to the 
determination of alumina in highly oxidized materials such as metal 
skimmings, dross, granulated aluminium, &c., has proved very success­
ful and is superior in every respect to any other available method. The 
complete separation of the metal as chloride and subsequent conversion 
to oxide allows the metallic content of the skimmings and dross to bo 
accurately determined.

The determination of inclusions such as cryolite and flux in metal 
is not possible, owing to the breakdown of the fluorides.



It has been shown that the previously used “  total oxidation ”  
method gives high results, owing to the alumina being invariably 
present in the sample in a hydrated form. 

The volatilization process has proved equally satisfactory for 
materials having an alumina content ranging from less than 1-0 to 05 
per cent.
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320 Authors’ Reply to Discussion

DISCUSSION.
(Condensed.)

Me . H. H. A. Gr ebe ,* J.P. (Member) : In view o f the large quantities of 
these materials which are coming into the market from aluminium usera, 
this paper and the subject which the authors are developing is very important. 
It is becoming a problem for metal refiners to know what to do with these 
skimmings which they are receiving in such large quantities from the aluminium 
foundries. Hitherto, these aluminium skimmings have very largely gone 
into the “  coup,”  because they are o f  so little value. Anything that can be 
done to enable us to bring them back into a useful form will be a very 
important contribution to the industry.

Dr. R . Genders,f  M.B.E. (Member of Council) : The determination o f 
oxides in metals in general is a useful feat to be able to perform, and in carrying 
out this work Mr. Brook and his collaborators have dealt with perhaps the 
most difficult case o f its kind. In that, o f most other non-ferrous metals the 
oxide is chemically reactive and capable o f measurement by the more simple 
method o f hydrogen reduction.

In Table III the authors give some results obtained by the dilute acid 
extraction method, which are so good that that method could probably be 
used for a large amount o f routine work on aluminium. It is also the method 
which is used for the determination o f alumina in steel (as distinct from the 
metallic aluminium present), and it is reassuring to find that it is reasonably 
accurate,

Mr. W am ijn gtox  (in reply) : With reference to Mr. Greer’s remarks, our 
process is mainly concerned with the evaluation o f the amount o f oxide in 
skimmings, and offers no solution as to their industrial disposal. The work

* Glasgow. •f Research Department, Woolwich.
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is to proceed further, and we hope that the results may be of greater interest 
than those now given.

It should be pointed out, in connection with Dr. Genders’ remarks, that 
according to the manner in which oxide is produced in dross or skimmings 
so will its properties and resistance to acid attack vary. The dilute acid 
extraction method may not always give the correct result, so we feel that the 
volatilization process alone is dependable where oxidized aluminium has to bo 
tested for its alumina content.

CORRESPONDENCE.
D r. L. H. Callendar * (Member): This paper interests me, as about 

eight years ago, while at the Warrington Laboratory fjjfThc Britisli Aluminium 
Company, I worked out a gasonietric method for the determination of the 
metallic content o f aluminium skimmings and dross. Mr. Brook docs not 
recommend the use o f gasonietric methods, and I agree that his method would 
be more accurate where very small amounts of alumina are present. However, 
he does not give any results on metal o f this type, such as commercial metal 
and alloys, where his method would seem to be particularly applicable.

The question is often raised whether repeated re-melting increases the 
oxide content of aluminium, some observers stating that pouring into line 
moulds becomes more and more difficult after each melting. If this is so, it is 
most important for the foundryman, and Mr. Brook’s method could settle 
whether it is due to alumina, nitride, or anything else.

For routine analysis of dross and skimmings for metallic content the 
method is not nearly so suitable as the gasonietric method, for the Bamples 
that can be used appear to be very small, and this material, owing to its 
uneven nature, requires large samples to be taken. Further, the time of each 
analysis is too long (up to 10 hrs. is stated) and the apparatus is too complicated 
and expensive. Since the method estimates alumina, to get at the metallic 
content, corrections would have to be made for the cryolite, nitride, &c., 
usually present in dross and skimmings.

In the gasonietric method it is possible with a very simple apparatus, 
easily duplicated, to make six simultaneous determinations in less than 1 hr., 
and the determination of the metallic content, which is commercially a more 
important figure than the oxide content, is, I  believe, just about as accurate 
by the gasonietric as by other methods.

The authors do not refer to the presence of nitride or carbide in the 
materials tested (I have found as much as 12 per cent, nitride in a sample of 
dross from an ordinary re-melting furnace) which might interfere with the 
accuracy of their results. Are nitride and carbide both decomposed at the 
low temperature o f the experiment by dry hydrochloric acid gas ?

Herr. H. Ronnie, t : There is, I think, no doubt that the aim of the authors’ 
work is to distinguish original aluminium from badly remelted metal. This 
should be assured if the process which has been laid down could bo refined; 
so that one mav look ultimately to the determination o f aluminium oxide 
o f the order of say 0-005 per cent. There is a great need for a precise deter­
mination ; a good deal o f the chemical and mechanical properties of the metal 
depend on the oxide content. The interesting results obtained by the authors 
on aluminium dross and powder lead the way to this desirable end.

* Research laboratories, Chloride Electric Storage Company, Ltd., Clifton 
Junction, -Manchester. , , ■ ,,

f  Vereinigte Aluminium-Werke A.-G., Lautawerk (L a u s itz), Germany.
VOL. LXI. x
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Having heard, through the International Bureau for the Application of 

Aluminium, that the authors were carrying out work in this field, I asked 
Mr. Brook if  he would mind investigating a sample which I knew to be badly 
oxidized. It had been prepared by melting down a lot o f thin foil heated to 
450° C. for half an hour before melting. This, o f  course, is as bad an instance 
o f scrap melting (especially from the oxide point o f  view) as could be chosen, 
but it seemed to lead to a specimen containing an appreciable amount o f thin 
films o f oxides. It is satisfactory, therefore, to note that by their method the 
authors have succeeded for the first time, I believe, in getting determinations 
o f oxide. Even more remarkable is the agreement o f the results (0-024-0-027 
per cent.). As may be seen from Fig. A (Plate X X IX ) some parts of the metal 
are more or less totally enclosed by oxide. The volume occupied by the oxide 
is o f  course much greater than is apparent by the value 0-026. This may be 
due (the photograph has been taken from the unetched microsection) to the 
gas absorbed by the oxide films. The oxide in such a specimen is naturally 
not equally distributed, which makes it advisable to use large samples and 
select many fields.

Supported by such a valuable and reliable analytical method as the one 
developed by the authors, the metallographie estimation of the oxide content 
could also be used as a valuable aid in this field of investigation.

T h e  A u t h o r s  (in reply) : We agree with Dr. Callendar that the gaso- 
mctric method that he has used may give very satisfactory results for the 
metal content of highly-oxidized aluminium skimmings and dross, but the 
volatilization process not only is applicable to the determination of oxide in 
such materials, but may be successfully employed for the evaluation of skim­
mings o f very low alumina content. We have shown values as low as 0-2 per 
cent, alumina in skimmings, and we do not think that the gasometric method 
could be accurately applied in such instances. We fully realize that the 
volatilization method is particularly suited to the determination o f oxide 
content o f commercial metal, and it is hoped that, with suitable refinement 
o f  the process, the investigation may continue in this direction.

Regarding the amount of sample which may be tested by the volatilization 
method, this is governed by the amount o f condensed aluminium chloride, 
and, although the time required is long, up to 10 grms. o f lightly-oxidized 
material could be tested; that is approximately 10 grm. o f metal may be 
volatilized. From this feature it may be realized that, in highly-oxidized 
material, the amount o f sample tested could be very much greater provided 
that the metal content did not exceed 10 grm. We therefore consider that 
the volatilization method possesses advantages over the gasometric method 
in respect to the amount o f sample which may be taken as the gas evolution 
from about 10 grm. o f metal would appear excessive for accurate measurement.

Regarding the possible presence o f aluminium nitride and carbide in 
dross, we found, by experiment, that both these compounds were decomposed 
under the conditions of the test. The nitride produced a double chloride of 
aluminium and ammonia which was volatilized. Methane and aluminium 
chloride were presumably produced from carbide, but this was not fully 
investigated, beyond proving that carbide added to samples could not be 
detected in the residues after treatment.
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OBITUARY.
SIR JOHN DEWRANCE, G.B.E. (Past-President).

It is with deep regret that we record the death of Sir John Dewrance, 
G.B.E., Past-President of the Institute, which took place at his home, 
Wretham Hall, Thetford, Norfolk, on October 7, 1937, after a short illness. 
By his death the engineering profession has lost one of its most distinguished 
engineers, and the country a great English gentleman.

To know Sir John intimately was to be impressed by his remarkably 
fine character—upright, just and human, of great personal charm, of truo 
culture, learned in the sense known 
to the academic world, but distin­
guished moreover by the practical 
application which he made of that 
learning in an every-day life of far 
reaching usefulness to his fellow 
men. He was possessed of an un­
swerving devotion to the cause of 
right, with a rare ability to infect 
others with the appeal of such a 
cause. His conversation was a 
privilege to listen to, for he had the 
ability o f leavening his remarks 
with a fund o f entertaining stories 
and a host of personal experiences.

The success of his father placed 
him in a position that, had he so 
desired, lie could have lived a life 
free from the cares of an active 
engineer, but such was not his 
nature. Educated at Charterhouse 
and King’s College, London, and 
later becoming the engineering pupil 
o f the late Colonel Davis, Sir John, 
as a young man, attained eminence 
in his profession.

He won the Watt Gold Medal 
and a Telford premium of the Institution of Civil Engineers. That he took out 
over 100 patents is more than sufficient testimony to the alertness of his mind. 
At an early age, he assumed direction of the family business, Dewrance and 
Company, in partnership with his step-father, Colonel Davis. In 1880, as a 
separate venture, he took over the Research Laboratory and Staff o f Pro­
fessor Barfi, eventually developing it into the Albion Chemical Company. 
In this Laboratory he carried out extensive investigations of the problems of 
lubrication, the corrosion o f boilers, the composition o f bearing metals, and also 
the production of aluminium, an ingot o f which he succeeded in producing by 
electrolysis as early as 1882.

On April 5, 1899, he was elected a Director and Chairman of the Board 
o f Directors of Babcock and Wilcox, Ltd., in the place of Mr. Andrew Stewart , 
a position which he continued to hold until the present year, and the success
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o f that Company is due in no small measure to his guiding hand. As a 
prominent resident of Kent, in which county he lived until 1926, ho took an 
active interest in the exploitation o f the Kentish coal fields, and in 1914 
succeeded the late Mr. Arthur Burr in the Chairmanship of the Deal and 
Walmer Coalfield, Ltd., Kent Coal Concessions, Ltd., and a number of 
Associated Companies in which he was intimately concerned with the financial 
reorganization then instituted.

He gave freely o f his time to the organizations o f his profession. During 
the war ho served on various committees of the Ministries o f Munitions and 
o f Labour, on a Treasury Committee, and as a referee in matters arising from 
the maintenance o f copper supplies. He was President of the Institute o f 
Metals in 1926-1928, and was made a Fellow in 1929, a past-President and 
Honorary Member o f the Institution o f Mechanical Engineers, and a Member 
o f the Institution of Civil Engineers, the Iron and Steel Institute, and the 
Institution o f Naval Architects. He was President o f  the Engineering and 
Allied Employers’ Federation 1920-1926. In 1923 he was Master o f the 
Worshipful Company of Armourers and Braziers, an Honorary Member of 
the Institute of Royal Engineers and an Associate Member o f the Royal 
Engineers’ Board. As a Member of the General Board o f  the National 
Physical laboratory, and o f the Engineering Research Board, he gave valuable 
assistance to the development o f organized research, o f which he was an active 
advocate, and which he was wont to declare must supersede the private small- 
scale efforts o f individual firms. He was also a Director of the Iron and Steel 
Trades’ Employers’ Insurance Association, Ltd., and his standing in academic 
circles was testified by the fellowship of King’s College and membership 
o f  the Commercial Degrees Committee of the University of London. For 
ten years (1920 to 1930) he was a Governor of the London School o f Economies, 
and in 1925 served the office of High Sheriff o f Kent.

He was made a K.B.E. in 1920, and promoted to G.B.E. in 1928.
Sir John was the third of five children and the only son o f  John Dewrance, 

erector of George Stephenson’s “  Rocket,”  and subsequently Locomotive 
Superintendent o f the Liverpool and Manchester Railway. Edward Woods, 
Engineer of the Line, had a brother Joseph, who established a small engineering 
business in London in 1835. With him John Dewrance, Senior, became 
associated in partnership and thus began Dewrance and Co., as it was named 
after Woods’ death in 1842. In a sense it may be said that with his death 
the Institution of Mechanical Engineers suffers the severance o f  one of its 
closest links with the earliest days of its existence, for his father, as already 
stated, was associated with George Stephenson, the first President o f that 
Institution.

At the age o f 24 Sir John married Isabella Trevithick, the grand-daughter 
o f  the famous Richard Trevithick, and they had two children, a son and a 
daughter.

In 1926 Sir John went to reside at Wretham Hall, Thetford, Norfolk, one 
o f  the best shooting estates in the Eastern counties, and country pursuits 
and the management o f his Estate provided him, during his later years, with 
his principal activity and enjoyment. He was a fine shot, with both gun and 
rifle, a deer stalker of repute, and a first-class fisherman. He was also intensely 
interested in all forms o f wild life in the country, and he was a keen supporter 
of local sports in his district. He was President o f the Thetford Ex-Service 
Men’s Club, Vice-President o f the local branch o f the British Legion, Vice- 
President o f the Thetford Chamber of Trade, and o f the Thetford Y.M.C.A. 
His daughter, Mrs. Rich, who lived with her father, is well known as a breeder 
o f  both agricultural and race horses, and a keen supporter o f the turf, and 
both these activities of hers were of constant interest to Sir John.

Thus we record the passing o f a truly great English gentleman, trans­
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parently honest and open, kindly and unassuming, whoso life in every sense 
forms a pattern and encouragement for those who follow. Essentially one 
such as Pasteur had in mind when he recalled to the students of Edinburgh 
University : “  To remember the past and look to the future, associate the cult 
o f great men and great things with every thought.”

J. H. M. G.

LORD RUTHERFORD (Honorary Member).
By the death of Lord Rutherford, an Honorary Member o f this Institute, 

science has lost one of its greatest and most inspiring leaders, who also did 
much to bring science and industry into close contact and co-operation with 
one another. A New Zealander, born 
on August 30, 1871, he came to 
Cambridge in 1894 as the holder of 
an 1851 Exhibition scholarship, 
having already shown his originality 
and practical skill by experiments 
on the detection o f electric waves.
Working under J. J. Thomson, he 
soon became interested in radio­
activity, and pursued the subject 
actively at McGill University,
Montreal, where he was appointed 
professor of physics in 1898. There, 
he, with his chemical colleague 
Soddy, proposed and elaborated the 
theory o f atomic disintegration to 
account for the strange phenomena 
which had been studied by many 
workers, but not explained. The 
researches which followed this 
brilliant discovery, conducted at 
McGill and at Manchester, after his 
transfer there in 1907, not only 
added much to the knowledge of 
radioactivity, but led to the theory 
o f the structure of the atom which, 
perfected by Niels Bohr, forms the
foundation o f modern atomic physics. In 1919 he was appointed to the 
Cavendish Professorship of Physics at Cambridge, as the successor of Clerk 
Maxwell, Rayleigh, and Thomson, and here, as the Director of the greatest 
school o f physical research in the world, he conducted a long series of experi­
ments on the transmutation of elements, while guiding and inspiring a host of 
students and assistants. His powers were at their height at the time of his 
death.

Although his own work was in the high realms o f experimental physics, 
Rutherford realized most clearly the importance of scientific progress to 
industry, and with his great gifts of exposition he would explain to gatherings 
of industrialists, or, after receiving a peerage in 1931, in the House of Lords, 
how the advance of industry must depend on the use it makes of the re­
sources of science. For the last seven years he was chairman of the Advisory 
Council o f the Department of Scientific and Industrial Research, and his 
energy and wisdom counted for much in the success o f that Department. 
Many honours came to him, chief among them the Nobel prize in 1908, and 
the Order of Merit in 1925, and he was President of the Royal Society from
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1925 to 1930. Ho was elected an Honorary Member of the Institute o f Metals 
in 1927 and delivered the 1922 May Lecture on “  The Relation o f  the Elements.”

He was essentially an experimenter, and his theoretical conclusions, 
abstruse as they might seem, were always close to the experimentally observed 
facts. For wild speculations lid had no use, and his expositions w'ere always 
admirably clear to the non-mathematical reader or hearer.

Rutherford’s personal qualities wero as outstanding as his scientific 
accomplishments. Full o f enthusiasm, and always interested in life, he could 
communicate his enthusiasm to his pupils, so many o f whom have reached 
distinction as original workers. Few leaders have been so popular with their 
colleagues, and the scientific world will seem a different place without him.

C. H. D e s c h .

PERCY CLAUDE M. ASH
Mr. Percy Claude M. Ash, died on July 20, 1937. He was the eldest son 

o f the late Mr. Claudius James Ash and the great-grandson o f Claudius Ash, 
the founder, in 1820, of the business which in later years was known as 
Claudius Ash, Sons & Company, Ltd. He was connected with the business 
for about forty-three years, becoming a Joint-Managing Director in 1905, 
when it was converted into a public Company.

He was actively engaged in the development of the business until the 
outbreak of war in 1914, when, as Captain and later as Major in the Post 
Office Rifles, he served in France. He was severely wounded, being shot 
through one lung, and was invalided for nearly two years. A  recent X-ray 
disclosed that shrapnel had remained in the lung ever since, and this may 
account for the fact that he never really recovered robust health.

When convalescent he returned to the business, and in 1925, on the 
amalgamation o f the Company with de Trey & Compamr, Ltd., he was ap­
pointed a Joint-Managing Director of the new Company. The office of 
Managing Director was subsequently abolished, but he continued to be actively 
associated with the Company until the end of 1934, since when he held an 
advisory position on the Board.

Mr. Ash was elected a Member of the Institute in 1912.

GEORGE WILLIAM MULLINS, M.B.E.
By his death on September 28, 1937, the non-ferrous metal industries 

have lost a leader who has exerted a most important influence on the estab­
lishment o f  their trade organizations. All who are concerned with metals, 
whether in industry or research, will mourn the loss o f  a loyal friend and 
wise counsellor.

From as early as 1885 Mr. Mullins was connected with the commercial 
side o f the Birmingham brass and copper industry, ultimately becoming 
Director of the Cold-Rolled Brass and Copper Association in 1920. In this 
position his influence upon the other Trade Associations and thus upon the 
whole industry was very great. The respect and confidence which he com­
manded was most exceptional, but was based on his tact, wisdom, and thorough 
honesty, which were exhibited sometimes under most difficult circumstances.

Despite the handicap of very poor sight, Mr. Mullins was a man of wide 
reading and culture, which was not only o f value as a member of the Council 
o f  the British Non-Ferrous Metals Research Association, for which he did 
yeoman service, but in private life was demonstrated by his work as President 
o f  the Midland Institute Scientific Society of Birmingham, and in many 
other ways.

Under his almost patriachal appearance, Mr. Mullins possessed a youthful 
and energetic spirit. No task was too great for him, and the masterly way
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in which he assembled and utilized statistics and other data frequently won 
him his ease, without any need for him to use the logical and shrewd arguments 
with which he was always ready to support it.

He will also bo remembered for the fine work that he did on Committees 
o f the British Standards Institution, o f some of which he was Chairman; 
as also on the Council o f the Federation of British Industries, as a member 
of which he attended the Ottawa Conference in 1932.

As a member of the Institute since 1920, Mr. Mullins always took a keen 
interest in trying to secure the exposition of its work in a manner attractive 
to wider circles in the metal industry. He originated the idea of the Autumn 
Lectures and was local Honorary Secretary at tho memorable Birmingham 
meeting in 1921 and Chairman of the Local Reception Committee at tho even 
greater meeting in 1933. Our deep sympathy is felt for Mrs. Mullins, who so 
constantly supported him, both in his attendances at the Institute Meetings 
and throughout his active life. R. S. H u t t o n .

FR E D E R IC K  V A L E N T IN E  RAMSDEN.
Mr. F. V. Ramsdcn, Chief Assayer of the Rand Refinery at Germiston, 

South Africa, died in London on April 22, 1937.
He was born in Australia in 1884, and was educated at the Melbourne 

Grammar School. He took up chemistry as a career, and, as a young man, 
joined the staff o f the Victoria Geological Survey. In 1907 he received an 
appointment in the Assay Office of the Royal Mint, Melbourne, and remained 
there until 1921. In that year the Rand Refinery, Ltd., commenced operations 
in Germiston, South Africa, and Mr. Ramsden was appointed Chief Assayer, 
which position he held until the time o f his death.

He was a member o f the Australian Chemical Institute, a Fellow of the 
Chemical Society, London, and a member of several other scientific bodies.

He was elected a member o f the Institute in 1921.

FREDERICK TOMLINSON.
By the death o f Mr. Frederick Tomlinson, Manchester and Salford have 

lost an outstanding figure in metallurgical and engineering circles, and the 
non-ferrous industry has lost a personality who always took a great interest 
in organizations connected with tho Industry. He participated in the 
inception o f the Institute o f Metals, the foundation o f which was laid in 
Manchester, and he followed its progress with very great interest from its 
foundation (he was an Original Member) until ill health precluded further 
active service. He served on the Council from 1921 until 1937.

Mr. Tomlinson was born in 1S72, and at the age of 16 years joined the 
Broughton Copper Company, starting work in the Laboratory. Having a 
leaning towards the electrical side, he specialized on the electrical installations 
and plant of the Company, laying down, in due course, a new electrodeposition 
plant which was at that time the most up to date in the country.

In his technical training he had the great advantage of collaboration 
with Dr. David Watson, Works Manager of the Broughton Works, in the 
development o f many o f the processes with which tho Broughton Copper 
Company’s name has been associated for so many years. On the death of 
Dr. Watson, in 1905, he became Technical Manager of the company, and later 
Works Manager. He joined the Board of the Company in 1921, and remained 
in that capacity until the merger with Imperial Chemical Industries, Ltd., 
four years ago. Some years previous to this, Mr. Tomlinson’s health had 
been affected, and he retired after very honourable and long active service, 
at the age of 62, though he remained a consultant to Imperial Chemical 
Industries, Ltd., until the time of his death.
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With Mr. Tom Bolton, Mr. Tomlinson was instrumental in forming the 

British Non-Ferrous Metals Research Association, and for many years he acted 
as Chairman o f one of its most important committees. He also served on various 
committees o f the British Standards Institution, and on the Executive 
Committee of the Brass and Copper Tube Association.

During the War Mr. Tomlinson spent himself in the interests o f the Country 
at the request o f the Ministry of Munitions, when he was responsible for the 
output o f large projectile shell bands.

His was a vivid personality, imbued with the Lancashire characteristics 
o f  grit and determination. A  charming colleague and a loyal friend.

E. A. M e r c e r .

WILLIAM HENRY WILLIAMS.
Mr. W. H. Williams, Chairman and Managing Director o f  the Aston 

Chain and Hook Company, Ltd., Bromford, died, after a long illness, on 
November 2, 1937.

He was born and educated at West Bromwich, and was apprenticed to 
Kynoch, Ltd., at Witton. By the time he came of age he was in charge o f 
a section o f the sporting department of the company, and afterwards held 
managerial positions in the case rolling, fuse, cycle chain and cycle fittings 
departments. He left Kynochs in 1903 to become manager o f the Aston Chain 
and Hook Company, and after about a year was appointed managing director. 
Ultimately he took over full control o f the business from its former owners. 
When he joined the company its employees numbered about forty-five; 
they now number about five hundred.

Mr. Williams was a director o f the Midland Laboratory Guild, Birmingham. 
In 1919 he was made a member of the Order of the British Empire for his 
wartime services. He was for many years keenly interested in the work of 
the Royal Cripples Hospital, and was a generous contributor to its funds.

Mr. Williams was elected a member o f the Institute in 1917.
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