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THE INS TITUTE OF METALS
S E C T IO N  I.

MINUTES OF PROCEEDINGS.

A N N U A L  A UTUM N M EETING.

Tin; T w e n t y - F o u r t h  A n n u a l  A u t u m n  M e e t i n g  of the In s titu te  of Metals 
was held, jointly w ith the Iron and Steel Institu te , in London, from September 
12 to  15, 1932.

Monday, September 12.
The meeting opened in the evening, in the Hall of the Institu tion  of 

Mechanical Engineers, Storey’s G a te ,  W estminster, S .W .l, the President of 
the Institu te  of Metals, Sir H enry Fowler, K .B.E ., LL.D., D.Sc., occupying the 
Chair, when Dr. H . J . G o u g ii , M.B.E., delivered the In stitu te  of Metals 
E l e v e n t h  A u t u m n  L e c t u r e  on “ Corrosion-Fatigue .of Metals,” a full report 
of which is given on pp. 17-92.

On the motion of the P r e s i d e n t , seconded by Professor H e n r y  L o u i s , 
M.A., D.Sc., A.R.S.M., a  hearty  vote of thanks was accorded to  Dr. H .  J . 
G o u g h  for his lecture.

Tuesday, September 13.
A t the morning session held in the Hall of the Institu tion  of Civil Engineers, 

Great George Street., S .W .l, members of the Iron and Steel Institu te  and the 
Institu te  of Metals m et to  discuss a programme of five papers, two of the Iron 
and Steel Institu te  and three of the In s titu te  of Metals, th a t were considered 
to  be of interest to  the members of both Institutes.

In  the afternoon the Iron and Steel Institu te  papers were presented and 
discussed, under the chairmanship of Colonel Sir Ch a r l e s  W r i g h t , B art., 
K .B.E., C.B., in the H a l l  of the Institu tion  of Civil Engineers, whilst the In s ti
tu te  of Metals papers were presented and discussed, under the chairmanship 
of Sir H e n r y  F o w l e r , K .B.E ., LL.D., D.Sc., in the Hall of the Institu tion  of 
Mechanical Engineers.

Morning.

The C h a ir m a n  (Colonel Sir Charles W right, B art., K .B.E ., C.B., President 
of the Iron and Steel In s titu te ) : As you all know, by the very kind invitation 
of the American Iron and Steel Institu te  and the American In s titu te  of 
Mining and Metallurgical Engineers, arrangements had been initiated for 
holding this year’s autum n meetings of the Iron and Steel Institu te  and the 
Institu te  of Metals in America. Circumstances unfortunately prevented this 
and i t  was found necessary to abandon the plans already made. I  am sure 
th a t the President of the Institu te  of Metals, Sir H enry Fowler, will wish to  
join w ith me in expressing our gratitude to  our American friends for the very 
cordial gesture they made to  us, and perhaps i t  m ay still be possible to witness 
the fulfilment of the original plan in  the no t very far distant future.



14 Annual Autumn Meeting
As an alternative, the Councils of our respective Institu tes considered th a t 

the idea of a  simultaneous meeting might still be maintained. I t  is a  real 
pleasure to  me in m y year of Presidency to  have this jo in t meeting, more 
especially as Sir Henry Fowler is a  very old and great friend of mine, with 
whom I worked very closely in the m any high positions he occupied during the 
Great War. There arc many who arc members of both Institutes, and 1 feel 
th a t there will be general agreement th a t the meeting together of the two bodies 
th is year will be enjoyed and appreciated by us all.

Sir H e n r y  F o w l e r , Iv.B.E., LL.D., D.Sc. (President of the Institu te  of 
M etals): We of tho Institu te  of Metals appreciate the opportunity of holding 
this joint meeting w ith tho Iron and Steel Institu te. One feels th a t the 
establishment of personal contact between those of us interested in  ferrous and 
non-ferrous metals cannot fail to  bo of benefit to  us scientifically as well as 
socially.

The President of the Iron and Steel In s titu te  occupied the chair during the 
presentation and discussion of tho Institu te  of Metals papers, whilst the 
President of the Institu te  of Metals occupied the chair during the presentation 
and discussion of tho Iron and Steel Institu te  papers.

C o m m u n ic a t io n s .

The communications by the following authors were presented and discussed: 
J .  R . H andforth ; A. L. Norbury and E . Morgan (Iron and Steel Institu te  
papers); W. R . Barclay, G. A. V. Russell, and H. Williamson; G. L. Bailey; 
and E. J .  Daniels (Institu te of Metals papers). In  each case a hearty  vote of 
thanks to tho authors was proposed by tho Chairman and carried w ith 
acclamation.

Afternoon.
A t the resumed meeting a t  the Institu tion  of Mechanical Engineers, Sir 

H e n r y  F o w l e r , K .B.E., LL.D., D.Sc., President, in the C hair:

N o m in a t io n s  o f  O f f ic e r s  f o r  1933-34.
The S e c r e t a r y '  (Mr. G. Shaw Scott, M.Sc.) read the following list of 

Members nominated by the Council to fill vacancies as officers for tho year 
1933-34:

President.
Sir H e n r y  F o w l e r , K .B.E ., LL.D., D.Sc.

Vice-Presidejits.
C. H . D e s c h , D .S c., Ph.D ., F.R.S.
Professor R. S. H u t t o n , D.Sc., M.A.

Members o f Council.
Engineer Vice-Admiral Sir R o b e r t  D i x o n , K .C .B . ,  D .E n g .

W e s l e y  L a m b e r t , C.B.E., A.K.C.
H . C. L a n c a s t e r .

A. H . M u n d e y .
A. J . G. S m o u t .
F .  T o m l in s o n .

The P r e s id e n t  : The result of the ballot for the election will be announced 
a t the Annual General Meeting to  be held in London on March 8 and 9, 1933. 
I  have to remind members th a t any ten members are entitled a t  this meeting 
to  nominate a candidate other than  one of those nominated by the Council,
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so long as th is is done before the conclusion of our meeting hero a t  midday on 
Wednesday, September 14.

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

Tho S e c r e t a r y  announced th a t the following members and studen t 
members had been elected on Ju ly  14 and August 25, 1932 :

M e m b e r s  E l e c t e d  o n  J u l y  14 , 1932 .

C l a u s s h a n n , Paul, Dr.-es-Sci 
E n g e l , W alter, Dr.-phil. 
H i g g in s , Harold 
H u d s o n , Frank 
H u g h e s , David Wynne 
N e m il o w , W ladimir A. 
Q u i n n e y , H arry, M.A. 
S a d l e r , A rthur Vernon

Paris, France. 
Copenhagen, Denmark. 
Leeds.
Kilmarnock.
Liverpool.
Leningrad, U.S.S.R. 
Cambridge.
Leicester.

S t u d e n t  M e m b e r s  E l e c t e d  o n  J u l y  14, 1932 .

B a r h a m , Basil Stanley 
Ch e r r y , Alexander William

London.
Birmingham.

M e m b e r s  E l e c t e d  o n  A u g u s t  2 5 , 1932.

C u t h b e r t s o n , Joseph William, M.Sc. . 
E d m u n d s , William Thomas, B.Sc. 
G r e e n w o o d , H arry  D elbert, B.S.
H e a t o n , Ralph, B.Com. . . . .  
H o w a r d , Captain H erbert Seymour (C .C .),

U.S.N., M.S.....................................................
M o o r e , Norman Clement . . . .  
M o r g a n , Frank Ewen . . . .  
P e r r y , E verett Robbins . . . .
P is a r t , Fernand . . . . .  
S ru R R , Edward . . . . .  
T h o m p s o n , Maurice Bernard, Ph.D ., B.Sc., 

A.R.S.M...........................................................

Manchester.
Maestcg.
Carteret, N .J., U.S.A. 
Birmingham.

London.
London.
K hargpur, India.
Los Angeles, Cal., U.S.A. 
Liege, Belgium. 
Coventry.

Rotherham .

S t u d e n t  M e m b e r s  E l e c t e d  o n  A u g u s t  2 5 , 1932 .

S t e v e n s , H arry, B.Sc.......................................... Birmingham.
T e m p l e , Samuel Geoffrey . . . .  Birmingham.

C o m m u n ic a t io n s .

The communications by the following authors were presented and discussed: 
N. P . Allen; J . D. Grogan and T. H . Schofield; H. A. Sloman; R. J .  M. 
Payne and J .  L. H aughton; D. Stockdale; M. Cook and H . J .  Miller; and 
J . H. W atson. In  each case a hearty vote of thanks to the authors was 
proposed by tho President and carried with acclamation.

Evening.
In  the evening the Presidents of the Iron and Steel In s titu te  and the 

Institu te  of Metals received the members and their ladies a t  a  Conversazione 
held a t  the Science Museum, South Kensington.
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Wednesday, September 14.
The meeting was resumed in the morning under the chairmanship of tho 

President.
C o m m u n ic a t io n s .

The communications by the following authors were presented and discussed: 
C. E . Ransley and C. J . Sm ithells; H. J . Gough and D. G. Sopw ith; Professor
G. I. Taylor and H. Q uinney; H. W. Brownsdon and L. C. B annister; and 
W. H. J . Vernon. Papers by IC. L. Meissner, and T. G. Bamford were pre
sented, bu t not discussed. In  each case a hearty  vote of thanks to the authors 
was proposed by the President and carried w ith acclamation.

V o t e s  o f  T i ia n k s .

The P r e s id e n t  : I  wish to move : “  T hat the best thanks of the Members 
in  General Meeting assembled be accorded to  :—

(1) The Director (Sir Joseph E . Petavel, K .B.E ., D.Sc., F.R.S.) of the 
N ational Physical Laboratory, for granting permission to members to visit 
the Laboratory;

(2) Tho Director (Sir H enry Lyons, D.Sc., F.R.S.) of the Scienco Museum, 
for granting permission for a Conversazione to  be held a t  the Science Museum, 
and for m any facilities;

(3) The Director (C. C. Paterson, Esq., O.B.E.) of the Research Labora
tories of the General Electric Company, L td., Wembley, for granting permission 
for members to visit tho Research Laboratories and the Lamp and Glass Works, 
and for his hospitality;

(4) The Mond Nickel Company, L td., for granting permission for members 
to  v isit their Acton Refinery, and for their hospitality ;

(5) The Ford Motor Company (England), L td., for granting permission for 
members to  visit their Dagenham W orks;

(6) The President (Vice-Admiral Sir William Boyle, K.C.B.) of the Royal 
Naval College for granting permission for the ladies to visit Greenwich 
Hospital with its Painted Hall, Royal N aval Museum, and Chapel.

(7) The Council of the Institution of Civil Engineers, and the Council of 
the Institu tion  of Mechanical Engineers, for so kindly perm itting tho use of 
their splendid halls and buildings and for many facilities.”

Dr. H . M o o e e ,  C.B.E., Vice-President, seconded the motion, which was pu t 
to  the meeting and carried w ith acclamation.

Tho business meeting then terminated.

In  the afternoon visits were paid, by kind permission, to the N ational 
Physical Laboratory, Teddington; the Research Laboratories and the Lamp 
and Glass Works of tho General Electric Company, L td., Wembley, and the 
Acton Refinery of the Mond Nickel Company, Ltd.

Thursday, September 15.
Members of the Iron and Steel In s titu te  and the Institu te  of Metals, and 

their ladies, took p a rt in an  all-day excursion on the R iver Thames to  the 
works of the Ford Motor Company (England), L td., a t  Dagenham. Threo 
steamers left W estminster carrying a  party  of over 400 members and their 
ladies. Luncheon was provided on board. The main party  disembarked a t 
Dagenham a t 2 p.m., while the ladies visited Greenwich Hospital, all returning 
to W estminster a t  7 p.m., when tho meeting terminated.



CORROSION-FATIGUE OF METALS
EL EV EN TH  AUTUM N LECTURE TO TH E IN ST ITU T E OF 

METALS, D E L IV E R E D  SEPTEM BER 12, 1932.

By H. J. GOUGH,* M.B.E., D.Sc., Ph.D., M e m b e r .

S y n o p s is .
Corrosion-fatiguo of motels is defined as the behaviour of metals sub

jected to cyclical stresses while exposed to an environment of an oxidizing 
nature, and is discussed accordingly in the present lecture. Following a 
brief historical account, the nature of the general problem, the nomen
clature employed, and the characteristics of laboratory tests are stated ; 
representative failures in servico are described. Consideration is then 
given to tho general influences of chemical composition, lieat-treatment, 
and cold-working on the resistance of metals to corrosion-fatigue, also of 
the effect of time, number of cycles, and corrosivity of environment as 
factors in the process. The available knowledge regarding tho special 
case of corrosion-fatigue in steam is discussed, also the general character
istics of corrosion accelerators and inhibitors. I t  is shown that a  recog
nition of the importance of oxygen as a factor in fatigue renders entirely 
reconcilable tho results of many apparently unrelated observations which 
have been obtained in independent researches. Some fundamental facts 
regarding tho nature of corrosion fatigue can bo dcduced from observa
tions of the changes of microstructure occurring under these conditions. 
Primary importance is attached to tho behaviour of protective films under 
the straining actions associated with cyclical stressing. Although a largo 
field of research remains to bo explored, yet, even a t tho present time, 
it is concluded that the mechanism of corrosion-fatiguo can be reduced 
to an ordered sequence of chemical and physical events which are explic
able in tho light of existing knowledge relating to corrosion and fatigue 
phenomena.
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1.— I n t r o d u c t o r y .

C o r r o s i o n  being essentially a process of oxidation, and fatigue a generic 
term employed to denote those phenomena exhibited by metals and 
other materials, when subjected to cyclical variations of stress, the 
subject of the present lecture may be properly and concisely defined 
as the behaviour of metals subjected to cyclical stresses while exposed to 
an environment of an oxidizing nature. Objections have been raised to 
the use of the term “ corrosion-fatigue,” on the grounds that undue 
restrictions arc thereby placed on the range of the phenomena which 
fall within the meaning of the term, but these objections are fallacious, 
apparently being based on the assumption that fatigue occurs only 
when the applied conditions are such that complete fracture will 
ultimately result. This definition of fatigue is much too restrictive, 
for extensive researches have shown that, under certain conditions, 
metals can be exposed to an indefinitely great number of repetitions 
of a range of cyclic stress without producing fracture, although the 
physical properties of the metal may be greatly changcd in the process; 
these changes are indications of fatigue. Corrosion-fatigue of metals 
will therefore be discussed according to the definition stated above.

The separate damages to metals caused by corrosion and by cyclic 
stresses have been the subject of much experimental study, yet the 
results offer little indication of the greatly accelerated damage which 
may result when these influences act simultaneously; it  is important to 
realize that these separate cffects arc not merely additive, and to appre
ciate the reason. In the usual type of corrosion test, the specimen may 
be subjected to  stress, but the conditions are essentially static; it is 
common experience to find that the presence of the resulting corrosion 
products tends to retard the attack or to cause it to cease completely. 
Directly cyclic stresses are superimposed, the induced cyclic strains 
tend to rupture, or render more permeable, the protective film, and 
to dislodge or remove the other products of corrosion; hence, the 
cyclic stresses may be said to accelerate corrosion in an indirect manner. 
Again, the pitting of the surface by corrosion gives rise to mechanical 
stress concentration effects, and corrosion may therefore be said to  
increase the effect of the applied stresses. Of these two accelerating 
factors, that of the cyclic strains on the corrosion products is usually 
much the more potent in the general case of corrosion-fatigue.

In many cases of corrosion-fatigue, the amount of metal com
bining to form corrosion-products is extremely small—to such an 
extent that certain fractured laboratory specimens retain undiminished 
their surface brightness, although their fatigue resistance has been 
considerably reduced. The serious damage sustained has been caused
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by the presence of sharp, deep pits or crevices, produced under the 
conjoint action. The mechanism of the production of these pits is 
the major problem of the subject. At first sight, therefore, corrosion- 
fatigue phenomena appear to differ essentially from those of static 
corrosion or of ordinary fatigue, but it is hoped to show that the same 
fundamental operative factors are involved.

Stressed parts subjected to marine conditions are liable to corrosion- 
fatigue, and the fitting of ship’s tail shafts with brass liners has been 
common practice for many years. In naval practice, the shaft is 
usually totally enclosed, whilst two-part liners are common in the 
merchant service, although the continuous liner is now being more 
generally adopted. A reason for the use of these liners was the superior 
wearing quality of the brass, as compared with the steel shaft, in 
lignum vilce, permitting wear without weakening of the shaft itself. 
The author has been unable, however, to find any reference to an early 
recognition, in marine engineering circles, of the conjoint action of 
corrosion and fatigue, and the long-established precautions taken to 
exclude sea-water appear to have been adopted with the object of 
restricting the mere wastage of dimensions resulting from ordinary 
corrosion.

Some early references occur in the literature to alleged failures of 
railway carriage axles due to corrosion-fatigue, and I have endeavoured 
to obtain particulars of these failures. Our president— Sir Henry 
Fowler—has kindly interested himself in this matter and has had a 
careful search made of the records, but without success; at the time 
of writing, it  seems extremely doubtful whether any axle failures, due 
to this cause, actually occurred. I am informed * that the late Mr.
H. R. Haigli, of Derby, held the definite opinion that fatigue of metals 
could be influenced and accelerated by chemical action ; he frequently 
directed, in discussion, the attention of engineers to the importance 
of the conjoint action. At his suggestion, Dr., now Professor, B. P. 
Ilaigh made some laboratory tests and found that accelerated fatigue 
did occur in the presence of chemical reagents, also that the action was 
less marked in soft than in hard steels.

The experience thus gained by Dr. B. P. Haigh was destined 
to be of valuable service 5 when, in 1916, lie was “ lent ”— by the 
Royal Naval College—to assist Lieutenant Burney, the designer of the 
paravane, in the various problems of the strengths of materials which 
arose in that connection. The paravane towing ropes and attach
ments, although subjected to only moderate nominal forces, were 
maintained íd a state of violent vibration while exposed to the action

* 1 am indebted to Professor Haigh for this interesting information.



20 Autumn Lecture, 1 9 3 2

of sea-watcr eddying round the rope, and the effective life of the ropes 
was disquietingly small. An abnormally small endurance was also 
exhibited if the submerged ropes came into contact with any part of 
the fittings of the paravane or of the forefoot of the vessel. It was 
also found that the use of steels produced by différent processes, and 
of widely differing mechanical strengths, gave endurances which did 
not differ appreciably. The life of the ropes was finally increased 
very greatly by the use of galvanized wire : the protection afforded 
by the zinc coating enabled the superior fa'tigue resistance of high- 
tensile wire to  be developed, thus producing greater flexibility and 
decreased towing resistance. This use of galvanizing is extremely 
interesting : the resistance to corrosion wras thereby increased, although 
the normal fatigue resistance in air was undoubtedly decreased ; * the 
total result being that superior resistance to corrosion-fatigue was 
obtained. A full description of this work has since been published by 
Ilaigh.18

The first published account of laboratory experiments on corrosion- 
fatigue was given by Haigh 17 in a paper published in 1917. The 
subject received no further research attention for some years, after 
which investigations were started quite independently, and almost 
contemporaneously, in England and America. The Aeronautical 
Research Committee of the Air Ministry has for many years supervised 
a number of researches, carried out at various laboratories, into many 
aspects of the problem of fatigue. In 1925, a research was com
menced, on behalf of the Committee, by Lehmann—working in Pro
fessor J. F. Jenkin’s laboratory at Oxford—into the fatigue strength 
of metals tested in the presence of hot aqueous solutions. The results 
of the research, published 23 in 1926, directed attention to the important 
part played by air in corrosion-fatigue phenomena : strongly corrosive 
liquids were found to exhibit surprisingly small effect on the fatigue 
resistance when they contained little dissolved air. The importance of 
oxygen was further demonstrated in work carried out by Binnie.4 A 
comprehensive investigation into corrosion-fatigue, on behalf of the 
Aeronautical Research Committee of the Air Ministry, was commenced, 
as a joint research, at the National Physical Laboratory at Teddington 
and the Royal Aircraft Establishment at Farnborough. This pro
gramme includes the study of fundamental aspects by metallographic 
examinations and the use of single crystals, the effect of different 
environments and of protective coatings, in addition to the collection.

* Seo very recent paper by W. H. Swanger and R. D. Franco on “ Effect of 
Zinc Coatings on the Endurance Properties of Steel,” Amer. Soc. Test. Mal. Pre
print, 1932.
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of data for use in the design of aircraft operating under marine con
ditions. Some results of this work have already been published.13- 14>15

The origin of the American work is of great interest, as it was not 
planned initially as an investigation into corrosion-fatiguc, but as an 
examination of the effects of temperature on the shape of the curve 
connecting range of stress and number of cycles to  fracture of speci
mens fatigued in air. McAdam 27 investigated the effects of altering 
the temperature of the test-piece by various means, which included 
the use of various cyclic speeds, cooling the specimen by a water 
stream, and altering the thermal conductivity of the specimen by 
changes in its shape. When, however, the experiments on the water- 
cooled specimens were extended to include lower stress ranges and corre
spondingly greater endurances, McAdam encountered abnormal results, 
which indicated that a chemical as well as a thermal action of the 
water stream was involved, and that this chemical action had “ un
expected influence on the fatigue-resisting properties.” To this con
joint action McAdam applied the new term “ corrosion-fatigue.” 
McAdam’s first report27 was published in 1926; it was the first of a 
long series of papers27-11 which described the most systematic and 
comprehensive investigation on corrosion-fatigue which has yet been 
published. McAdam’s work has exerted a profound influence on other 
workers in this field. He has investigated the corrosion-fatiguc 
properties of a comprehensive range of metals and alloys, and explored 
the general effects of composition, heat-treatment, and cold-working. 
Even more important is his general investigation of the inter-relation
ship of the factors, stress, time, and number of cycles on damage. It  
will be a matter of general regret if his recent transfer from the U.S. 
Naval Experiment Station to the Bureau of Standards involves the 
cessation of his invaluable researches into corrosion-fatigue phenomena.

The foregoing traces the early history of the subject and the two 
main investigations in England and America carried out in the labora
tories of, or supervised by, State Departments. Corrosion-fatigue is, 
however, of such direct importance in industry that it  is not surprising 
to find that other valuable investigations have been made in industrial 
research laboratories or on behalf of industry. In this connection 
passing reference may be made to the follow ing: in England, the 
work of Haigh and Jones,10 also of Beckinsale and Waterhouse,2 in 
connection with the special problem of lead alloys for cable sheathing, 
carried out on behalf of the British Non-Ferrous Metals Research 
Association; of Inglis and Lake,21 conducted in the laboratories of 
Messrs. Synthetic Ammonia and Nitrates, Ltd. The application of 
the subject to the special needs of turbine constructors has been
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studied in America by Fuller,8'9 of the Research Laboratories of the 
General Electric Company, and, in Switzerland, by Honegger, on behalf 
of Messrs. Brown, Boveri & Co. To the researches of Speller, McCorkle, 
and Mumma,®'60 carried out in tho laboratories of the National Tube 
Company, we are indebted for considerable knowledge of the influence 
of corrosion accelerators and inhibitors, and the important reminder 
that extremely local conditions may produce effects far outweighing 
those due to the general environment. The resistance of structural 
steels to corrosion-fatigue has received attention, in Germany, by  
Schulz and Buchholtz,47 working in the Research Institute of the 
Vereinigte Stalilwerke À.G. Researches are also in  progress in various 
European and American Universities. The above brief references to  
research activities will explain why it is that, although the important 
investigations of corrosion-fatigue have all been made within a period 
covered by the past seven years, considerable knowledge of the subject 
is now available. Ample scope, however, remains for further investiga
tion. Some suggestions for research have been s ta te d ;12 these and 
many others await attention.

In preparing what is the first general survey of corrosion-fatigue 
phenomena, tho author has discussed the subject under certain 
sections, and a word of explanation is due concerning what may be 
regarded as two omissions. First, no special reference has been 
made to the protection afforded by coatings. A little work has already 
been carried out on this aspect by Fuller, Inglis, Honegger, and 
McAdam; extensive investigations, however, are in progress at the 
Royal Aircraft Establishment, at the Bureau of Standards, in the 
Research Department of the National Tube Company, and, on behalf 
of the British Non-Ferrous Metals Research Association, in the Research 
Department, Woolwich, and some of the results obtained should soon 
be ready for publication. Any survey made at the present time 
would necessarily be incomplete and probably misleading, and, hence, 
none has been attempted. Secondly, much might have been written 
concerning the possible relation between boiler failures and corrosion- 
fatigue. The author has deliberately refrained from so doing, because 
of tho essential differences which exist between actual boiler conditions 
and the conditions of corrosion-fatigue tests the data of which would 
form the only basis of comparison. Much more knowledge is required 
of the effect of temperature, of varying general concentrations of 
dissolved oxygen, of local concentrations of oxygen at seams and 
rivets, of turbulence, of the influence of corrosion products of the type 
formed under boiler conditions, of different types of water, and of 
extremely low cyclic frequencies; until more of this knowledge is
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available, considerable speculation would be involved in attempting 
to correlate failures under corrosion-fatigue and under boiler conditions.

2.— G e n e r a l  C o n s i d e r a t i o n  o p  t i i e  P r o b l e m ,  t h e  N o m e n c l a t u r e  
E m p lo y e d ,  a n d  t h e  C h a r a c t e r i s t i c s  o p  E n d u r a n c e  T e s t s .

Mucli confusion has resulted from a tendency to consider “ fatigue ” 
and “ corrosion-fatigue ” as soparate and distinct actions; a corrcct 
appreciation can be obtained only if the whole subject is treated, on a 
perfectly general basis, under one general title. I t  cannot be denied 
that the term “ fatigue ” is open to grave criticism, but it  has acquired 
universal use. The fatigue properties of a metal are obtained from a 
series of groups of experim ents; in the individual experiments of each 
group only one variable is explored. The essential variables then 
become : (1) the applied stress system ; (2) the environment, or contact 
substance, of the specimen; (3) the test temperature, and (4) the 
frequency of the stress cycle. Other important variables relating to  
the specimen are its size, shape, and surface condition, but, to simplify 
the subject in the present treatment, these m il be considered as con
stants. The applied stress system can consist primarily of direct, 
flexural, or torsional stresses, or a combination of these. With any 
one type of stress, this can be sub-divided essentially into stress cycles 
involving impact, or stress cycles varying between certain minimum  
and maximum values without shock. The latter is the general case 
(usually, under laboratory conditions, the stress-tim e function is 
represented by a sine curve) when the cycle is conveniently repre

sented by ( m  ¿3 f- j ,  where M  is the mean or average stress, and

R  is the algebraic difference between the maximum and minimum 
stresses of the cyclc. W ith regard to variable (2), it has been too 
lightly assumed that none but stress effects are in operation when the 
atmosphere constitutes the environm ent: very recent research 14 has 
shown that this is not the case, and that a perfect vacuum is probably 
the real standard of comparison. Probably the ideal environment 
would be one which is absolutely inert (chemically) to the specimen, and 
also ensures that the temperature of the specimen remains throughout 
at a pre-determined value. The effect, in ordinary fatigue, of the 
primary variables (1), (3), and (4) has long been recognized, and a 
vast number of researches have shown clearly that, even when air is 
the constant environment, it is impossible to express the fatigue 
resistance of a material as a single quantity. Still less simple, there
fore, becomes the statement of the fatigue resistance when another 
important variable—environment—is introduced, and it is essential



24 Autumn Lecture, i i ) 3 2

that this fact shall be realized at the outset. Whatever data are 
derived from a corrosion-fatigue test must be held to apply only to the 
precise conditions of test ; the application of the experimental data to  
any other conditions or to design must be made with the very greatest 
care, and only after serious consideration has been given to any 
differences of conditions that may exist.

Holding air as a constant environment, considerable information 
exists regarding the effect of the other primary variables ; this informa
tion is summarized elsewhere.10- u >12 With other environments a 
large field for research exists, in spite of the exhaustive work 
already accomplished. For example, practically nothing is known of 
the effect of the mean stress of the cycle, M  ; most corrosion-fatigue 
tests have been made using cycles of reversed stress * (M  — 0), and in 
most of these flexural stresses have been employed, although torsional 
stresses have received some attention (a report from the National 
Physical Laboratory on some tests employing reversed direct stresses 
will be published shortly). The effect of the frequency of the cycle is 
negligible, in fatigue tests conducted in air, and at atmospheric tem 
perature, at cyclic frequencies up to about 3000 cycles per minute : 
at higher frequencies, Jenkin has shown that the fatigue resistance 
increases steadily up to very high frequencies (why this should be so 
is a fundamental problem of the subject, although the effect of speed 
on plastic deformation is most probably largely concerned). With 
environments of a corrosive nature, a marked speed effect in the 
opposite direction is observed; this would be expected, however, as 
penetration by corrosion is essentially a process involving time.

Bearing in mind the above broad general treatment, we can pro
ceed to obtain some nomenclature for use in the present paper. A 
typical group of fatigue experiments will consist of tests on a number 
of specimens, the following factors being held constant in each test : 
the type of straining or stressing action (direct, flexural, torsional, 
&c.), the value of the mean stress M , the frequency of the stress cycle, 
and the nature and temperature of the environment. The stress range

( r  or i  g- j  is calculated from the applied loading on the original area

of the specimen and— in the case of flexural or torsional stresses—
* If M  =  O, the stresses are referred to os “ reversed” stresses; if M<!

Ra cycle of “ alternating”  stresses is obtained; if M  =  ~ , the stresses are

said to be “ repeated.” If My the stresses are said to be “ pulsating” or
*■ fluctuating.”  Reversed stresses are merely a special case of “ alternating” 
stress, the correct definition for the latter being a cycle in which the maximum 
and minimum stresses are of opposite signs.
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assuming that elastic conditions obtain in the specimen. After a 
certain number of stress cycles, N , the specimen fractures; N  cycles 
is then termed the “ endurance ” of the specimen. Other specimens 
are then tested under other ranges of stress, some probably remaining 
unbroken. The results of the experiments are then plotted on a

R
diagram of which the ordinates S  usually refer to the values of

values of N  being plotted as abscissas. Usually, the results fall fairly 
evenly on a locus known as an “ S /N  ” curve. In the case of tests 
conducted in air, the form of the curve is generally such that its inclina
tion to the N  axis becomes less as the range of stress is decreased, and 
tends, at some stage, to  become parallel * to  the N  axis and to remain 
parallel for greater values of N . The final asymptotic value of the 
curve, representing that value of S  which will not produce fracture 
after an indefinitely great number of stress cycles, is denoted as the 
“ fatigue lim it ” of the material under the test conditions. It is often 
convenient—especially in cases where the curve does not tend to an 
asymptote or where the experiments have not been carried on long 
enough to determine the asym ptotic value—to express an ordinate 
value of the curve in terms of the value of S, which is just insufficient 
to produce fracture at a certain number of stress cycles. This value 
will be referred to as the “ endurance lim it (A7),” where N  is the quoted 
number of cycles. Now these two terms— “ fatigue lim it ” and “ endur
ance limit (N) ”—are sufficiently precise to  be used whatever the test 
environment may be. Unfortunately, another term, “ corrosion- 
fatigue lim it,” was coined by McAdam, and is in general use. McAdam’s 
earlier test data appeared to indicate that when the environment was 
a stream of fresh water, the corrosion-fatigue S jN  curve also became 
definitely asymptotic, and he undoubtedly used the term originally as 
denoting a real fatigue limit. As his own work proceeded, and as the 
work of other investigators became available, it  became increasingly 
doubtful whether the S jN  curves obtained in corrosion-fatigue tests 
did in fact tend to  an asym ptote: in some cases 21 the S /N  curve, 
plotted on a log-log scale, is a straight line. The term, however, is in 
such general use that the author, after registering protest, has decided 
to retain it in the present connection, but will use it always in the 
form “ corrosion-fatigue limit (N),” thereby indicating that it  is really 
exactly equivalent in meaning to the term “ endurance limit (¿V) ” by 
which it should be entirely supplanted: its present use must not be

* There are certain exceptions to tins behaviour: see tests by Johnson and 
Oberg !1 on some aluminium alloys where the S /N  curves had not become hori
zontal even a t 500 millions of stress cycles.
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taken to indicate that a definite “ fatigue limit ” exists under the 
stated conditions of test.

The general characteristics of S /N  curves will be seen in Figs. 1 
(a) and (£>), plotted from data obtained by McAdam. All tests were 
made in a rotating bar machine, applying reversed flexural stresses, 
at a speed of 1450 cycles per minute. In the corrosion-fatigue tests, a 
stream of fresh water (calcium carbonate well water 28) or salt water 
(river water having a saline content about one-sixth that of sea water) 
was diagonally applied so as to surround entirely the stressed portion 
of the specimen. The curves relate to 0-16 per cent, carbon steel,30 
1-09 per cent, carbon steel,30 0-14 per cent, carbon steel containing 
0-98 per cent, copper,30 a chrome-vanadium stee l30 (chromium 0-88, 
vanadium 0-14 per cent.), a stainless iron 30 (chromium 13, carbon 
0-11 per cent.), a high-chromium stee l30 (chromium 27 per cent.), 
Duralumin,29 Monel metal,23 nickel,29 and an “ aluminium-bronze ” 30 
(aluminium 7-5 per cent.). In general, it will be seen that increased 
destructive effects result from the water of greater salinity : some 
exceptions, however, will be noticed. The results on Duralumin are 
interesting : marked “ scatter ” of results occurs in the tests con
ducted in air, whilst the corrosion-fatigue tests plot very consistently. 
Many of the corrosion-fatigue S /N  curves are of such a shape that one 
might reasonably conclude that they have become horizontal and 
that a real fatigue limit has been developed. The fresh-water curve 
for Monel metal would be a good example : at 65,000,000 cycles an 
asymptotic curve could be drawn to  pass through the points. Yet 
more recently40 McAdam had reason to determine the S /N  curve for 
the same alloy, including tests at much greater endurances : the curve 
he obtained is reproduced in Fig. 1, being marked “ Monel (2).” 
Although the curve becomes horizontal at about 50 million cycles, 
beyond this point it turns downwards. At about 800 million cycles 
the ordinate value is less than half the value of the “ corrosion-fatigue 
limit (5 X 107).” Equally lengthy corrosion-fatigue tests (not repro
duced) made on a stainless iron and a stainless steel showed a similar 
reversal of curvature of the S /N  curve between 10 and 50 million 
cycles. The above notes and diagrams should show with what extreme 
caution quoted values of “ corrosion-fatigue lim its ” should be accepted ; 
the influence of the “ corrosivity ” of the environment and the value 
of the “ endurance basis ” will be clear. It only remains to  mention 
the marked influence of the speed of testing on the position and shape 
of the S /N  curve. To demonstrate this fact, corrosion-fatigue S /N  
curves, for a nickel-silicon s tee l30 (nickel 3-1, silicon 1-58, carbon 
0-47 per cent.), at three different speeds of testing are included in
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Fig. 1. These curves afford one reason why independent laboratories, 
employing similar machines but operated at different speeds, report 
differing values for similar materials.

3 .— Co r r o .s io n - F atiguio  F a il u r e s  i n  Se r v ic e  a n d  u n d e r  
L a b o r a t o r y  Co n d it io n s .

Corrosion-fatigue is the direct cause of a large variety of failures in 
service, although until fairly recently the potency of the combined 
effects of corrosion and cyclic stress, also various characteristics of 
such failures, have been so little understood that their cause has often 
remained obscure and unappreciated. As would be expected, this type 
of failure is common under marine conditions, and precautions, such 
as the sheathing of propeller shafts with bronze liners and means of 
preventing sea-water from entering joints, were common practice long 
before the principles governing corrosion-fatigue were realized. In 
those earlier times, what was aimed a t-chiefly was undoubtedly the 
prevention of the wastage of metal and its resulting decrease of effective 
resistance by mere reduction of dimensions, and it must have been a 
complete mystery how total failure occurred with such a slight degree 
of apparent surface damage. The particularly destructive mechanism 
of corrosion-fatigue, by which very sharp, narrow fissures are formed, 
is now becoming more generally known, and the mystery no longer 
remains. Previous reference has been made to the aspect of the para
vane problem which arose from corrosion-fatigue. The following are 
further examples of service failures which have been definitely and 
reliably traced to corrosion-fatigue action :—

Marine propeller shafts ;
Ship’s rudder main piece ;
Steering arms and stub axles of motor vehicles ;
Boiler and superheater tubes ;
Turbine rotors, discs, and blading ;
Tramway and locomotive springs ;
Various kinds of piping conveying corrosive liquors ;
Flying wires of aeroplanes ;
Pump shafts, pump rods, and pump bodies exposed to water ;
Water-cooled piston rods of Diesel engines ;
Steel railway sleepers, &c., &c.

From careful examination of certain boiler explosions and similar 
failures, McAdam believes that these failures may be regarded as 
extreme cases of corrosion-fatigue, in which the cyclic stresses arc of
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such extremely low frequency that the fatigue or final stage is practically 
absent. A great difference exists between boiler conditions and those 
of ordinary corrosion-fatigue, but Me Adam concludes that laboratory 
tests made in cold water and at low cyclic frequencies give considerable 
support to his view. This aspect of our subject is too involved and 
insufficiently explored for brief discussion, and the reader is referred 
to the original publication.38 It may be noted that tests * made at 
Illinois have shown, as would be expected, that boiler feed water, so 
treated as to prevent caustic embrittlement, causes corrosion-fatigue 
in laboratory specimens of boiler material. The possible connection 
between boiler failuro and corrosion-fatigue is receiving some attention  
at the National Physical Laboratory at the present time.

Very few photographs of service failures have been published, 
although the characteristic features of the fractures, arc particularly 
instructive. The author has been extremely fortunate, however, in 
obtaining a representative cçllection from his valued correspondents, 
and some selected photographs may be reproduced and discussed with 
advantage.

Conditions which tend to promote failure by corrosion-fatigue are 
imposed on water-cooled piston-rods of internal combustion engines, 
and many failures have occurred in service. The alternating stresses 
are twofold, due to the piston and crankshaft loads and centrifugal 
force, also to the stresses caused by the cyclic changes in temperature. 
Fig. 2 (Plate I) shows a section of a failed rod : attention is directed 
to the pitting or roughening of the inner surface, and to the fine cracks 
which arc visible having their origin at the bottom of such pits. Fig. 3 
(Plate II) shows the appearance of the face of the fracture. In its 
general smooth appearance it is indistinguishable from an ordinary 
fatigue fracture; the serrated nature of the fracture is, however, 
characteristic of many corrosion-fatigue failures, showing that fracture 
has commenced at a number of cracks. Fig. 4 (Plate II), to which 
further reference is made later, is a composite photomicrograph of one 
of the small cracks seen in Fig. 2 (Plate I). Another interesting 
example of this type of failure is shown in Fig. 5 (Plate III). This 
refers to a gas-engine piston rod which failed after about 12 years’ 
service. River water, used for cooling purposes, passed through the 
central hole and emerged at the smaller diametral holes, in which 
corrosion-fatigue failure has commenced. An extremely smooth 
fracture, indistinguishable, except at its origin, from an ordinary fatigue 
failure, has resulted.

* Unpublished thesis by B. B. Betty, for which the author is indebted to 
Professor H. P. Moore.
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Figs. 7 and 8 (Plate IV) show a fractured ship’s tail shaft of 9 in. 
diameter. The bronze liners fitted to this shaft were not of the “ con
tinuous ” type, but were divided into two parts. For lubrication 
purposes, a trickle of water flowed past the outer liner, and the shaft 
fractured, as shown, at the unprotected section situated between the 
liners. Fig. 7 shows the outer surface of the shaft, including the edge 
of the actual fracture : special attention is directed to the very sharp 
and deep X-shaped corrosion-fatigue fissures which are responsible for 
the fracture (the significance of these star-shaped notches is discussed 
later). An excellent idea of the “ sharpness ” of the fissures is obtained 
from Fig. 8, which shows the face of the fracture ; “ ripple ” markings 
are visible, indicating that the final stage of the corrosion-fatigue 
process is progressive damage by means of a spreading crack or cracks, 
similar to that of ordinary fatigue. The initial stage is represented by 
the formation of the fissures under the combined eilects of corrosion 
and stress.

Fig. 6 (Plate III) shows a 14-in. diameter propeller shaft which 
failed at the junction of the brass propeller hub and the brass liner : 
the liner is visible in the photograph. The hub projected over the 
liner by about 1-5 in., a red-lead packing being used to keep out the 
water. Water, however, had penetrated the packing and come into 
contact with the shaft, leading to  corrosion-fatigue failure after 15 
months’ service. Fig. 6 is an excellent example of the serrated type of 
fracture which is so often observed in service failures. Fig. 9 (Plate V) 
shows a fractured propeller shaft of 10 in. diameter. In this case, the 
shaft had failed, between two sections of the brass protective slccvesj 
after 3 f  years’ service : the serrated shape of the edge of the fracture 
is shown clearly in Fig. 10 (Plate V). Now, while there are special 
reasons why shafts fractured under combined corrosion and alternating 
torsional stresses show what may be termed “ double helicoidal ” 
fractures, yet this “ zigzag ” type of failure must not be regarded as 
characteristic of corrosion-fatigue in service; in some cases it is not 
exhibited. As an example, Fig. 11 (Plate VI) shows a marine shaft 
which failed in the tapered portion underneath the hub. In this case, 
water entered between the sleeve and hub and penetrated to  that 
portion of the tapered shaft where the presence of the keyway set up 
stress concentrations. A fairly smooth-edged single helicoidal fracture 
has resulted ; the appearance of the fracture indicates, unmistakably, 
that the cause is corrosion-fatigue and not ordinary fatigue.

Fig. 12 (Plate VII) is of special interest. It shows the failure of a 
tail shaft caused by water penetrating the rubber sealing ring and 
obtaining access to the neighbourhood of the keyway. Surface corrosion
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and several corrosion-fatigue cracks arc clearly visible in the photo
graph. When the shaft was bent during examination, it  was found 
that the whole of the semi-circular end of the keyway was severely 
cracked, as shown in Fig. 13 (Plate VII). This type of failure—by a 
large number of cracks—which is quite characteristic of corrosion- 
fatigue, is extremely rarely seen in failures due to ordinary fatigue.

Examples of service failures by corrosion-fatigue in railway engineer
ing are shown in Figs. 14, 15, and 16 (Plate VIII). Fig. 14 shows 
corrosion-fatigue cracks in a steel railway sleeper : the failure has been 
considerably assisted by the cold-work involved in punching the holes. 
Figs. 15 and 16 show the complete failure, also cracks, in helical springs : 
these arc further examples of the manner in which the paths of alter
nating torsional corrosiou-fatigue cracks coincide with the planes of 
the principal stresses.

A very large number of pump rod failures is recorded by the Gulf 
Oil Corporation of America; Horst and W estcott20 report that
10,000 rods fractured in the Texas and Louisiana Wells during 1930. 
They state that nearly all these rods are required to operate in the 
presence of well-water which is usually brine of high saline content and 
considerable corrosivity ; the cause of a large proportion of the failures 
is attributed to corrosion-fatigue. Fig. 17 (Plate IX) is a photograph 
of three of these pump rods illustrating various stages in the develop
ment of failure by corrosion-fatigue. Fig. 18 (Plate IX) shows another 
example of service failure by corrosion-fatigue—namely, in superheater 
tubes. Reference will be made at a later stage to  a tube made of 
18 : 8 : 1 chromium-nickel-tungsten which failed while conveying a 
rapid stream of boiling ammonium sulphate liquor; the alternating 
stresses in operation were due to vibration of the tubes.

Fig. 19 (Plate X) shows a portion of a lead pipe which cracked in 
service, in an intercrystalline manner. The pipe carried 70 per cent, 
sulphuric acid at 140° C. and was laid in a trough. The alternating 
stress in this case was due to  vibration caused by an adjacent motor; 
removing the cause of the vibration prevented further failures. Fig. 20 
(Plate X) is of exceptional interest, as it  shows a service failure which 
was reproduced exactly in the laboratory. It shows a mild steel pump 
shaft (8 in. diam.) which failed, on the River Tees, due to the river 
water leaking at a joint between the sleeve and the bronze pump im
peller : the service stresses on the shaft were estimated not to exceed 
±  2 tons/in.2 and the service life of the shaft— 6 months—was equivalent 
to about 125,000,000 revolutions. Inglis and L ak e21 carried out 
laboratory corrosion-fatigue tests on a similar steel in which a drip of 
River Tees water was allowed to fall on to  the test-specimens. The
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P late II.

F ig . 4.— Corrosion Pit and Fatigue Crack in Piston Rod (Water-Cooled).



P late III.

F ig . 6.— Marine Propeller S haft (14 in . diam .) Failed by  Corrosion-Fatigue 
due to  Leakage of W ater between Propeller Boss and Shaft Liner. 
Service 15 m onths.

POUTED

W

F ig . 5.— Corrosion-Fatigue Failure of a Water-Cooled P iston  Rod of a Gas 
Engine. Service 12 years.



P late IV.

F ig . 7. Ship’s Tail Shaft (9 in. diam.) Fractured in Service under Corrosion-Fatigue.

F ig . 8.— Fractured Surface of the Shaft shown in  F ig . 7.



F ig . 9.— F racture of Marine Propeller Shaft (16 in. cliam.) Occurring betw een Two Sections of 
the Brass Protective Sleeve. Service 33 years.

•'UTECHNIKi P late V.

F ig . 10.— Serrated Edge of the F ractured  Shaft shown in Fig. 9.



P late

Shaft Failure in Tapered Portion  of Tail Shaft 
Keyway in  Boss.

O riginating at





P l a t e  V III.

Fic.. 14.—Corrosion-Fatigué Cracks in a Steel Railw ay Sleeper.

' A  F ig . 15. Corrosion - F a t iguc Failure of a Railway Helical Spring.

'.'HN/K'j

F ig . 16. Double-Helicoidal Corrosion-Fatigue Cracks in a Spring.



P l a t e  I X .

F ig . 17.—Corrosion-Fatigue Failures of Pum p Rods in  Various Stages of 
D evelopm ent.

F ig . 18.— Failure of Superheater Tubes due to Corrosion-Fatigue.



P l a t e  X.

F ig . 19.—Lead Pipe Failed in Service while Carrying 70% Sulphuric Acid at 
140° C.; Vibration due to Adjacent Motor.

F ig . 20.—Corrosion-Fatigue Failure of an 8 in. diam. Pump Shaft: due to Leakage 
at a Joint, the Shaft was Subjected to a Drip of River Water.
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endurance of the specimens increased, logarithmically, as the range of 
stress was reduced, but at a stress of ¿  2-6 tons/in.2, fracture still 
occurred after 66,363,000 revolutions. (The fatigue limit in air of this 
material was i  17 tons/in.2.)

The photographs referred to will indicate the wide range of failures 
caused by corrosion-fatiguc : they also reveal various characteristic 
appearances of the fractures. In  some cases the surfaces exposed to 
the corrosive agent have suffered damage by general corrosion, but it 
will be recognized that the loss of strength due to mere reduction of 
dimensions is of a negligible order compared with the actual damage 
caused by the formation of sharp pits under corrosion-fatigue con
ditions. It is unnecessary to discuss in detail the failure of corrosion- 
fatigue specimens tested in the laboratory. The same general char
acteristics observed on service failures are exhibited in laboratory 
specimens, with the difference that in such specimens the surface 
corrosion is usually much less evident ; this is due to the shorter total 
life of most laboratory specimens owing to the high cyclic speeds 
usually employed for testing purposes. The actual amount of surface 
corrosion observed will naturally depend on the test environment and 
on the metal under test. Ordinary steels tested in tap-water show 
slight surface rusting : in strongly saline solutions the rusting is, 
naturally, more pronounced. Materials such as stainless steels and 
nitrided steels often show no signs whatever of surface rusting, although 
the fatigue strength has been reduced considerably by subjection to  a 
salt spray. Even where the surface of a specimen becomes heavily 
coated with corrosion products, examination usually shows that the 
amount of general surface corrosion has been extremely small and 
that the diameter of the specimen has not been sensibly reduced; 
extremely corrodible metals like magnesium alloys are exceptions. It 
is usual, in failed corrosion-fatigue specimens, as in service fractures, 
to find that, in addition to the main fracture, a large number of other 
cracks is present; this is a characteristic not usually observed in 
ordinary fatigue failure. [Typical examples of laboratory specimens 
tested in a stream of sea-water, and subjected to alternating bending 
or torsional stresses, were exhibited at the lecture.]

A further point may justify a word of explanation. To those 
unacquainted with fatigue phenomena it may appear strange that, if 
corrosion-fatiguc failure is essentially a surface pitting effect, large 
service failures and small laboratory specimens should exhibit such 
similar lack of resistance to corrosion-fatigue destruction : in other words, 
a scale effect might be expected. It must be remembered, however, 
that the stress concentration due to a sharp pit is controlled primarily 

v o l . x l t x . c
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by the shape of the pit, and not by its dimensions. Similarly shaped 
pits in large and small sections, if of sufficient “ sharpness,” would all 
tend to start a progressive fatigue crack, even though it might take 
longer for complete fracture to occur in the larger section. M cAdam33 
has, in fact, shown experimentally that the resistance to  corrosion- 
fatigue of specimens of diameters from 0-5 to 2-5 in. is practically 
independent of tho actual diameter, and we may safely infer that no 
scale effect exists for much greater sizes. To avoid any possible 
misunderstanding, however, it  must be mentioned that severe pitting 
often results from exposure to  the corrosivc environment, irrespective 
of whether cyclic stress is or is not applied. In the case of very thin 
sections, therefore, this pitting due to “ stressless corrosion ” may 
reduce the fatigue resistance practically to  zero value; hence, such a 
section would appear to  disadvantage when compared with thicker 
sections, but this is not a scale effect in the sense of the above 
remarks.

4 .— T i ie  I n f l u e n c e  o p  Ch e m ic a l  Co m p o s it io n , H e a t -T k e a t m e n t , 
a n d  Co l d -W o r k in g  o n  R e s is t a n c e  to  Co r r o s io n -F a t ig u e .

It has been pointed out in a previous section that because of the 
many important operative variables— corrosivity of environment, 
method and speed of test, type of stressing action, &c.—which control 
the resistance of a metal or an alloy to corrosion-fatigue, it  is quite futile 
to attempt to express this resistance as a simple numerical quantity. If, 
however, a wide range of materials is investigated, employing some selected 
set of test conditions, certain valuable broad conclusions can be reached 
regarding the influence of chemical composition, heat-treatment, and 
cold-working. (It must not be assumed, a priori, that these conclusions 
will apply equally to any other set of conditions for the same materials.) 
For this purpose, the author has selected some of the comprehensive 
results obtained by Dr. McAdam ; these data were derived from tests 
made under one such constant set of conditions, in which the stress 
system employed consisted of cycles of reversed bending stresses 
(rotating cantilever specimen) applied at a constant frequency of 1450 
stress cycles per minute, whilst a stream of water was directed at the 
specimen throughout the test. The quantity which has been taken to 
represent the resistance of tho metals and alloys to corrosion-fatigue 
is that ordinate of the corrosion-fatigue S /N  curve either at which tho 
curve has become nearly parallel to the N  axis or which represents the 
longest endurance investigated. These values of the corrosion-fatigue 
limit (N )—where N  represents endurances varying between 20 and 
100 millions of stress cycles, depending on the group of metals under
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37% NICKEL STEEL_ hardened and tempered (Ref N?IW-W-I0)
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F ig. 24.—Results of Two-Stage Tests on Nickel-Steel and Monel Metal.

[To face p . 34.
Each Individual Graph Relates to Constant Stress Range and Constant Cyclic Frequency during Corrosion-Fatigue Stress.
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test—were generally sufficiently definite for the purposes of the desired 
comparisons. The following groups have been selected : (a) plain 
carbon steels; (b) ordinary alloy steels; (c) corrosion-resistant steels; 
(d) copper-nickel alloys; (e) copper-zinc alloys; and ( /)  some light 
aluminium alloys. In many cases it has been possible to present test 
data for cach metal corresponding with two forms of hcat-treatment, 
or, alternatively, in the cold-worked also annealed states. The corro
sion-fatigue “ lim its,” also the tensile strengths and fatigue limits in 
air, arc plotted in Figs. 21 and 22. The main characteristics of each 
series of tests will be briefly discussed.

(a) Plain carbon steels (Fig. 21).—The data cover a range of carbon 
content from 0-03 to 1-09 per cent., each steel (with one exception) 
being in the hardened and tempered, also in the annealed conditions. 
The fatigue limits in air are roughly proportional to the tensile strengths, 
but in only three cases has heat-treatmcnt improved the corrosion- 
fatigue lim it; in the remaining cases the annealed steels possess 
superior resistance to corrosion-fatigue, although hardening and tem 
pering produce marked increases in the values of the tensile strength 
and the fatigue limit in air. The corrosion-fatigue lim its of the whole 
range of steels fall within the comparatively narrow lim its of i  14,000 
and ±  24,000 lb./in.2. The results show that little, if any, advantage 
is gained by increasing carbon content and that hcat-treatment also 
has little effect : in fact, in the majority of cases, hardening and tem 
pering affcct adversely the resistance to corrosion-fatigue. The resist
ance to corrosion-fatigue obviously bears no relation to the general 
mechanical properties of the metals. These results, although perhaps 
somewhat surprising when first encountered, require only a very 
simple explanation. Resistance to corrosion-fatiguo must depend 
;■primarily on corrosion-resistance, which would not be affected appre
ciably by variations in carbon content in the group of plain carbon 
steels. With regard to heat-treatmcnt, the best corrosion-fatigue 
resistance would be expected to be developed when the steels are in a 
condition appreciably free from internal stress, except where this 
condition, by reducing the value of the fatigue limit in air, would 
inevitably thereby restrict the corrosion-fatigue limit. Any scvcro 
quenching treatment, associated with the presence of internal stresses, 
would tend to promote active preferential corrosion in those regions 
where cold-working proceeds under cyclic stresses (this will be discussed 
more fully at a later stage), and, hence, the corrosion-fatigue resistance 
would tend to be decreased by those very treatments which normally 
produce an increase in tensile strength and fatigue resistance.

Considered in this way, it is not surprising to find that such little
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variation is found in the corrosion-fatigue lim its of the whole range 
of carbon steels. (Fig. 21 also shows that the addition of 1 per cent, 
of copper to a 0-15 per cent, carbon steel had no effect on the resistance 
to corrosion-fatigue ; on the other hand, Schulz and Buchholtz47 
report that the corrosion-fatigue lim its (2 X  107) of structural steels 
are definitely improved by small additions of copper.)

(b) Ordinary alloy steels (Fig. 21).— Test data for six steels are 
shown : four of these steels were tested in the annealed as well as in 
the hardened and tempered condition. The tensile strengths (92,000-
251,000 lb./in.2) and air endurance lim its (41,000-109,000) vary very 
widely, yet the corrosion-fatigue limits all fall within the lim its of 
12,500 and 30,000 lb./in.2; hardening and tempering produce inferior 
values compared with annealing. Although the corrosion-fatigue 
resistance of this group is slightly higher, in general, than that of the 
plain carbon steels, it  is apparent that this increase, from a design 
point of view, is not sufficient to justify the substitution of ordinary 
alloy steels of much greater cost.

(c) Corrosion-resistant steels (Fig. 21).— For convenience, these data 
have been plotted on a base of chromium content, but attention is also 
directed to the variation in nickel content. First, considered as a 
group, it  is evident that the resistance to  corrosion-fatigue is greatly 
superior to that of the plain carbon or ordinary alloy steels; the 
corrosion-fatigue limits vary between 30,000 and 50,000 lb./in.2. It is 
clear that high chromium content is more effective than high nickel 
content, the best results being obtained with high contents of both 
elements.

(d) Copper-nickel binary alloys (Fig. 22).—Test data on seven 
metals enable the whole range, from electrolytic copper to commercially 
pure nickel, to be broadly surveyed : c\çh  metal has been tested in two 
conditions : (i) cold-working followed by a low-temperature annealing 
to relieve serious internal stress; (ii) fully annealed. The usual wide 
variations in tensile strength and fatigue limit in air are recorded. 
Considering the alloys containing 67 and lower percentages of copper, 
it  will first be noticed that the corrosion-fatigue limits of each alloy in 
the cold-worked or fully annealed conditions have the same value : 
also, over this range of composition the corrosion-fatigue lim its of all 
the alloys have nearly the same value (20,500-26,500 lb./in.2); also 
the fatigue lim its in air exceed the corrosion-fatigue limits. Turning 
to the 79 : 2 1  copper-nickel alloy, it  will be observed that the 
corrosion-fatigue limit of the cold-worked material is 22,000 lb./in.2, 
whilst that of the annealed alloy is 18,000 lb./in.2, but in the latter 
case the fatigue limit in air is also 18,000 lb./in.2. The corrosion-fatigue
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lim it of pure copper is, in eacli condition, slightly higher tlian the fatigue 
limit in air. From these interesting results it  appears reasonable to  
infer that the alloys covering the whole binary system possess a 
practically uniform value of the corrosion-fatigue limit, except in those 
cases where the value of the limit is artificially depressed by the low 
value of the fatigue limit in air. This probably merely means that the 
alloys possess nearly uniform corrosion-resistance under the test con
ditions. McAdam expressed this idea by saying that the group of 
alloys have an “ intrinsic corrosion-fatigue lim it.” Recent experiments 
by Gough and Sopwith 14 indicate why the corrosion-fatigue limit of 
copper may exceed the fatigue lim it in air.

(e) Copper-zinc alloys (Fig. 22).—In some of these tests the applied 
stream of water had a saline content equal to  about one-sixth that 
of sea-water, instead of the fresh water previously used. L ittle differ
ence, however, is recorded in the corrosion-fatiguo limits of these alloys 
when tests are made using both waters, and, hence, it  may be inferred, 
for this group of alloys, that the waters are equivalent. For each metal 
the corrosion-fatigue limit is practically independent of heat-trcatment : 
all values fall between the lim its of 12,500 and 18,000 lb./in.2 (the 
artificially depressed value of the annealed copper has been referred 
to previously).

(f) Some light aluminium alloys (Fig. 22).— These results again show 
the small effect of lieat-treatment on the corrosion-fatiguo limit, and 
indicate the poor resistance offered by aluminium alloys to  corrosion- 
fatigue.

From detailed consideration of the above data, and of similar data 
relating to other alloys, emerge the following general conclusions 
regarding the effect of chemical composition, heat-treatment, and cold- 
working on the resistance to corrosion-fatigue : with any particular 
metal or alloy the corrosion-fatigue properties will depend primarily 
on the resistance of the alloy to  corrosion in the particular environment 
under the conditions of tests. The maximum resistance of the alloy 
to corrosion-fatigue will be exhibited when the material is in the most 
favourable condition to resist corrosion. Other forms of heat-treatment 
and cold-working in general, although causing wide variations in other 
mechanical properties, will not effect any improvement in the corrosion- 
fatigue resistance, but may be extremely harmful, especially if internal 
stresses or discontinuities in the material are set up by the treatment 
or cold-work. Improvement will result from a change in chemical 
composition only provided that the change confers increased resistance 
to corrosion under the particular environment.
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5 .— I n f l u e n c e  o f  S t r e s s  R a n g e , T im e , N u m b e r  o f  Cy c l e s , a n d

CORROSIVITY OF ENVIRONMENT AS FACTORS IN  CORROSION-
F a t ig u e .

Visual examination of a typical service failure due to corrosion 
fatigue (see, for example, Figs. 7 and 8 (Plate IV)) reveals three main 
characteristics : a general surface roughening similar in nature to the 
effects of stressless corrosion, also deep sharp pits; and emanating from 
the latter the spreading fatigue cracks which cause the final fracture. 
The main problem of corrosion-fatigue is the identification and inter
relationship of the various factors which control the formation and 
propagation of these sharp p it s : directly the stress conditions at the 
base of these pits are sufficient to exceed the fatigue lim it of the material, 
failure will proceed by a spreading crack in a manner which is sufficiently 
well understood. The process of corrosion-fatigue can conveniently 
be considered as consisting of two stages : a first or pitting stage, and 
a second or fatigue stage. In investigating the mechanism of the 
important first stage, little information of a fundamental type will be 
gained from the results of complete tests to  fracture, such as are 
exhibited in Fig. 1 (pp. 26-27). We require information concerning the 
variation in strength of the specimen during the course of the test as 
fracture is approached, also, of the damage entailed under conditions 
which do not produce complete fracture. The pit formation in question 
is not that of ordinary corrosion, but of corrosion as influenced by 
stress and strain conditions, and the factors involved include the 
following: nature of environment, corrosion-resistance of metal,
intensity of applied stress, frequency of stress cycle, number of cycles * 
of stress, total time,* and temperature of test. With the exception of 
the effect of temperature— on which no work has yet been published—  
much fundamental knowledge of the separate effects of the other 
variables mentioned is now available, owing entirely to the extensive 
researches of McAdam, who has devised a special and most admirable 
technique for isolating these effects and demonstrating their inter
relationship ; the results of this work are described in ten papers.32-41 
A wide range of ferrous and non-ferrous metals, and four types of 
environment f  have been employed : a stream of carbonate well-water, 
a stream of saline river-water, a spray of soft water, and a stream of 
water which approximated to distilled water but was actually taken

* I t  is important to note that, as corrosion is involved, “ time ”  and “ number 
of cycles ’ ’ must be considered as independent variables, and not as merely inter
related by the “ frequency ”  of the stress cycle.

f  For analysis of these waters, see following references : 33 (carbonate water, 
salt water, and soft water), and 41 (condenser water).
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from a condenser. In general, it  was found that tlio carbonate water 
and soft water were about equally damaging in their effects, both being 
less damaging than the salt water.

The data obtained by McAdam are too voluminous to be adequately 
summarized in the present lecture, but a few selected experiments will 
be discussed in order to present certain broad conclusions which can 
be deduced from his researches.

General Method of Test.
The general scheme of the investigation is to determine the amount 

of damage sustained under various corrosion-fatigue conditions. Each 
experiment consists of two stages: first, that in which the required 
conditions are applied unchanged throughout, and secondly, a test 
made to determine the extent of the damage. In this second stage the 
fatigue limit in air is determined, the value of which, by comparison 
with the fatigue limit of new uncorroded specimens, gives a measure 
of the damage produced during the first stage. Thus in the first or 
“ pitting ” stage, specimens, whilst exposed to a water stream or 
spray, are subjected to a constant stress range, applied at a constant 
frequency, for a predetermined number of cycles. In the tests made 
at a constant frequency, each number of cycles will correspond with a 
certain “ corrosion-time,” “ cycles ” and “ time ” being dependent 
variables; by making similar first stage tests at various frequencies, 
the influence of these factors as independent variables can be examined. 
Tests are also made using zero stress in the first stage, giving information 
regarding the effect of stressless corrosion; the specimens are tested 
while rotating in the water stream, in order that the conditions of 
relative velocity of the stream and specimens shall be exactly similar 
to those in which positive stress values are employed.

General Effect of Stress on Damage.
In Fig. 23 (a) are shown the results of some selected experiments 

which indicate the general influence of cyclic stress on damage. Dur
ing the first stage the following conditions were held constant: 
frequency of stress cycle (1450 per minute); number of cycles (20 X  

106) ; corrosion time (10 days), and environment (stream of carbonate 
water in air). The stresses applied during the first stage are plotted 
against values of the fatigue limit obtained in the second stage. Each 
graph terminates in a vertical descent at the value of stress which 
produces fracture at 20 X  1 0 6 cycles in the first stage. The slope of a 
graph at any point is evidently a measure of the rate of damage. The 
graphs fall into three ty p e s : (!) the three carbon and ordinary alloy
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steels; (2) stainless iron and Duralumin; and (3) “ aluminium-bronze.” 
In the first group the rate of damage at first rapidly increases with 
the stress range, but at some further point commences to diminish; 
in two cases the graph becomes horizontal before turning abruptly to 

vertical. The tendency of these graphs to become horizontal has 
not yet been adequately explained: it may be due to the effect of 
accumulating corrosion products in retarding the access of the electro
lyte to the bottom of the corrosion pit, or to the strengthening of the 
metal in the corrosion pits by the process of “ under-stressing,” which

5c mi -  Ronge of Stress d m g leT or 
Corrosoi i -Fat±^ue Ztcqs. bs/eqn(LJ*>cu3ar>cte)

Scmi-Rangc cf |«p or
Corrosion - FcUpe Stogc. b^sq n(thousands)

Fia. 23.—General Influence of Cyclio Stress on Damage.

is a well-known characteristic of ordinary fatigue. In the second 
group, stainless iron and Duralumin, the graphs remain horizontal over 
a wide variation in stress range, whilst the major part of the graph 
for “ aluminium-bronze ” consists of a straight line of gentle slope. 
Curves of the type shown in Fig. 23 (a) have the great disadvantage 
that they do not disclose the relation between the original fatigue 
limit of the material and the fatigue lim it in the second stage; thus 
no indication is given of the actual damage sustained under stress- 
less corrosion, and because of this they are apt to  be somewhat 
misleading. This defect can be overcome by re-plotting the results 
as in Fig. 23 (b), in which the scale of abscissas is unchanged, but the
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ordinates now represent the value of the ratio (x), obtained by dividing 
the fatigue limit of the corroded specimens by the original fatigue 
limit of the metal. Alternatively, wo may consider the pits or notches 
caused by stressless corrosion and cyclic stresses as magnifying the 
nominal applied stress by a stress concentration factor, the value of which 
is given by the reciprocal of x : it  is usually more convenient to employ 
this latter method. The data of Fig. 23 (a) have been replotted in 
Fig. 23 (b), a curve for Monel metal being added. Duralumin (typical 
of aluminium alloys) is now seen to be damaged as seriously by 20 
million cycles of stressless corrosion as by the same number of cycles 
of stress ranges up to ±  5000 lb./in.2 under corrosion-fatigue conditions. 
Monel metal and stainless iron remain entirely undamaged until the 
stress range reaches a high value. This may mean that zero or negligible 
pitting occurs until a limiting stress is reached, or that a protective 
film is formed which strains elastically until a certain limiting range of 
strain is superimposed on the specimen and film; once this limit is 
exceeded, the opposing forces of rupture and repair are in operation, 
resulting in damage which increases rapidly with further increase 
in stress range. “ Aluminium-bronze ” in behaviour approximates 
closely to the other corrosion-resisting metals. Tho curves for the 
three steels show that damage results from stressless corrosion, also, 
the rate of damage increases very rapidly at first as the stress increases.

Using numerous other types of diagrams, which are really variations 
of Fig. 23, McAdam demonstrated other characteristic effects of cyclic 
stress on corrosion pitting, but detailed reference to these is not essen
tial, and wo may pass on to tho results of the later stages of the 
investigation.

The Influence of Cyclic Stress, Corrosion-Time, and Number of Cycles
on Damage.

In this investigation, each experiment consisted of two stages, a 
first or corrosion-fatigue stage and a second or fatigue stage. In the 
first, the rotating specimens were subjected to reversals of bending 
stress while in contact with a water stream or spray; specimens were 
thus corroded under various stress ranges, at various cyclic frequencies, 
and for various times. The fatigue limits of tho corroded specimens 
were then determined. McAdam has investigated a large number of 
metals and alloys, tho characteristics of which can bo placcd into two 
general classes, of which nickel-steel and Monel metal arc representative. 
Fig. 24 (Plate XI) shows the results of two-stage tests on these typical 
metals; the corroding medium was a stream of carbonate water in 
air. Each individual graph in this figure shows the relationship
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between total time in tbe first stage, number of cycles, and the resultant 
fatigue limit, for a chosen stress and cycle frequency (the base of each 
diagram can be converted into cycles by multiplying the corrosion time 
by the frequency of test). All graphs for each metal have as common 
origin the fatigue limit in air. Bach graph shows the decrease of 
fatigue strength, resulting from increase in time or number of cycles 
in the first stage. The uppermost graph in each group represents the 
effect of stressless corrosion. The essential difference between the 
behaviour of the typical metals lies in the shapes of the stressless 
corrosion graphs. Commencing with a steep slope, the graph for 
nickel-steel proceeds with a decreasing slope and tends to a horizontal 
asymptote, although it is certain that, at some stage, the curvature of 
the graph must be reversed. The slope of the stressless corrosion 
curve for Monel metal is at first slight, but gradually increases, showing 
an accelerated rate of damage. The shape of each stress graph is 
evidently greatly influenced by that of the stressless corrosion curves, 
demonstrating clearly that the resistance to damage by corrosion fatigue 
is controlled largely by the corrosion resistance of the metal. With 
increased stress, the initial slopes of the curves also increase and the 
curve departs to an increasing extent from the stressless corrosion 
graph. A most significant general characteristic of these curves is 
that the same general shape holds down to very low stress ranges, 
showing the very considerable damage which can be caused by small 
ranges of stress if continued for a sufficiently long time, thus giving 
further evidence—in addition to that afforded by lengthy endurance 
tests—that there is grave reason to  doubt the existence of a true 
corrosion-fatigue limit for any range of stress, however small. It has 
been said that these two groups of graphs are typ ica l: graphs, generally 
similar to those of the nickel-steel, are obtained with all plain carbon 
steels, ordinary alloy steels, Duralumin and aluminium alloys, whilst 
similar graphs to Monel metal are exhibited by corrosion-resistant 
steels, “ aluminium-bronze,” and nickel. McAdam has published 
diagrams,34-41 similar to those of Fig. 24 (Plate X I), for a number of 
metals : these contain all the experimental data required by the reader 
for investigating in detail the behaviour of a particular metal. It 
will be evident, however, that the general relationship between the 
influence of the factors involved in corrosion-fatigue and the damage 
caused cannot be easily revealed by such diagrams. In the tests 
described, the environment and test temperature were held constant, 
leaving a minimum of three variables, stress range, time, and number 
of cycles, and to examine their influence a three-dimensional diagram 
must be employed; the surface of such a diagram may, for example,
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be used to express the relation between the variables and a certain 
selected (constant) measure of damage. Obviously, an infinite number 
of such surfaces can be constructed. Of these, two general types—  
termed “ constant total damage ” and “ constant net damage ”—will 
be found most generally useful.

Constant Total Damage.
A measure of the total damage sustained during a corrosion-fatigue 

test is given by the amount by which the fatigue limit obtained in the 
second stage test is inferior to the original fatigue limit in air. Thus, 
referring to  Fig. 24 (Plate XI), the fatigue limit of the nickel-steel is 
i  64,000 lb./in.2, and we may choose to investigate the first stage 
conditions which reduce the fatigue limit to a value, say, of i  35,000 
lb./in.2 The necessary data are obtained from the intersections of the 
individual graphswiththe dotted lines a . . . a, the ordinate value of which 
is 35,000. These values have been plotted against the three rectangular 
co-ordinates of stress, time, and cycles, to give the three-dimensional 
diagram shown in Fig. 25 (Plate X II), the surface of which thus repre
sents the corrosion-fatigue conditions which produce a constant amount 
of total damage equal to  47 per cent, of the original fatigue limit of the 
material; this surface is one of “ constant total damage.”

The diagram has a “ time boundary ” at a value just exceeding 
110 days, which is the time required to  produce the stated amount of 
damage by stressless corrosion alone : thus, a constant damage surface 
may also be regarded as representing those combinations of stress and 
number of cycles which produce the same amount of damage as stressless 
corrosion, but in  a shortened time. Constant frequency lines, corre
sponding with speeds of 1450, 500, 100, 50, and 10 cycles per minute, 
are shown in Fig. 25 (Plate X II). If sections taken along these lines 
are plotted to logarithmic co-ordinates and to a common base of time, 
it  will be found that a series of parallel straight lines is obtained (except 
in the region of the time boundary). Further, if the entire diagram is 
plotted to logarithmic co-ordinates, the constant damage surface (except 
near the time boundary) is practically a plane. Similar results were 
obtained with plain carbon and other ordinary alloy steels, leading to 
the important conclusion that, for these steels, an exponential relation
ship * exists between the stress, time, and cycles required to produce constant 
total damage.

Fig. 25 (Plate X II) also shows that constant total damage may be 
caused by a certain stress range either due to the application of a large 
number of cycles at high frequency and small total time or of a small

* I t  ¡3 improbable that this relationship holds for metals in general.
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number of cycles of low frequency occupying mucli greater time. 
Now as damage is caused by stressless corrosion, which involves only 
time, it  is clear that the influence of stress on corrosion pitting cannot 
be studied in terms of total damage.

Constant Net Damage.
The total damage caused by corrosion-fatiguc, as measured by the 

reduction in the fatigue limit, is a summation of the damage due to  
stressless corrosion and the cxccss or “ net ” damage due to the cyclic 
stress. Thus, in Fig. 24 (Plate X I) the vertical intercepts ce and cd 
represent the total damage and damage due to stressless corrosion, 
respectively, whilst the excess or “ net ” damage due to the cyclic 
stress is represented by the intercept de. A comparison of de with 
similar intercepts, such as d'e', between the same two stress graphs 
shows that the ratio of net to total damage varies with corrosion time. 
Comparison of the equivalent graphs for the nickel-steel and Monel 
metal also shows that the ratio varies considerably from metal to metal, 
being largely dependent on the relative resistances of the metals to  
stressless corrosion. To study the effect of cyclic stress on damage, 
therefore, the quantity chosen is a constant percentage reduction of 
the fatigue limit below that value that would result in the same time 
from stressless corrosion. The lines b . . .  b in Fig. 24 (Plate XI) 
represent lines of 15 per cent, constant net damage; e.g. the ordinate 
of b' is 85 per cent, of the ordinate of d'. McAdam chose this particular 
value (15 per cent.) of constant net damage as a convenient and useful 
figure; other values can bo studied from diagrams such as Fig. 24.

Inter-relationship of Cyclic Stress, Corrosion-Time, and Nuniber of Cycles 
in  Producing 15 per cent. Constant Net Damage.

From Fig. 24 (Plate X I) are abstracted the data represented by the 
lines b . . .  b. These data can be conveniently represented by the 
surface of a three-dimensional model, the rectangular co-ordinates of 
which are stress, time, and number of cycles; the vertical axis will be 
chosen, for purposes of discussion, to  represent stress. It is convenient 
to use logarithmic scales for the “ time ” and “ cycles ” axes, as various 
values of constant cyclic frequency will then be represented by parallel 
vertical planes. Before considering the general appearance and sig
nificance of these three-dimensional models, much can be learnt from 
the form of the lines of interpenetration of the surface of the model 
with the vertical planes representing constant cyclic frequencies. 
Two-dimensional diagrams are obtained of which the co-ordinates are 
stress and time during the first s ta g e: Fig. 26 gives typical examples
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plotted to logarithmic co-ordinates. As all the data given, in these 
diagrams relate to  a constant amount of net damage (15 per cent.), 
the base of each diagram also represents the average rate of net damage: 
the appropriate scalc is inserted at the top of Fig. 26.

The uppermost series of graphs relate to nickel-steel. Each indi
vidual graph is a straight line, and all lines are nearly parallel. McAdam 
also made tests on a representative selection of steels, including plain 
carbon steels, copper-steel, various nickel-stcels, and chromium- 
vanadium-steels, some of which were tested in more than one condition 
of heat-treatment; the experiments thus investigated a wide range of 
composition and physical properties. When all the data -were plotted 
on one diagram, the scatter of experimental results was extremely, 
and surprisingly, small. The results are expressed by the graphs of 
Fig. 26 (b). The composite graph for each frequency is an extremely 
close approximation to a straight line, and the various graphs are nearly 
parallel, the slope increasing slightly with increase in cyclic frequency. 
From this diagram two main conclusions emerge : (a) that the influence 
of stress on corrosion fittin g  is practically the same for all carbon and 
ordinary alloy steels, and (b) that an exponential relationship obtains 
between the stress and the average rate of net damage. The latter can be 
expressed by an equation of the typo

11 =  CSn

where R  represents the rate of net damage, S  is the semi-range of cyclic 
stress, C is a constant, and n is the exponent, both C and n depending on 
the corrosion resistance of the metal to the environment and on the cyclic 
frequency (n is the cotangent of the slope of the graph, whilst the value 
of C fixes the position of the graph with regard to  the co-ordinate 
axes).

Graphs for Lionel metal are given in Fig. 26 (c). Straight lines are 
again obtained for frequencies up to 500 cycles per minute. At higher 
speeds, however, the slopes of the curves decrease with decreasing 
time. Duralumin, “ aluminium-bronze,” nickel, and stainless iron 
give groups of curves which are exactly similar in type to those of Monel 
metal. If use is made of these graphs in order to compare the behaviour 
of different alloys, it  is evidently neccssary to make comparison at 
more than one cyclo frequency. To illustrate this necessity, graphs 
for the same representative range of alloys at a low, also at a high 
frequency, are given in Figs. 26 (d) and (e). It should be noted that 
not only the shape and position of the graph for any one metal alter 
with the frequency, but also the relative positions of the graphs for 
different metals. At low frequencies, the straight-line relationship
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obtains for most metals, stowing that the rate of net damage varies 
as a power of the stress (according to an equation of the type R  =  CS'1) ; 
McAdam has obtained the following approximate values of the exponent, 
11: 3-0-4-0 for ordinary steels in carbonate or salt w ater; also, for carbon
ate water only, 4-7 (stainless iron), 2-6 (Monel metal), 5-7 (nickel), 4-5 
(“ aluminium-bronze ”), 3-0 (aluminium alloys in general). These 
values of n should not be used too freely as exact figures, but rather 
as a general indication of the relative behaviour of the various alloys 
under the exact stress conditions employed in the tests. It should 
also bo realized that the graphs of Fig. 26 are insensitive to changes of 
value of the constant 0 : these graphs represent a range in values of 
this constant of more than one hundred-fold. On the other hand, the 
very fact of this wide range of values, obtained with one environment 
and materials representing a large variation in corrosion-resistancc, may 
mean that the exponential relationship obtained between stress and 
rate of net damage is a general characteristic for any one metal when 
exposed to corrosion-fatigue under environments varying widely in 
degree of corrosivity : further research, however, is needed before this 
general deduction can be safely made.

Having thus studied the relationship between stress and rate of 
damage by means of sections taken along constant-frequency lines of 
the three-dimensional models, the relationships between stress, time, 
and cycles can be examined using plan  views of the models. Plans of 
this type are reproduced in Figs. 27 and 28. In each case two diagrams 
appear in each figure, because each double diagram reveals the principal 
characteristics of the two distinct types into which may bo classed the 
constant net damage (15 per cent.) diagrams covering all the metals 
which have yet been completely investigated by McAdam. Each stress 
line represents a horizontal contour of the surface corresponding with 
the indicated stress value on the (imaginary) vertical stress scale. It  
will be convenient, in discussing the diagram, to refer to each stress 
contour as a “ graph.” The composite diagram for steels in carbonate 
w'ater (Fig. 27— full lines) will first be considered. Each graph, over 
wide variations in stress, and cycle frequencies varying from medium  
down to the lowest values explored,* approximates to a horizontal 
straight line. With higher frequencies, the slopes of the graphs become 
more and more steep, tending to approximate to vertical straight lines. 
Thus, the average rate of net damage at low cycle frequencies is nearly 
proportional to the cycle frequency; as the frequency increases, the

* I t  will bo understood that only a small amount of data is available relating 
to tests made a t very low frequencies, owing to tho testing time involved; the 
low-frequency end of the diagram cannot bo regarded as established to the samo 
degreo of accuracy as that relating to medium and high frequencies.
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F ig . 27.—Plan of Three-Dimensional Models showing Conditions Producing 15% 
Constant Net Damage for (a) Steels in Stream of Carbonate Water (Full Line 
Stress Contours), and (6) Steels in Stream of Condenser Water (Dotted Line 
Stress Contours).
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Fia. 28.—Plan of Three-Dimensional Models showing Conditions Producing 15% 
Constant Net Damage for (a) Monel Metal (Full Line Stress Contours), and 
(6) Steels (Dotted Lino Stress Contours): all Tested in Stream of Carbonate 
Water.
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rate of net damage becomes less affected by the frequency to an increas
ing ex ten t; whilst at high frequencies the rate of net damage is nearly 
independent of cycle frequency. Duralumin gives a diagram of pre
cisely similar type, the curves becoming horizontal and remaining so 
at the lowest frequencies investigated: with this alloy, however, the 
graphs commence to turn towards a vertical slope at lower frequencies 
than in the case of steels. The diagram for nickel is also of the same 
type as that for steels.

Turning to K g. 28, the diagram for Monel metal is seen to differ con
siderably from the composite diagram for steels. At the high-frequency 
end the majority of the graphs similarly curve towards the vertical; as 
they extend to  the right, however, the graphs for Monel metal do not 
become horizontal, but reverse their curvature and approach a vertical 
slope. A most significant feature of the diagram for Monel metal is the 
crowding together, at very low frequencies, of the graphs representing 
wide variations of stress value, indicating that very low stress ranges 
may produce serious damage if applied at low frequencies, even if the 
actual number of applied cycles is small. The graphs shown in dotted 
lines on Fig. 27 refer to  nickel-steel tested in condenser water. 
Although this water was purer than the carbonate water, it was more 
completely saturated with oxygen than the latter. It is impossible, 
from the data available, to  evaluate the separate and, possibly, opposing 
effects of the greater purity and greater oxygen content of the con
denser water, but Fig. 27 shows that the change in the environment has 
profoundly altered the shapes of the stress graphs. In fact, the general 
characteristics of the nickel-steel tested in condenser water and the 
Monel metal tested in carbonate water are similar. Considering these 
three diagrams as falling into two main types, that for the composite 
steels may be regarded as a portion of the more involved type relating 
to the more corrosion-resistant metal tested in the same environment, 
also steels tested in another environment. Diagrams for “ aluminium- 
bronze,” Duralumin, aluminium alloys, nickel, and stainless iron, all 
approximate to  one or other of these two types, of which the only real 
distinguishing feature is the presence, or absence, of the final approach 
of the graphs to  a vertical slope at very low frequencies. I t  may be 
permissible, therefore, in  the present stale of knowledge of the subject, to 
assume that the general type of constant net damage diagram, for wide 
variations of corrosion-resistance to environment, is represented by a 
surface of the general form  of that obtained with Monel metal in  carbonate 
water, although the vertical and horizontal scales of the surface will vary 
widely, depending on the metal and environment.

Plan view diagrams of three-dimensional models are extremely
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useful in studying tlie influence of stress on corrosion-pitting, but much 
clearer ideas can be obtained from the solid models themselves. [The 
following models were available for inspection at the lccture : (1) com
posite for steels; 41 (2) Monel m etal; 41 (3) “ aluminium-bronze ” ; 39 (4) 
Duralumin; 37 (5) stainless iron,39 and (6) nickel-steel; 41 each related 
to tests made in carbonate water except model (6), which referred 
to condenser water.] A general idea of the appearance of these models 
is shown in Fig. 29 (Plate X III), which is a photograph of models (1) 
and (2). Although a section of any model along a plane representing 
constant frequency is bounded by an approximate straight line (when 
plotted to logarithmic co-ordinates), yet each stress graph is of such a 
complex shape that the surfaco of no model can be represented by a 
simple mathematical expression. The nearest approach to this ideal 
is the composite model for steels, a large portion of which is a close 
approximation to a plane surface. A seventh model, constructed to  
logarithmic co-ordinates throughout, has been made to show this 
characteristic, which is equivalent to an exponential relationship not 
only between stress and time, but also between stress, time, and cycles. 
I t must he emphasized, however, that this complete relationship is exceptional, 
and does not apply to metals in general, or even to the entire surface of 
the composite diagram for ordinary steels.

In applying the results of the study of net damage to practice, two 
points are of special interest. Attention may be directed to the serious 
effect of low stress ranges on corrosion-pitting at low frequencies, even 
with alloys which are very resistant to stressless corrosion; engineering 
components which exhibit little visible signs of general corrosion may 
therefore fail by the formation of local deep and sharp pits. McAdam, 
after careful study of various boiler failures, concluded that many of 
these were directly attributable to the effects of corrosion-pitting under 
stress cycles of small range and extremely low frequency. The second 
interesting fact is the relative course of the stress graphs in Fig. 27 
relating to  steels tested in two different environments. Although at 
medium and high frequencies the stress graphs are generally parallel, 
they cross at low frequencies. If this actually occurs, it follows that 
the relative corrosion-fatigue resistances offered by the same metal 
exposed to two different environments of varying corrosivity may bo 
completely altered by a change in cyclic frequency.

C.— C o e r o s io n - F a t i g d e  i n  S t e a m .

The behaviour of metals when subjected to alternating stresses in 
an atmosphere of steam is an aspect of corrosion-fatigue which is of
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considerable practical importance in connection with steam-power 
production; it also possesses theoretical interest as demonstrating that 
the fundamental characteristics of corrosion-fatigue, in steam as in other 
environments, are controlled by the same primary factors. This 
aspect of the subject has received some experimental attention by 
several investigators: the most systematic investigation of which 
the author is aware is that carried out by Fuller,8- 9 who determined 
the endurance properties, in air and in steam imder various conditions 
of temperature and pressure, of materials commonly used in turbine 
construction. One series of tests was made in steam atmospheres at 
gauge pressures up to and including 220 lb./in.2 (371° C .): in these 
cases the steam was slightly “ w et,” and the oxygen content was com
parable with that existing in a turbine plant not fitted with a de-aerator. 
The effect of the liquid phase was studied by tests made in an atmo
sphere of steam and air at 76° C., whilst the importance of the presence 
of oxygen was studied in tests in which a jet of steam in air was directed 
at the most highly stressed portion of the specimen. Prior corrosion 
effects were examined by tests on specimens which were heated for one 
week in an atmosphere of wet steam and air, and subsequently tested in 
air, also in steam at each of two pressures, also when exposed to a steam  
jet in air. The materials used were a 3-5 per cent, nickel-steel (in two 
forms of heat-treatment), a stainless iron, a steel containing 12-5 per 
cent, chromium and 0-10 per cent, carbon (in three forms of heat- 
treatment), various nitrided steels, and on three series of 18 : 8 chrom- 
ium-nickel austenitic steels each of different carbon content and in nine 
conditions of heat-treatment. Reversed flexural stresses were em
ployed, at a frequency of 2200 cycles per minute, the corrosion-fatigue 
limits (N) being determined for values of N  varying from 10 to 50 
millions of cycles. To present in a concise manner typical results of 
this investigation, Fig. 30 has been prepared. Referring to this 
diagram, it will be seen that the resistance of the materials to fatigue, 
under moderately dry steam up to temperatures of 371° C., decreases 
with increasing temperature, with the exception of nickel-steel “ B ” 
and stainless iron “ D ,” which are scarcely affected. An atmo
sphere of wet steam and air is more destructive than an atmosphere 
of steam, but a jet of steam in air is still more destructive, except 
in the case of nitrided steels, the performances of which under all 
conditions are remarkably good. Chromium plating of nickel-steel 
“ B ” afforded very good protection under the severe conditions of the 
steam jet. The results of the tests made on previously corroded 
specimens show that with steam, as with corrosive water, the effects 
of previous corrosion on the fatigue properties are small as compared
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with the damage (lone by simultaneous cyclic stress and corrosion. 
An extensive series of tests (the results of which are not included in 
Fig. 30) made on 18 :8  nickel-chromium steels showed that the best

F ig. 30.—Corrosion-Fatigue in Steam.
Curves A and B relate to 3'5% Nickel-Steel (0'35% C).

„  C „  D ,, Stainless Iron (12-5% Cr; 0'1% C).
Curve E relates to Nitrided Steel (0 36% C).

„ F  „  „ „  (0-18% C).
Note.—The figures in parentheses indicate tensile strength.

resistance to fatigue in an atmosphere of steam at (50 lb. gauge pressure 
was obtained when these materials were in the hot-rolled condition. 

The results demonstrate the practical importance of using pure
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dry steam in turbines and tlie advantages obtaining from the use of 
suitable water treatment and thorough de-aeration; they bring out 
clearly the destructive effects produced by the presence of liquid 
water and of oxygen in steam. The results direct attention to the 
general factors which are of importance in corrosion-fatigue, whatever 
the particular environment may be. For example, 3-5 per cent, 
nickel-steel and stainless iron, when exposed to a jet of steam in air, 
as in Fuller’s tests, exhibit practically the same resistance to corrosion- 
fatigue as when tested in a stream of water in air, as in McAdam’s tests, 
showing that the oxygen supply is the factor of chief importance. 
Fuller mentions that exposure to a jet of high-velocity moist air, while 
subjected to  cyclic stress, reduces the fatigue resistance to the same 
value as when subjected to a stream of tap water in air. On the 
other hand, H. F. M oore42 mentions tests made at Illinois University  
on an alloy steel, in which the action of a jet of wet steam reduced the 
fatigue resistance to  a value intermediate between the fatigue limit in 
air and the corrosion-fatigue limit (2 X  107) obtained in a stream of 
tap-water in air.

Owing to the kindness of Dr. E. Honegger, and of the firm con
cerned, the author is able to refer to some unpublished tests which 
Dr. Honegger has carried out at the works of Messrs. Brown, Boveri 
and Co. at Baden. The material tested was 3 -3 -5  per cent, nickel- 
steel (tensile strength 85,000 -9 2 ,0 00  lb ./in.2) used for steam turbine 
blades. The material was taken from various batches, although all 
bought to the same specification, and hence some “ scattering ” of 
results was obtained ; these lay, however, within limiting values which 
are fairly clearly defined. The data relate to rotating beam tests in 
which a constant bending moment was applied over the whole length 
of the specimen. The tests were extremely lengthy, extending up to

T a b le  I.

Condition.
Fatigue Limit lb./in.*. 

(2 x 10*)

Limits. Average.

In  air . . . . . . . . -i 
In  air (chromium-plated) . . . . 1  
In  hot water a t 100° C. . . . . I* 
In  air; specimen covered with film of oil . J 
In  atmosphere of dry saturated steam a t 100° C.
In atmosphere of dry saturated steam a t 100° C. 

(chromium plated) . . . . .
In water stream . . . . . .
In  water stream (chromium plated)

46.000-40,000

34.000-26,000

32.000-23,000
23.000-18,000 

25,000

43.000

30.000

27.500
20.500
25.000
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200 raillions of stress reversals, at which stage tlie S /N  curves liad 
all become nearly parallel to the N  axis. The results obtained arc 
given in Table I.

A film of oil or chromium plating has not affected the fatigue limit 
in air, whilst the hot-water test shows that the “ temperature ” effect 
of the steam can be neglected. The corrosion-fatigue limit (2 X  108) 
in steam has a value intermediate between that of the fatigue limit 
in air and the corrosion-fatigue limit (2 X  10s) in water. Little, if 
any, improvement was afforded by chromium plating in the steam or 
water tests : this, however, may have been caused by faults (discon
tinuities, internal stresses, &c.) in the actual coating employed. Fig. 31 
(Plate XIV) is of interest : all three specimens of the nickel-steel 
tested by Dr. Honegger were bent cold after lengthy fatigue tests. 
Specimen 1 remained unbroken after 30,180,000 cycles of i  45,000 
lb ./in.2, tested in air. No cracks are visible on the surface after bend
ing. Specimen 2 was subjected, in the water stream, to 47,880,000 
cycles of 14)200 lb./in.2 and removed from the machine. The 
surface was rusted, but a careful examination failed to reveal any signs 
of cracking. The spccimcn was then bent, and the photograph shows 
the profuse system of cracks which appeared. Although the specimen 
had been tested at a range of stress which was considerably less than 
the corrosion-fatigue limit (2 X  108), a large number of fine cracks 
had been initiated during the corrosion-fatigue stage which opened up 
under the subsequent bending action. Given a sufficiently lengthy 
number of reversals, this specimen would probably have failed u lti
mately under corrosion-fatigue. Specimen 3 shows the appearance, 
after subsequent bending, of a chromium-plated specimen which had 
withstood 48,260,000 cycles of ±  17,000 lb./in.2 in the water stream : 
very faint signs of cracking are revealed, although the range of applied 
cyclic stress was much lower than the apparent corrosion-fatigue limit 
for these conditions.

The above experiments appear to  the author to indicate that, 
provided the broad facts of the problem are appreciated, failure by 
corrosion-fatigue should not bo a source of anxiety in connection with 
turbine plant that has been carefully designed and is properly main
tained.

7.— Co r r o s io n  A c c e l e r a t o r s  a n d  I n h ib it o r s .

Laboratory researches into corrosion-fatigue usually involve experi
ments in which the uniformity of the environment is carefully controlled 
and maintained within close limits. It has previously been shown 
that the resistance of a metal to corrosion-fatigue depends much more
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on the corrodibility of that metal in relation to its particular environ
ment than on the physical and mechanical properties of the metal. 
Hence, it is impossible to assign to a metal for all conditions any such 
definite property as a “ corrosion-fatigue lim it,” even if S /N  curves 
did become parallel to the N  axis. The dangers of attempting to  
translate laboratory results into practice have been emphasized and 
the important influence of such factors as cyclic frequency and time 
has been discussed. It might, however, be assumed that if these 
factors were maintained constant in relation to the same metal and 
environment, reproducible results would normally follow : such an 
assumption, however, is generally unwarranted and dangerous. It is 
true that, under laboratory conditions, good repeat results of corrosion- 
fatigue tests are usually obtained, but this is due to the fact that not 
only are the main conditions of test exactly similar, but also because 
small local differences are reduced to a minimum. It is essential to  
recognize that small local variations in the environment or condition 
of the surface of the metal may produce effects which are far greater 
in magnitude than those resulting in circumstances from which such 
local variations are absent, although the general or average conditions 
of corrosion and stress remain unchanged. Local variations of con
centration of the corrosive agent or of the oxygen supply in the 
environment assume great importance, also non-uniformity in the 
surface condition of the metal itself. Thus, a discontinuous coating 
of protective material is generally more harmful than if the coating 
had been entirely omitted. Local variations producing destructive 
effects may bo termed corrosion accelerators. Again, although in the 
future considerable reliance may be placed on protective coatings to  
reduce corrosion-fatigue, many cases occur where the use of corrosion 
inhibitors offer considerable advantages. A study of the character
istics of corrosion accelerators and inhibitors is thus of great importance 
in corrosion-fatigue phenomena, and in this connection the valuable 
researches of Speller, McCorkle, and Mumma49’ 50 will repay detailed 
study.

Their experiments were made in a rotating-beam testing machine, 
operating at 1800 r.p.m. ; all solutions were maintained completely 
saturated with oxygen, and the stressed portion of the specimen was 
entirely surrounded by a stream of the solution. Fig. 34 shows the 
results obtained with a normalized 0-35 per cent, carbon steel. Curve a 
is the air endurance curve; curve b relates to corrosion-fatigue tests 
made in synthetic tap water (25 p.p.m. sodium chloride -¡- 25 p.p.m. 
sodium sulphate). Curve c shows the effect of adding to the tap water 
200 p.p.m. of sodium dichromate as a corrosion inhibitor. N ot only
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has the sodium diehromate prevented lowering of the fatigue limit, 
but the S /N  curve has been moved bodily to the right, due to the 
cooling effect of the stream : curve c is probably closer than curve a 
to the true form of the endurance curve (in the absence of all corrosion) 
for this material. A number of specimens were painted at the centre 
with a narrow band of paint which was inert to the steel, and these 
were tested in the same solution (tap water plus inhibitor) as that used

Fio. 34.—Effect of Corrosion Accelerators and Inhibitors on Corrosion- 
Fatigue of 0'35% Carbon Steel.

for the experiments of curve c. The results are expressed by curve d. 
The position of curve d, intermediate between b and c, shows that 
some degree of protection has been afforded, but the failure to inhibit 
corrosion-fatigue is possibly due to differential aeration or a surface 
tension effect making the stressed metal more anodic at the edge of 
the paint band, and thus breaking down the protective film of the 
inhibitor at that section. In order to produce more severe localization 
of corrosion conditions, specimens having a tightly fitting narrow
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rubber washer instead of the paint band were tested in the same solu
tion. The protective effect of the inhibitor was completely broken 
down, the results falling either on or to the left of the curve b : fracture 
always occurred at the edge of the washer, and the position of the frac
ture could be altered at will by moving the washer along the specimen. 
Tests made on 0-42 per cent, carbon steel similarly showed the increased 
destructive effect of a local corrosion accelerator, the fitting of a rubber 
ring to specimens tested in synthetic tap water resulting in consider-

F ig . 35.—Effect of Corrosion Accelerators and Inhibitors on Corrosion- 
I'atigue of 0'42% Carbon Steel.

ably reduced endurances to fracture. Generally similar results were 
obtained from tests on stainless iron (chromium 18-5, carbon 0-07 per 
cent.). The endurance limit for this material was i  45,000 lb./in.2, 
but when tested in synthetic tap water, under conditions of general 
corrosion fatigue, the ordinate to the S /N  curve at 107 reversals was 
±  38,000 lb./in.2, whilst when rubber washers were fitted, the whole 
curve was displaced downwards, the corresponding ordinate being 
~f~ 36,000 lb./in.2. Fig. 35 gives the results of a series of tests on 0-42 
per cent, carbon steel made to determine the comparative usefulness 
of additions, to  salt solutions of various concentrations, of different



Corrosion-Fatigue of Metals 61

amounts of two well-known inhibitors (sodium chromate and di- 
chromate) in lessening the damage caused by general and local corrosion- 
fatigue. All specimens were tested at the same range of stress, 
±  34,000 lb./in.2 (which is ±  2000 lb./in.2 below the air endurance 
limit ; see Fig. 36). This value was chosen in order to eliminate thermal 
effects and to preserve all tho tests under corrosion-fatigue conditions. 
A study of these curves discloses the following results : general corrosion- 
fatigue in mild salt solution was overcome by the addition of small 
additions of the dichromale inhibitor (curve / ) ,  but very large additions 
could not prevent failure in solutions of 2000 and 30,000 p.p.m. of

I'iq. 36.—Effect of Corrosion Inhibitor on Corrosion-Fatiguo of 0'42% 
Carbon Steel.

sodium chloride (curves b and c) ; whilst sufficient additions of the 
chromate to these strong solutions were effective (curves d and e). 
When, however, a corrosion accelerator in the form of a tightly fitting 
rubber washer was fitted to the specimens, very large additions of either 
inhibitor were equally ineffective in preventing local corrosion-fatigue. 
It may be mentioned that, as compared with the protection afforded 
under stressless corrosion conditions, both inhibitors show enormously 
reduced usefulness under corrosion-fatigue.

A very interesting example of the complex actions which occur in 
solutions containing inhibitors is shown in Fig. 36 : these tests were 
also made on the 0-42 per cent, carbon steel. Curve aa is the air endur-
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anee curve, cc represents general corrosion-fatigue in a strong salt 
solution (30,000 p.p.m.), whilst curve bb shows the effect of the addition 
of 2500 p.p.m. of the dichromate inhibitor. Although the addition of 
inhibitor is insufficient to prevent corrosion-fatigue, it confers endur
ances greater than those obtained in tests made in air when the nominal 
stress ranges exceed the air endurance limit. This increased performance 
was not due to the absence of corrosion : copious corrosion products 
were observed, and the surfaces of the specimens were covered with 
small pits. The shape of the curve probably indicates that the inhibitor 
had retarded the process of pit formation to such an extent that the 
cooling effect of the stream was effective in displacing the curve bodily 
to the right until sufficiently low stresses were reached at which thermal 
effects were mainly eliminated. Another explanation is the decreasing 
film-building power of the inhibitor as the pits at the most strained part 
became deeper, the sudden dip in the curve corresponding with the 
point at which the protective film could not be re-formed under cyclic 
stress resulting in a rapid increase in the rate of damage.

These experiments of Speller, McCorkle, and Mumma provide very 
interesting data relating to corrosion inhibitors. They are even more 
valuable in emphasizing the importance, in corrosion-fatigue pheno
mena, of small local differences of conditions the effects of which may 
be much more destructive than those of the general environment. 
Their publication directed attention to the direct link which exists 
between the fundamentals of stressless corrosion and the essential 
characteristics of corrosion-fatigue. Previously, many of those inter
ested in the latter subject had been somewhat inclined to interpret 
the results entirely in “ mechanical ” terms, giving consideration mainly 
to the stress concentrations set up at the bottom of corrosion pits. 
Important these undoubtedly are, but corrosion-fatigue phenomena 
are incomprehensible until the problem is considered from the aspect 
of the formation and stability, repair, penetration by diffusion, or 
breakdown, of surface films. Also the essential differences between 
stressless corrosion and corrosion-fatigue are difficult to  reconcile until 
the effect of cyclic strain on the film is considered.

8 .— T h e  I m p o r t a n c e  o f  Ox y g e n  a s  a  F a c t o r  in  F a t ig u e .

“ Corrosion-fatigue ” and “ fatigue ” are terms usually applied to 
distinguish between two groups of phenomena which are often regarded 
as essentially different in nature although possessing many features in 
common. Yet, although this division is useful and generally practic
able, it  cannot be justified on any scientific grounds, as will become
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apparent if attempts are made to prepare discriminative definitions. 
Much too careless a use is made of the type of “ definition,” such as, 
for example, “ that corrosion-fatigue is in operation when a metal is 
exposed to an agent of a corrosive nature and subjected simultaneously 
to alternating stresses, resulting in destructive effects greater than those 
obtained when either action is operating alone.” Many experiments 
arc on record the results of which are incomprehensible when con
sidered in this way. Again, if the term “ fatigue ” is to be restricted 
to the fracture of metals under alternating stresses in an environment 
entirely devoid of corrosive substances, it  becomes open to doubt if 
many real fatigue tests have ever been m ade; certainly the usual type 
of test made in air cannot be placed definitely in this class, as air must 
be considered as of a corrosive nature, however mild. A useful insight 
into the importance of this aspect of the subject will be obtained if 
some critical consideration is given to various unrelated experimental 
results selected from the literature.

A number of experiments was made by Haigh 17 to determine 
whether, in typical rolled and extruded brasses, fatigue was accelerated 
by the presence of various corrosive fluids in contact with the metal 
during test. For this purpose, a pad of cotton, moistened with corro
sive and exposed to the atmosphere, was tied round the mid-section of 
the specimen and moistened from tim e to time. It was found that 
ammonia reduced the fatigue strengths of annealed Muntz metal
(a +  p) and Naval brass (a -|-----) by 15 per cent, and 17 per cent.,
respectively, but dilute hydrochloric acid did not affect the fatigue 
strength of the Naval brass, and a similar result was found with 
phosphor-bronze (a) tested in contact with ammonia, hydrochloric 
acid, and sea-water. In fact, the endurances of specimens moistened 
with hydrochloric acid were generally greater than those of dry speci
mens tested in air under the same ranges of stress. With regard to 
the absence of marked attack, it should be pointed out that Haigh’s 
tests rarely extended to more than three million stress cycles, and 
were insufficiently lengthy to show up the full effects of combined 
corrosion and fatigue; also, the increased endurances recorded might 
be partly due to the cooling effects produced by the wet pad. How
ever, the observations induced Haigh to remark that “ the atmosphere, 
as well as chemical reagents, may act chemically upon the metal.” 
These early experiments were somewhat inconclusive, although possess
ing definite historical interest. The points raised received no further 
attention until 1926, when experiments made by Lehmann,23 in Pro
fessor C. F. Jenkin’s laboratory at Oxford, gave results some of which 
appeared to be incompatible with the view that simultaneous chemical
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action and alternating stress produced accelerated destructive effect?. 
With the express object of producing marked corrosive action, hot 
aqueous solutions of considerable concentrations were employed. The 
tests were made in a specially designed vertical fatigue machine of the 
Wohler ty p e : a tube enclosed the specimen, the aqueous solution 
entirely filling the space between the specimen and tu b e; the solution  
was heated by a steam jacket surrounding the tube. Tests made on a 
normalized 0-33 per cent, carbon steel gave the curious results shown 
in Table II.

T a b le  II.

Condition of Test. Temperature, 
° C.

Endurance Limit 
(101 cycles), 

lb./in.*.

In  air . . . . . . . . 17 ±41,000
In  air (after immersing in sulphuric acid for 2 hrs.,

washing and drying) . . . . . 17 ±37,600
In distilled water . . . . . . 06 ±38,800
In sodium nitrate solution * (2 parts H..0 : 1 part

NaN03) ...................................................................... 96 ±39,100
In  sodium chloride solution (3 parts 11,0 : 1 part

NaCl) . . . . . . " . 96 ±41,200
In ammonium chloride solution (3 parts H ,0  : 1 part

N H .C l) .................................................. ......... 96 ±32,500

* Lehmann records that the specimens were slightly pitted, the pits increasing 
in number along tho specimen with increase in stress, whilst an unstressed speci
men exhibited an oven spacing of pits. This is an interesting example of tho 
effect of cyclic stress on corrosion pitting.

With the exception of the tests in ammonium chloride solution, little 
or no reduction in fatigue resistance resulted from substituting a strong 
salt solution, at 96° C., for air as the environment. These results were 
surprising, and raised considerable discussion; one obvious explanation 
was that the mild attack produced was due to the general absence of 
air from the hot “ corroding ” solution. Further tests to explore this 
point were made by Binnie,4 using the same steel. He found that a 
salt spray (1 part sodium chloride to 4 parts of water) in air produced 
very destructive results, also that the same effect was obtained when 
the solution was allowed to drip slowly on to the specimen. When 
an atmosphere of commercial hydrogen was substituted for air, little 
improvement was recorded in the resistance to salt drip, but when 
similar tests were made in an atmosphere of much purer hydrogen, 
marked improvement resulted. Results of a similar nature were 
obtained from tests made on 0-9 per cent, carbon steel.

The appearance of the specimen surfaces was also informative. 
With the salt drip in air the surfaces rapidly blackened, whilst in the
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T a b l e  III.

65

Condition of Test.

Endurance Limit (107 cycles), 
lb./ln.*.

0-33% Carbon 
Steel.

0-9% Carbon 
Steel.

In air
Salt solution dripping through air 
Salt solution dripping through commercial hydro

gen ......................................................................
Salt solution dripping through purified hydrogen .

±41,000
±20,600

±21,000
±26,400

±38,100
±16,800

±20,400

hydrogen tests a very slight darkening could be detected only after 
several millions of stress cycles. It appears probable, therefore, that 
in absolutely pure hydrogen specimens would remain bright throughout 
the test. The types of fracture were also extremely interesting. With 
a salt drip in air, fracture was not confined to one plane, but a number 
of cracks appeared, leading to a fracture of serrated appearance. 
Under a salt drip through purified hydrogen, however, the resulting 
fracture was indistinguishable from that of an ordinary.fatigue fracture 
in air. The results show the improvement effected by the substitution 
of hydrogen for air, and while they can only indicate that further 
improvement would be effected if every trace of oxygen could be 
eliminated, they do assist to explain Lehmann’s results. Similar con
clusions are reached from the tests of Fuller 8> 9 made in atmospheres 
of steam of varying oxygen contents, to which previous reference has 
been made.

Some tests by McAdam,29 published in 1927, arc also relevant. 
Electrolytic copper in the hot-rolled (fully annealed) and cold-worked 
(low annealed) conditions, also fully annealed 78: 21 nickel-copper 
alloy, were tested in air and under corrosion-fatigue conditions (a) 
in a stream of fresh (carbonate) water, and (6) in a stream of river 
water having a saline content about one-sixth that of sea-water; 
these tests extended from 20 to 80 millions of stress cyclcs. For each 
of the three materials mentioned, the S /N  graphs of the fresh- and 
salt-water tests were practically coincident, each falling slightly, but 
definitely, above and to the right of the corresponding graph for tests 
made in air. That the first part of the corrosion-fatigue graphs lay  
above the air curve is not at all surprising: this feature is often 
observed in similar tests, and is due to the cooling effect of the water 
stream. The problem is to explain why these graphs remained in the 
same relative positions after they had become practically parallel to  
the N  axis. Chemical action was undoubtedly in operation, for the 
surfaces of the specimens tested in water became heavily coated with 
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corrosion products. The fact that the S /N  graphs for the corrosion- 
fatigue conditions were nearly, if not quite, asymptotic to a limiting 
value of S, suggests that a state of equilibrium had been established, 
probably due to protective film formation, or to the arrest of further 
damage owing to the shielding effects of the corrosion products, but, 
even so, corrosion-pitting must previously have been in operation, 
and while the effects of such pitting on the fatigue resistance of the 
corroded specimens may have been so small as to be inappreciable, 
one cannot reasonably consider that the corrosive attack could have 
produced increased fatigue strength. McAdam made some experiments 
to examine the possibility that the ordinary tests in air gave unduly 
low results owing to atmospheric oxidation. He tested, in air, specimens 
of copper covered with various protective coatings—mixtures of vaseline 
and rubber, also vaseline and paraffin, Japan drier, and a mixture of 
shellac and lacquer—but found that the endurances obtained lay on 
or near the ordinary fatigue graph, from which he concluded that the 
ordinary fatigue graph had not been influenced by atmospheric corro
sion. He then suggested that these materials possessed an “ intrinsic 
corrosion-fatigue limit ” which could not be developed in ordinary 
fatigue tests owing to the physical limitations of the materials. A 
much simpler explanation is now available.

In the first place, the tests of McAdam on coated specimens cannot 
be accepted as proving that atmospheric corrosion had no effect on the 
endurance limit of his alloys; the coatings were probably permeable 
to air. Recently it has been shown 14 that the substitution as environ
ment of a good vacuum for air can result in an increase of 13 per cent, 
in the fatigue limit of copper. The author would suggest, therefore, 
that the real fatigue limits of McAdam’s alloys in the absence of all 
corrosive influences were appreciably higher than those obtained from 
his endurance tests in air. Under corrosion-fatigue conditions, using 
fresh and salt water, corrosion at first took place, resulting in pitting 
followed by the attainment of a state of equilibrium. Stress con
centrations due to the pitting were in operation, reducing the fatigue 
limits to values which, whilst lower than the real fatigue limits of 
these alloys, were yet slightly higher than the values normally obtained 
in air. This explanation, which is entirely compatible with our usual 
experience of corrosion-fatigue phenomena, is sufficient to explain 
satisfactorily the results of McAdam’s experiments.

Some experiments on lead and lead-alloys made by Haigli and 
Jones,19 and published in 1930, form the next link in the chain. The 
behaviour of lead under fatigue is particularly interesting as tly3 normal 
path of the fatigue fracture is intercrystalline, this material being
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peculiar * in this respect. That the intererystalline failure of the lead 
sheathing of cables is directly attributable to fatigue was satisfactorily 
demonstrated by Townsend 62 in 1927, and independently confirmed 
by Beckinsale and Waterhouse 2 in 1928. In discussing the tests of 
Haigh and Jones on lead alloys, it  is necessary to remark that even 
the tests made in air were insufficiently lengthy to indicate the existence 
of a definite limiting range of stress; probably experiments extending 
to many hundreds of millions of stress cycles are required to determino 
whether the S /N  curves for these alloys bccome parallel to the N  axis, 
therefore, the results can be discussed only with reference to the 
shape and position of the endurance curves. Comparative tests on 
lead were carried out on samples in air and on other samples immersed 
in a bath of oil. A specimen tested in air at a range of stress of i  0-25 
ton/in.2 fractured after 5-6 millions of stress cycles. A similar speci
men tested while immersed in oil remained unbroken after 11-7 million 
cycles of the same range of stress and after further cycles of stress 
up to and including a range of i  0-45 ton/in.2. Similar results were 
obtained with lead alloys containing small proportions of tin and 
cadmium, also of bismuth. When the unbroken specimens were bent 
cold after the fatigue tests, the presence of a large number of cracks 
was observed. Thus it is clcar that the substitution of oil for air as 
the ambient condition had displaced the S /N  curve away from the stress 
a x is : fatigue had been “ delayed,” but not prevented. The results 
were reasonably interpreted by the authors as indicating that the oil 
bath had delayed the rate at which air reached the surface of the test- 
piece, thus suggesting that atmospheric oxygen was a factor entering 
into the ordinary process of fatigue of lead alloys. A layer of grease 
was found to bo less effective in delaying fatigue than a bath of oil. 
In order to adopt chemical means of removing air from the surface 
of the test-piece, the authors made other tests in which samples of lead 
alloys were tested while immersed in a bath of acid, so that any 
acid attack set in operation would liberate nascent hydrogen which 
would combine with any oxygen present. Acetic acid was chosen, as 
this was known to attack lead, provoking intercrystalline failure. 
Specimens of lead tested in the acid bath remained unbroken after 
8-5 million cycles of ^  0-35 ton/in.2, although the specimens were 
deeply corroded in the process; subsequent cold-bending tests failed 
to show up any cracks. Other tests in which the specimen surface was

* As the author pointed out in discussing this paper by Haigh and Jones, 
fatigue tests made a t air temperature on a metal such as lead, which possesses a 
low melting point, probably should be considered as equivalent to tests made at 
very high temperatures on other alloys of relatively much higher melting points : 
hence intercrystalline fatigue fractures may not bo really exceptional.
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merely moistened with a trickle of acetic acid gave endurances which 
were no greater than those obtained in tests conducted on dry specimens 
in air.

These tests of Haigh and Jones are undoubtedly important. They 
suggest strongly (1) that oxygen is a factor in the normal 
process of the fatigue of lead and some lead alloys, (2) that as the 
available oxygen supply to the specimen surfaces is reduced, the 
endurance of the specimens is improved, (3) that the beneficial effect 
produced on the fatigue resistance by reducing oxygen more than out
weighs the destructive effects brought about by roughening the surface 
of the specimen by acid corrosion: but the authors’ claim that, in 
the tests made in a bath of acetic acid, the chemical action had “ success
fully eliminated oxygen and fatigue,” cannot be accepted as having 
been established by the data presented. Very much more lengthy 
endurances and a much wider range of stress cycles must be investigated 
before such a significant claim can be logically advanced. The present 
author would suggest that a rational interpretation of these experiments 
is that they have shown definitely that, in fatigue tests on some lead 
alloys, the decrease of oxygen in the environment has resulted in a 
displacement of the S /N  curve away from the S  axis and probably 
also away from the N  axis, but to extents that were not determined. 
Considered in this way, the results are entirely consistent with the 
experiments of Haigh,17 Lehmann,23 McAdam,29 and Binnie,4 to which 
reference has been made.

Some very curious and apparently contradictory results, obtained 
quite independently, thus become intelligible and consistent if we 
assume that atmospheric oxygen is a factor in ordinary fatigue tests, 
but the results themselves offer evidence only of an indirect nature 
on this point. Tests made in  vacuo or in atmospheres of inert gases 
were obviously required to give direct evidence; such tests are in pro
gress at the National Physical Laboratory, and some results are now 
available. Gough and Sopwith 14 have determined the fatigue limits, 
under reversed direct stresses, of a range of materials tested (a) in air, 
and (b) in a partial vacuum in which the air pressure was not greater 
than 10'3 mm. of mercury.

The fatigue lim its marked thus * in Table IV represent average 
values, as some “ scatter ” of results was obtained; the effect of the 
partial vacuum was, therefore, not clearly established. From the other 
tests it  is evident that the atmosphere definitely affects the fatigue resist
ance. The effect on steels is but slight, as a 5 per cent, increase in 
fatigue limit in  vacuo is the maximum recorded. The magnesium  
alloy appears to be unaffected by the change of environment. Copper
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and brass, however, show increases of no less than 14 per cent, and 
‘26 per cent., respectively, the latter being a really remarkable im
provement.

T a b l e  IV.

Material.

Fatigue Limits, tons/in.*. Ratio. 
Fatigue Limit in

In  Air. In  Partial 
Vacuum.

Vacuum/Fatigue Limit 
in Air.

0-5% Carbon steel (cold-rolled) . ±21?* ±22J 103
Stainless steel (Cr 15, C 0-12%) . ±22 ±22} 101
Stainless steel (Cr 18, N i8, CO-1%) 
Stainless steel (Cr 17, Ni 1, C

± m * ±24} 0-98

0-25% )........................................ ±28} ±28} 100
Duralumin . . . . ±  n* ±  8} 1-06
Magnesium alloy (A1 2-5%) ±  s j ±  5.V 1-00
0-13% Carbon steel . ± 1 3 0 ±13-7 105
Copper (99-96%) annealed . ±  4-3 ±  4-9 114
Brass (70 : 30) annealed ±  7-2 ±  9-1 1-20

It is possible that the use of higher degrees of vacua may reveal 
even greater increases in the fatigue lim its of the same materials, also, 
other materials may be even more sensitive to atmospheric corrosion. 
Lead is a metal which should also be tested in  vacuo, but these few 
tests already reported afford the necessary amount of direct experi
mental evidence which was needed to enable us to reconcile the 
results of Lehmann, McAdam, Binnie, and Haigh and Jones. In 
future, the fatigue resistance of a metal as determined in  vacuo 
should be regarded as the real standard of comparison; if any 
other environment is used, the fatigue resistance may be equal to, 
or less than, this optimum value, but it is reasonable to suppose that 
— apart from temperature effects—it cannot be greater, although in 
certain circumstances the value obtained may exceed the endurance 
limit when tested in air. Should the environment be such as to permit 
of chemical attack in the presence of an adequate supply of oxygen, 
then the mechanical and physical properties of the film formed will 
decide entirely whether a temporary or a progressive destructive effect 
is set in operation. That oxygen must be the factor of primary impor
tance in the combined process of corrosion and fatigue follows from 
the definition of corrosion, and it is curious that the various unrelated 
experiments 'dealt with in this section have been often regarded as 
“ mysterious ” ; actually no mystery existed—all that was required 
was direct experimental evidence that oxygen is a factor in fatigue. 
This evidence has now been obtained.

Assuming that the maximum  possible fatigue resistance of an alloy
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is determined when tested in  vacuo, it may be of interest, from a design 
point of view, to consider the test conditions which woidd determine 
the minimum  fatigue resistance of the same alloy when exposed simul
taneously to cyclic stress and to a particular corrosive solution. Our 
present experience would suggest that this liquid should be sprayed 011 
to the surface, thus making available an excess of oxygen. To these 
conditions should be added some local shielding factor, so that a por
tion of the surface would be completely screened from oxygen while 
a neighbouring portion was fully exposed, or to bring surface tension 
effects into operation ; for this purpose, a tightly fitting rubber ring, 
such as used by Speller, McCorkle, and Mumma,49 would probably be 
suitable. Under such test conditions, favourable both to  severe 
general and local corrosion, very destructive corrosion-fatigue effects 
might reasonably be expected to develop. It is suggested, therefore, 
that a laboratory test, 011 the lines indicated, might be useful to  
obtain comparative data; these data should be of greater value than 
those obtained under corrosion-fatigue conditions in which “ general ” 
corrosion only is in operation.

9.— Co r r o s io n -F a t ig u e  P h e n o m e n a  as  E x h ib it e d  b y  Ch a n g e s  
o f  M ic r o s t r u c t u r e .

When one recalls the valuable additions that have been made by 
the aid of the metallurgical microscope to the knowledge and understand- 
ng of the mechanism of the deformation and fracture of metals, it is 

somewhat surprising to find that such limited attention has hitherto 
been given to the changes in microstructure occurring during corrosion- 
fatigue. I t  is, however, a fact that no systematic study has yet been 
made in this direction : as a result, little information exists on such 
fundamental points as (1) the actual point of initiation of a corrosion- 
fatigue crack; whether it is situated at a crystal boundary, or on the 
site of previous slip bands, or at local corrosion pits bearing no distinct 
relation to these special positions; (2) the general course of a crack, 
whether intercrystalline or transcrystalline, and (3) whether the 
existence of a “ corrosion-fatigue limit ” receives support from visual 
observations.

Systematic researches are in progress on these aspects in at least 
one laboratory at the present time, although the results are not yet fully 
available ; a certain amount of valuable information, however, can be 
gained by careful examination of certain published results and of 
unpublished photographs and data which various correspondents have 
been good enough to place at the author’s disposal.
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To show the broad characteristics of corrosion-fatigue cracks, 
reference may be made to the failure of the piston rod of a Diesel engine 
which has been previously referred to (see Figs. 2 and 3 (Plates I and II)), 
the microstructure of which has been examined by the author and his 
colleague, Dr. C. H. M. Jenkin. The piston rod, of 0-36 per cent, 
carbon steel, was hollow-bored for water-cooling, and failure occurred 
owing primarily to the stresses due to cyclical thermal changes in con
junction with the corrosive attack of the circulating water : the rod 
fractured by circumferential cracks perpendicular to the axis of the rod. 
In Fig. 2 (Plate I) some of these cracks are visible on the inner surface 
of the rod in various stages of development. Fig. 4 (Plate II) is a 
composite photomicrograph of one of the smaller of these cracks. At 
the “ mouth ” of the crack a considerable degree of corrosion has 
occurred; the width of the corrosion pit decreases as the depth 
increases, and ends in a very fine crack which is indistinguishable from 
an ordinary fatigue crack and which penetrates for a considerable 
distance into the metal. Examination, under high magnification, of 
this crack showed that it did not follow the grain boundaries of 
the ferrite or the pearlite areas but passed through these without 
discrimination. No precise information can be gained from a fracture 
of this sort of the location of the initiation of the damage. The 
appearance of this crack is quite typical, however, and illustrates 
admirably the general mechanism of the corrosion-fatigue process 
whereby a surface effect of conjoint corrosion and stress produces a pit 
which penetrates into the material to a depth at which the “ notch ” 
effect is sufficient to start a fatigue crack wyhich then spreads in the 
usual manner. As the photomicrographs now to be discussed have 
been taken mostly from specimens tested in the laboratory, Figs. 37 
and 38 (Plate XV) will give preliminary assurance on an important 
point. Fig. 37 shows a section through the wall of a steel (1 8 :8  : 1 
chromium-nickel-tungsten) tube used, in service, to convey boiling 
ammonium sulphate which passed through the tube at a sufficiently 
high velocity to cause vibration of the tubes : failure has occurred by 
corrosion-fatigue. Fig. 38 shows a corrosion-fatigue failure of a 
laboratory test specimen of 18 : 8 :1  chromium-nickel-tungsten steel 
which fractured after 11-167 X 106 cycles of ±  8-3 tons/in.2 whilst 
subjected to a drip of (neutral) ammonium sulphate liquor, at 50° C. 
throughout the test. The essential features of the failure are the 
same in both cases, although the roughening of the surface of the service 
tube is more pronounced owing to the shorter time occupied by the 
laboratory test. These, and many similar examples, also comparisons 
of the appearance of the fractures show clearly that corrosion-fatigue
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failures in service and in the laboratory exhibit essentially similar 
characteristics, and, hence, the experience gained by study of the latter 
can be used, with confidence, in interpreting the cause of the former.

With the exception of lead,2*62 the author is not aware of any 
other metal in which the normal course of ordinary fatigue failure in 
air follows the crystal boundaries. In view, however, of the marked 
tendencies of certain metals and alloys to fail along the boundaries 
when exposed to corrosive influences, it  would not be surprising to find 
that these would also fail in a similar manner under eorrosion-fatigue 
conditions. Corrosion-fatigue cracks of this nature, however, appear 
to bo extremely rare. Eig. 19 (Plate X) shows the failure of a lead 
(chemically pure) pipe used for carrying 70 per cent, sulphuric acid at 
140° C.; failure was due to the combined effects of corrosion and 
alternating stress, the latter being caused by vibration of the pipe due 
to an adjacent motor. Intercrystalline cracks are clearly visible, but 
in this case it should be remembered that this metal would 
probably have failed in an exactly similar manner had corrosive 
influences been absent.

Duralumin is an alloy well known to be prone to develop inter
crystalline cracking under corrosive conditions, and in view of the 
number of corrosion-fatigue tests that have been carried out on 
Duralumin, surprisingly little is known of the method of failure under 
these conditions; some informative tests, however, have been made on 
Duralumin sheet by Rawdon.46 In these tests, specimens were subjected 
to reversed flexure at 75 cycles per minute. At intervals of 15 minutes, 
the specimens were immersed for 1 minute in a normal solution of sodium 
chloride (5-5 per cent, by weight) to which had been added an amount 
of commercial hydrogen peroxide solution equal to 0-1 of the total 
volume. Under these severe conditions, the Duralumin failed by 
intercrystalline cracks, but this was also the method of failure under 
conditions of stressless corrosion, or of corrosion while subjected to 
static tensile stress. The above examples are the only recorded 
cases, to the author’s knowledge, of intercrystalline failure under 
corrosion-fatigue conditions. R. R. Moore44 made some tests on 
Duralumin tubes to determine the effect of corrosion embrittlement 
on the normal fatigue resistance. Eor this purpose, one set of specimens 
was subjected to salt spray (20 per cent, sodium chloride) for a total 
of 40 hrs., applied intermittently during a period of 5 d ays; a second 
set for 120 hrs., during a period of 10 days. The fatigue limits of the 
corroded specimens were then determined in air. It was found that the 
endurance limit (2 X  10s) of both batches had about the same value 
( ±  11,000 lb./in.2) representing a decreaso of 39 per cent, from the
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endurance limit ( ±  18,0001b./in.2) of the uncorroded material. Photo
micrographs 41 of the tubes after corrosion, and before the fatigue 
tests, showed that marked intercrystalline attack had resulted. (The 
maximum depth of the attack was less than 0-001 in. This is interesting 
in view of the large resulting effect— 39 per cent, reduction— on the 
endurance limit.) These experiments, being of the “ prior-corrosion ” 
type, offer no real evidence on the course of fracture during corrosion- 
fatigue; they show, however, that if intercrystalline failure were to 
occur, marked destructive effects might result. Schulz and Buchholtz 47 
have published photomicrographs of the paths of corrosion-fatigue 
cracks in structural steels, and remark that they “ are principally trans
crystalline, and only in a few cases follow the grain boundaries ” ; 
some further photomicrographs which Professor E. H. Schulz has 
kindly sent to the author can be similarly described. McAdam has 
remarked, on various occasions, on the course of corrosion-fatigue 
cracks, but in somewhat contradictory terms, and it does not appear 
that he has yet found opportunities for a thorough investigation of this 
aspect of the subject. In discussing his 1926 paper 27 he said, “ Whether 
or not corrosion-fatigue cracks originate in the metallic inclusions or 
pores in the metal, their chief progress is probably along intercrystal- 
line boundaries. Preliminary investigation of ingot-iron indicates 
that for this material corrosion-fatigue failure is at least partly inter- 
crystalline,” and “ Microscopic examination of failed corrosion-fatigue 
specimens of a variety of steels has not revealed any purely intercrystal
line fracture. In its path from one inclusion to another, however, a 
crack sometimes deviates and for a short distance follows intercrystal
line boundaries. I t  is possible that at lower cycle frequency the higher 
ratio of corrosion to fatigue may increase the tendency towards inter- 
crystalline fracture.” In a later paper,30 in discussing the great effect 
of stressless corrosion on aluminium alloys he said, “ Intercrystalline 
corrosion has been frequently found in Duralumin that has been under 
slow cyclic stress. In Duralumin that has been under rapid cyclic 
stress, purely intercrystalline cracks have not yet been found.” Fig. 
32 (Plate XIV) shows a photograph, by Inglis and Lake,21 of a corrosion- 
fatigue fracture of a mild steel specimen, fatigued while exposed to a 
drip of tidal river water ; the fracture is predominantly transcrystalline.

Chromium-nickel austenitic steel (18: 8 : 1 chromium-nickel- 
tungsten) when heated in the range 500o-900° C. (and especially at 650° 
C.), followed by slow cooling, is known to be prone to disintegration 
in an intercrystalline manner when subjected to corrosive attack : 
the cause is stated to be the precipitation of a carbide. If intercrystal
line failure occurs under corrosion-fatigue, this alloy, when in the
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improperly heat-treated form, should provide an excellent example. 
But Fig. 33 (riate XIV) shows a specimen 21 of 18 :8  : 1 chromium- 
nickel-tungstcn steel cooled in air after heating to 650° C. for 1 hr., and 
broken under reversed bending stresses while subjected to a drip of 
tidal river water. The fracture is entirely transcrystalline. Striking 
evidence that the actual resistance to corrosion-fatigue is not adversely 
affected by the susceptibility of the boundaries to ordinary corrosion 
is given by some tests of Fuller 8 on three batches of 18 : 8 chromium- 
nickel austenitic steel made in an atmosphere of wet steam (at 60 lb./in.2 
pressure). The “ corrosion-fatigue limits ” obtained, on a 107 cycles 
basis, were as shown in Table V.

T a b l e  V.

Carbon Content . 
Per cent.

Forra of Heat-Treatment and Corrosion-Fatigue Limits (10T cycles).

IIot-Rolled.
(o

Held a t 650° 0. 
for 6 hrs. : Air- 

Cooled.
(2)

Held a t G50° 0. 
for 500 bra.: Air- 

Cooled.
(3)

Held a t 1150° O. 
for 1 hr. : Wnter- 

Quencbcd.
(0

0 0 6 dr 46,000 ± 4 5 ,0 0 0 34,000 ± 2 4 ,0 0 0
0-08 -t51 ,000 ± 5 1 ,0 0 0 ± 2 1 ,0 0 0 ± 2 1 ,0 0 0
0 1 5 ± 5 6 ,0 0 0 + 46 ,0 0 0 ± 4 0 ,0 0 0 ± 3 4 ,0 0 0

As treatments (2) and (3) are known to produce a considerably 
decreased resistance to corrosion at the crystal boundaries, whilst treat
ment (4) should produce a satisfactory condition, it  is clear that the 
boundary conditions did not determine the resistance to corrosion- 
fatigue ; hence it is reasonable to infer that the course of the corrosion- 
fatigue fractures was not intercrystalline. Rosenhain and Murphy 16 
subjected bars of mild steel to repeated bending while in contact with 
mildly corrosive liquids. Each bending operation involved considerable 
plastic strain and the maximum number of bends to failure was extremely 
small, whilst varying times elapsed between successive bends, hence 
the tests bear little resemblance to the usual form of corrosion-fatigue 
test : probably the significant factors at work were stressless corrosion 
of severely deformed metal, and the influence of subsequent strain 
on the protective film and the corrosion products. However, the 
interesting observation was made that the fractures were mainly trans- 
crystalline, no sign of intercrystalline cracking being detected.

The available evidence therefore shows clearly that the paths of 
corrosion-fatigue cracks are essentially transerystallinc. I t  still remains 
a possibility that the surface origin of the crack is intercrystalline. The 
only published evidence on this point is due to Ludwik,24 whose photo
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graphs are reproduced as Figs. 39 and 40 (Plate XVI). These fractures 
were obtained under corrosion-fatigue conditions employing reversed 
bending stresses and sea-water. In Fig. 39 it is clearly shown that the 
crack, in its path, avoids crystal boundaries, passing from crystal to 
crystal in a direction at right angles to the boundaries, thus behaving 
exactly in the same manner as the normal fatigue crack. The photo
graph also shows, in an unmistakable manner, that the intersection of 
the crack with the surface is well removed from the crystal boundary : 
it offers no positive evidence regarding the position of the origin of the 
crack with relation to the boundaries. Fig. 40, however, affords indis
putable evidence on this fundamental point, for the photograph has 
been taken at a stage when the whole of the. crack, seen in the middle 
of the field, is confined to one crystal grain : this is therefore a definite 
case of a corrosion-fatigue crack which cannot have started at a 
boundary. Also, assuming that the crack started at the free surface—  
and the varying width clearly indicates this origin— the course is such 
as to reduce approach to the boundary to a minimum. I t  should 
be noted that both the specimens referred to in Figs. 39 and 40 were 
tested under truly corrosion-fatigue conditions. The aluminium speci
men fractured after 107 cycles of i  4270 lb./in.2 followed by 1-5 X 10G 
cycles of ¿  5690 lb./in.2 : the soft iron specimen broke after 6-9 X 10° 
cycles of i  17,000 lb./in.2. The endurance limits, in air, of these 
materials were, respectively, ±  8530 lb./in.2 and ±  24,200 lb./in.2.

It has been suggested by several writers that the increased destruc
tion produced when a corrosive environment is present during a fatigue 
test is due to the change over from the transcrystalline type of failure 
associated with fatigue in air to the intercrystalline cracking often pro
duced by corrosion. As this explanation—if it were true— would be of 
great importance in interpreting corrosion-fatigue phenomena, the actual 
experimental evidence available has been reviewed above at some length : 
the author suggests that it can be accepted that intercrystalline failure 
is so extremely rare in corrosion-fatigue as to be regarded as an ex
ceptional occurrence. Thus evidence obtained from changes in micro
structure also confirms the view that the essential mechanism of corrosion- 
fatigue consists of a preliminary process of surface pitting, under the 
combined influences of corrosion and stress, leading to the initiation 
of a crack, the subsequent propagation of which through the metal 
is determined largely by stress concentration effects of the shape of 
the crack when under cyclic stresses. The cause of the “ pitting ” 
may be due, among other causes, to local corrosive attack, removal 
of inclusions, presence of impurities, cold-worked material, or internal 
stress. As corrosion is usually regarded essentially as a surface effect
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in its initial stages, it  would appear unreasonable to suggest that the 
first stages of corrosion-fatigue can occur at any other position than at 
the metal surface, and every photomicrograph that the author has seen 
confirms this view. Haigh, however, suggests that the initiation of 
corrosion-fatigue is not at the free surface, and his views merit a frank 
discussion.

In the first place, Haigh 18 suggests that fatigue failure, under 
all conditions, is a fracture of the metal caused by triple tensile stress 
(hydrostatic tension). As such stress conditions cannot be set up at a 
free surface, it  is assumed to occur at some depth below the surface. 
This particular stress system is stated to result from contractions in 
volume accompanying phase change (from crystalline to amorphous) 
resulting from the applied stresses. At the region of triple tensile stress 
brittle fracture occurs ; between this region and the outer surface exists 
a “ marginal zone” which is supposed to be relatively immune from 
fatigue and which often deforms by shear in ductile materials ; according 
to Haigh, plastic deformation by shear is not the cause of fatigue failure, 
but is a process rather tending to prevent such failure. In support of 
this general theory of fatigue, Haigh attaches importance to a small 
“ lip,” of the cup and cone type, which is sometimes observed on the 
edge of fatigue fractures. He also states that there exist definite 
differences in discoloration of the marginal zone and the inner fracture, 
the discoloration being greatest at the inner edge of the zone where the 
assumed triple tensile stress condition has been set up. Haigh also 
believes that the behaviour of a fatigue specimen in the stages immediately 
preceding fracture is such as to lend support to the view that internal 
cracking has occurred before surface cracks are rendered visible. In 
applying the above general theory to failure by corrosion-fatigue, 
Haigh suggests that the chemical reagent diffuses through the outer 
layer of metal and reaches the region where a state of triple tensile 
stress is in existence. This conception is perhaps most concisely stated  
in the paper by Haigh and Jones 19 in the following words : “ The re
ductions of fatigue strength often observed when water or other reagents 
act upon the surfaces of test-pieces during the continuance of fatigue 
tests are attributed only in a small degree to superficial actions, such 
as corrosion or notching, and chiefly to diffusion into the metal of foreign 
substances that provoke chemical or physical change under cyclic 
stress.” The present author would merely comment that in the very 
numerous microscopical examinations of the surface and sections of 
specimens (excluding such especial cases, of course, as case-hardened 
and nitrided steels) subjected to fatigue and corrosion-fatigue which 
have been made by himself and his colleagues at the National Physical
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Laboratory, no observation has ever yet been made which suggested 
that the origin of the fractures was at any point other than at the free 
surface. It is considered that the photomicrographs referred to above 
afford exceptionally strong, if not incontrovertible, evidenco that initial 
damage occurs at the surface. Haigh and Jones mention some lead 
test-pieces the surface of which, after subjection to fatigue stresses when 
immersed in oil, appeared to be free from cracks : when these test- 
pieces were subsequently severely deformed by bending, a large number 
of shallow cracks became visible. They express the opinion that 
these “ shallow cracks broke through the surface from the interior.” 
In Fig. 31 (Plate XIV) the middle specimen, of 3-5 per cent, nickel 
steel, has been subjected to 47-9 millions of stress cycles of ±  14,200 
lb./in.2 in a water stream (the S /N  curve under these conditions is 
practically horizontal at a value of ±  20,500 lb./in.2 after 200 millions 
of cycles). The surface of the specimen was apparently undamaged, 
no signs of cracking being visible. When, however, the specimen was 
bent cold, the profusion of cracks shown in the photograph became visible. 
The tests were made by Dr. E. Honegger, who reasonably assumes 
that very small surface corrosion-fatigue cracks had been opened out 
and rendered visible by the deformation of the specimen : general 
agreement will, the present author suggests, be expressed with this view. 
Conclusive evidence on tho point at issue might be looked for in 
a section through a specimen which has emerged unfracturcd from 
an extremely lengthy corrosion-fatigue history under a range of stress 
far removed from the fatigue limit in air : if cracks were present 
in such a specimen, some would probably be in tho very earliest 
stages of development. The author is indebted to Professor P. 
Ludwik for some hitherto unpublished photomicrographs which, it 
is suggested, afford the required decisivo evidence : these áre repro
duced as Eigs. 41 and 42 (Plate XVII). They refer to a section of a 
specimen of hardened and tempered chromium-nickel steel which with
stood, without fracturing, five hundred million cycles of ¿  18,500 lb./in.2 
under corrosion-fatigue in tap water. These cracks havo attained a 
maximum  depth of 0-004 in. only, and were quite invisible on tho 
surface. It is practically certain, however, that these would have been 
rendered visible had the specimen subsequently been greatly deformed 
by cold bending ; the specimen would havo assumed a similar appearance 
to that of the bent specimens of Haigh and of Honegger. The most 
careful examination of these cracks fails to  suggest any reason for assum
ing that their origin is anywhere but at the surface of the specimen, 
and the evidenco presented by these photographs and by Fig. 40 
(Plate XVI) appears to  render superfluous further comment on the
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“ internal ” crack hypothesis. Incidentally, photographs which have 
been discussed lend considerable visual support to the view that no 
such property as a true “ corrosion-fatigue limit ” really exists : the 
extreme sharpness of the cracks is such that fracture would probably 
have resulted at some stage had the test been continued for a sufficiently 
lengthy number of cycles.

There is no doubt that further metallographic study of corrosion- 
fatigue will add greatly to our knowledge of the finer aspects of corrosion- 
fatigue phenomena. At the National Physical Laboratory we have 
commenced with single crystals and specimens consisting of a few 
large crystals : this type of specimen possesses the special advantage 
tliat by the combined use of X-ray, microscopical, and mechanical 
methods, the observed effects can be related directly to the crystalline 
structure of the metal and to the applied stressing system. To eliminate 
altogether the crystalline boundary, a t e s t 13 was made on a single 
crystal of aluminium tested under alternating torsion at a low frequency, 
400 cycles per minute, whilst immersed in a slow stream of ordinary 
tap water. Throughout the experiment a uniform range of cyclical 
stress was employed the value of which was less than that required to 
produce fracture in air, but was sufficient to produce deformation by 
slip of amounts varying round the specimen according to the known 
stress distribution based on the X-ray analysis. (Single crystals offer 
unique opportunities for metallographic study, as the plastic deformation 
follows established laws : by comparing the behaviour of different parts 
of the specimen, deductions can be made from one specimen equivalent 
to those obtained from a number of ordinary specimens.) The specimen 
fractured after 24 X 10° stress cycles, the microstructure being observed 
at intermediate stages. The main characteristics observed were three
fold : a general pitting attack, a local attack, and preferential corrosion 
on the site of slip bands. The general pitting attack consisted in the 
formation of a large number of tiny corrosion pits at all parts of the 
surface, their measured initial “ density ” being, approximately, 106 
pits/in.2. As the test proceeded, these pits increased in size, and some 
combined with neighbouring pits to form small holes. The stress con
centration effects due to the presence of these holes did not, in the total 
time occupied by the actual test (1000 hrs.), become sufficiently great 
to produce accelerated fatigue : no fatigue cracks radiated from these 
holes, although it is possible— had not the specimen fractured from 
other causes—that fatigue failure might have ensued due to pit forma
tion and growth. Fig. 43 (Plate X V III) shows the typical appearance 
of these pits after 14-6 X 106 stress cycles. The “ local attack ” con
sisted of several large corrosion pits, which may have been due to the
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removal of inclusions, but the exact cause of which is unknown. As 
“ stress-raisers ” their effect exceeded that of the general pitting 
attack and might easily have led to fracture, but it was preferential 
corrosion on the site of previously formed slip bands which was almost 
entirely responsible for the fracture of the specimen. Due to this cause 
were developed a large number (40-50 at least) of very long cracks, and 
a countless number of small cracks. The most marked preferential 
corrosion and cracking had occurred at the most severely cold-worked 
regions, i.e. regions of greatest plastic deformation by slip. Fig. 44 
(Plate XVIII) shows the typical appearance—in its early stages— 
of the selective corrosion attack and the initiation of cracks along the 
slip bands. The experiment brought out very clearly the marked 
accelcrated corrosion-fatigue which can be set in operation in cold-worked 
material, and this knowledge is of very great assistance in interpreting 
some characteristics of the corrosion-fatigue of metallic aggregates. 
It offers an explanation why cold-working, although raising the normal 
fatigue resistance of a metal, renders the material particularly liable to  
fracture by corrosion-fatigue. In some cases, as has been seen, the 
resistance to corrosion-fatigue of a metal in the cold-worked state is 
sometimes equal to, and sometimes inferior to, that of the fully annealed 
or normalized condition. Again, certain forms of heat-treatment involve 
the setting up of severe internal stresses, although increased tensile 
strength and fatigue resistance is obtained. In the case of an air- 
hardened steel, for example, the presence of severe stresses is shown by 
the curved form throughout of the tensile stress-strain curve. When 
such a steel is subjected to repetitions of a range of stress less than the 
air fatigue limit, it  has been shown that a state of elasticity is eventually 
attained, but that the specimen develops permanent set in the process 
due to the occurrence of slip at regions of high internal stress. When 
such a steel is tested under corrosion-fatigue conditions, this cold- 
working due to the cyclic stress will also be in operation, and the single 
crystal experiment may indicate why marked destructive effects result. 
It is not surprising, therefore, to find that the benefits normally associated 
with some types of heat-treatment tend to disappear under corrosion- 
fatigue, especially when it is remembered that such heat-treatment 
confers no increased resistance to ordinary corrosion. The importance 
of this aspect in spring materials, for example, is shown clearly in the 
following test results (Table VI) of McAdam.31

It appears probable that selective corrosion-fatigue in areas of cold- 
worked material may be an extremely important factor in the process 
of destruction. It is also probable that cold-worked material, being 
“ notch-sensitive,” facilitates the more rapid propagation of a corrosion1
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T a b l e  V I .— Tests on Chromium-Vanadium Spring Steel 

(C 0-40, Cr 0-88, V 0-14% .)

Ileat-Trcat mcnt. Tensile Strength, 
lb ./ln .\

Fatigue Limit in 
Air, lb./in.*.

Corrosion-Fatigue 
Limit in Tap 

Water (20 x 10* 
cycles), lb./in.*.

A nnealed  . . . . 97,S00 ± 4 2 ,0 0 0 ± 2 2 ,0 0 0
Oil quenched : tem pered  a t

540* C ........................................ 146,800 ± 6 9 ,0 0 0 ± 1 6 ,0 0 0
Oil quenched : tem pered  a t

400* C........................................ 179,300 ± 7 8 ,0 0 0 ± 1 6 ,0 0 0

fatigue crack. German investigators find some degree of correlation 
between “ notch-scnsitivity ” and resistance to corrosion-fatigue. 
There is a curious fact which appears previously to have escaped atten
tion. We can safely accept the view that corrosion-fatigue cracks are 
initiated at “ pits,” but why should these pits be so widely spaced? 
For example, McAdam has published some photomicrographs 27 of the 
surface (unetclied) of some of his fractured specimens : the cracks 
definitely start at pits, but the pits are spaced apart at distances of 
0-003 in. and upwards. Again, Fig. 45 (Plate X IX ) shows the appear
ance of the surface of a steel specimen fractured under reversed bending 
stresses while exposed to  a jet of wet steam. The process of failure is 
seen in three stages : pitting, joining up of pits, and crack formation 
at pits leading to  one large crack the course of which deviates to include 
a number of pits, but here again the distance between pits must be 
large compared with the crystal size. It may be that each crystal is 
actually attacked, the laws of probability deciding that only certain 
individual crystals exhibit marked attack. On tho other hand, the 
author has found that when a specimen is subjected to cyclic stresses 
which are much less than the proportional limit of the material (as 
judged from a tensile stress-strain diagram), an examination of the 
microstructure shows that slip bands are visible in a large number of 
individual crystals, with large areas of intervening crystals quite free 
from evidences of cold-work, probably owing to differential orientation. 
It may be that the isolated pitting that is evidently tho chief cause of 
corrosion-fatigue failure may correspond with the positions of these 
deformed crystals, at which preferential corrosion-fatigue may originate. 
At present this is offered only as a possible explanation : no doubt, 
future work on changes in microstructure will afford definite information 
on these and other very interesting points.

There is one feature of failure under corrosion-fatigue which has an 
important bearing on pitting. When specimens of ductile materials



1 2 3
Fit;. 31.— N ickel-S teel Specimens B ent Cold after L engthy Fatigue  le s ts .

(1) 30 x 106 cycles of ± 45,000 lb ./in .2, Tested in  Air.
(2) 48 x 106 „ 14,200 „ „ W ater S tream .
(3) 48 X 106 „ : 17,000 „

(Chromium Plated Specimen.)

ig. 32.— Fractu re  of Mild Steel Specimen 
a fter 441,000 Cycles of ¿ 1 6 - 2  to n s/in .2 
while Exposed to  a D rip of T idal River 
W ater, x 300.

F ig . 33.— Fractu re  of 18 : 8 : 1 C r-N i-W  Steel 
(Previously H eated  a t  650° C. for 1 hr.) a fter 
6-75 x 106 Cycles of 101  tons/in .2, while E x
posed to a D rip of Tidal R iver W ater, x 100.

[To face p. 80.



P l a t e  X V .

F ig . 37.— Steel Tube (18 : 8 : 1 C r-N i-W ) 
Failed in  Service, by  Corrosion-Fatigue, 
while Conveying a H igh-Velocity S tream  
of Boiling Am m onium  Sulphate Liquor : 
the Tube was in a S ta te  of V ibration. 
X 100.

F ig . 38.— L aboratory  Specimen of 1 8 :8 :1  
C r-N i-W  A ustenitic Steel. Failed 
after 11,167,000 Cycles of ±  8-3 tons/ 
in .2 while Subjected to  a D rip of 
Ammonium Sulphate L iquor (50° C.) 
throughout Test, x  100.



P l a t e  X V I.

F ig . 40.—Transcrystalline F ractu re  of Soft Iron  under Corrosion-Fatigue in Sea-
W ater. x  750.





P l a t e  XVIII.

F ig . 43.— Typical P ittin g  on a Single Crystal of A lum inium  afte r 14-6 x  10® Cycles of 
C orrosion-Fatiguc in T ap W ater, x  100.

F IG. 44.— Corrosion-Fatigue of a Single Crystal of Alum inium , show ing Selective 
Corrosive A ttack  and In itia tion  of Cracks along Slip Bands, x  100.



P l a t e  X I X

F ie . 45.—Corrosion-Fatigue Fracture, under Je t  of W et Steam , of Specimen of 
0-5% Carbon Steel, x  115.



Corrosion-Fatigue of Metals 81

arc fractured by alternating torsional stresses under ordinary fatigue 
conditions, the fracture usually follows the planes of maximum shear ; 
i.e. the fractures are generally parallel or perpendicular to the axis. 
In service, however, shafts often fail by a spiral fracture, although 
usually some discontinuity, such as an oil hole, is seen to be the origin 
of the helicoidal fracture. This problem was solved mathematically, 
and demonstrated experimentally, by Southwell and Gough,48 who 
showed that the presence of a small spherical flaw has the effect of raising 
the stress on the helicoidal planes to 2-7 times their original value; 
hence failure tends to be initiated on these planes in preference to the 
planes normally subjected to maximum shear. It was also shown ex
perimentally that a material which fractured normally would fracture 
lielicoidally if a small surface flaw was inserted, whilst a harder material 
which usually fractured lielicoidally still fractured in the same way if a 
flaw was inserted. If the applied shear stresses are repeated in one 
direction only, the stress concentration tends to produce fracture along 
one spiral path : if the stresses are alternating, a double fracture (on 
both spiral paths) is produced. McAdam lias published33 photo
micrographs of corrosion-fatigue cracks produced by alternating 
torsional stresses : these are X-shaped, the cracks being mutually 
perpendicular and inclined at 45° to the axis. Fig. 7 (Plate IV) shows 
a ship’s tail shaft which has failed by corrosion-fatigue. One branch of 
the spiral fracture would be formed in going “ ahead ” ; the addition 
of the perpendicular second branch is probably explained by the damage 
done during “ astern” manoeuvring : the author has seen other examples 
where the shaft exhibits cracks following only one helicoidal path, due 
to “ ahead ” steaming. Professor P. Ludwik lias also sent to the 
author laboratory specimens that have failed under alternating-torsion 
corrosion-fatigue and exhibiting helicoidal fractures. To describe 
helicoidal fractures as “ characteristic ” of torsional corrosion-fatigue 
is not correct, as they can occur under ordinary fatigue, but the important 
point has hitherto been missed that this type of fracture is in strict 
accordance with theory provided a surface flaw is present. We have now 
ample evidence that the required flaws are produced by pitting, and the 
evidence obtained from the microscope of the importance of the latter 
in corrosion-fatigue failure as the origin of the spreading crack thus 
receives confirmation from the somewhat unexpected quarter of the 
mathematical theory of elasticity.

10.— T h e  M e c h a n i s m  o f  C o r r o s io n - F a t i g u e .

The time has not yet arrived at which attempts to formulate .a 
theory of the failure of metals by corrosion-fatigue can hope to meet with

VOL. X L IX .  f
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success. The complex laws governing corrosion phenomena do not 
appear to be thoroughly understood ; similarly, a fundamental theory 
of fatigue has yet to be evolved. Nevertheless, by availing ourselves of 
those interpretations of the characteristics of corrosion and fatigue 
which have obtained general acceptance, it  is possible to deduce a 
useful working conception of the combined process. A typical case of 
corrosion-fatigue will be discussed—namely, a specimen subjected to a 
constant range of applied loading (less in magnitude than that required 
to produce fracture when the test is made in  vacuo) while simultaneously 
exposed to a stream of liquid of a corrosive nature (say, a neutral salt 
solution), saturated with oxygen.

The history of the specimen can first be divided into two main 
periods. During the first stage of corrosion-fatigue damage is done to 
the specimen, resulting in a condition (by pitting, crack formation, 
wastage, &c.) such that if the corrosive environment is removed alto
gether, fracture due to the cyclic stresses will result ultimately by the 
process of a spreading crack or cracks. Thus what will be termed the 
second stage of the history is essentially a “ fatigue ” stage, in which 
failure proceeds according to the general laws of fatigue, the most 
important characteristic feature of which is the propagation under the 
applied cyclic stresses of a crack or flaw by stress concentration effects 
the magnitude of which is controlled, primarily, by the shape of the 
flaw or crack and the physical properties of the material under test. 
These characteristics of failure by a spreading crack have received much 
detailed study,10' 11 using the metallurgical microscope; they are well 
understood and require no comment. In discussing the first stage—  
during which the effects of corrosion and cyclic stress are in operation—  
it  will be helpful to consider separately the effect of the maximum stress 
of the cycle (as a static stress), and then consider how this effect is modi
fied by the range of strain associated with the cyclic stresses.

The type of corrosion-fatigue in which we are primarily interested-— 
namely, industrial metals and alloys in nearly neutral solutions—  
essentially requires the presence of oxygen. While the simple process 
of direct chemical union of the oxygen with the metal cannot be alto
gether excluded, the general effect of such an action is relatively small. 
The much greater order of damage usually sustained in corrosion- 
fatigue, also the nature of the damage (by a process of deep local 
burrowing), indicate unmistakably that a process of electrochemical 
corrosion is in operation. A characteristic of this type of corrosion is 
a lack of uniformity * in conditions, either internal or external to the

* In  som e cases in  service, fa ilu re  b y  corrosion-fatigue can  be ascribed  to  th e  
ju n c tio n  of d issim ilar m e ta ls :  such  jun c tio n s are , how ever, ra re  in la b o ra to ry  
te s ts .
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metal. Some of the well-known causes of non-uniformity in metals 
may be mentioned : in duplex and more heterogeneous alloys, electro
chemical action may be set up between differing phases ; (a -f- fi) 
brasses form an example. Usually, however, due to the close proximity 
of the phases, the action is small and of a temporary nature only. 
Thus in steel, which in the normalized condition consists primarily of 
ferrite and cementite, although the rate of corrosion attack by dilute 
acids increases with the carbon content, a similar relation is not usually 
observed in corrosion by neutral salt solutions in the presence of oxygen. 
Nevertheless, it  is interesting to note, in passing, that, from the corrosion 
aspect, an increase in carbon content— which is usually accompanied 
by increased tensile and fatigue strength—would not be expected to 
confer increased, but rather decreased, resistance to corrosion-fatigue; 
immersion tests on ferrous alloys show that for the same general class of 
steel, variation of composition and heat-treatment does not greatly affect 
the resistance to corrosive attack. In cold-worked metals a varying 
degree of permanent deformation, and hence of crystal break-up and 
residual internal stress, will exist from crystal to crystal; electro
chemical couples will be set in operation, the more severely deformed 
crystals or portions of crystals being anodic in character and suffering 
preferential corrosion. This suggests that cold-working a metal would 
reduce its resistance to corrosion-fatigue, and experience shows that 
although the fatigue strength is raised by the cold-working, the corrosion 
fatigue strength is usually not greater, and is often less, than that of 
the metal in the annealed state. Other causes of non-uniformity are 
the presence of impurities and surface inclusions. W ith regard to 
impurities, provided they are distributed uniformly throughout the 
metal, their effects as corrosion accelerators are small. Foreign in
clusions occasionally exercise an electrochemical effect, but in corrosion- 
fatigue a much greater effect often results if the inclusions become 
removed mechanically, thus creating large pits. Another possible cause 
of non-uniformity is the stress gradient which may exist in the specimen, 
especially in those of the beam type. Such a difference in stress should 
produce electrochemical action, but the available evidence indicates 
that the presence of such stress—provided the metal remains clastic—  
has remarkably little effect in accelerating corrosion. In fact, the 
author concludes that stress, as such, plays a very small part in the first 
stage of corrosion-fatigue, and that it is extremely unlikely that corrosion 
is accelerated by stress. (The effect of cyclic strain on the surface 
protective film and on the corrosion-produets is an entirely distinct 
process, which has purposely been excluded from this stage of the 
discussion.) From the foregoing we conclude that the various causes of
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non-uniformity within the metal are capable of selling up electrochemical 
actions, but of such a small order as are not likely to produce the gross 
damage often observed in  corrosion-fatigue. We also deduce that corrosion 
is  not likely to be accelerated by the presence of elastic strain.

Having discussed these possible factors, one arrives at the conclusion 
that the marked destructive effects in corrosion-fatigue arc probably 
governed by two primary factors : (a) unequal distribution of oxygen, 
and (b) behaviour of protective films. It will be realized that the 
essential problem of corrosion-fatigue is to explain why such severe 
local damage is caused while the general wastage of the specimen is 
often inappreciable. Visual and microscopical evidence shows that 
failure usually occurs by a process of deep “ burrowing ” into the metal 
of sharp crevices, and it is important to find an adequate explanation 
of the mechanism of this burrowing. Possibly, the differential aeration 
theory of Aston 1 and Evans 7 and the knowledge of the properties of 
protective films made available by the brilliant work of Bengough, 
Vernon, and Evans, when considered in relation to known fatigue 
phenomena, may supply the required explanation.

The differential aeration theory developed by Aston and Evans is 
well known; it will be sufficient to mention its application to the present 
problem. Broadly, with the metals and the electrolytes with which 
we are mainly concerned, if two adjacent portions of a metallic surface, 
in contact with an electrolyte, arc exposed to unequal degrees of oxygen 
supply, electrochemical corrosion is stated to take place at the shielded 
area, which becomes anodic, with the formation of a soluble metallic salt 
at this area, the production of an alkali at the aerated (cathodic) portion, 
and the precipitation of an insoluble hydroxide where the products of the 
cathodic and anodic areas meet. Thus corrosion may persist in places 
to which oxygen has least access. If a small corrosion hole or pit is 
formed, the rate of corrosion is merely governed by the rate of access 
of oxygen to the surrounding surface, and a very pronounced rate of 
burrowing may result, unless other conditions intervene. Corrosion 
products, if discontinuous or porous to oxygen, may also set up 
differential local corrosion.

The ideas of the “ Evans ” school of thought on fundamental corro
sion phenomena therefore offer a plausible explanation of the essential 
problem of corrosion-fatigue, i.e. the tendency of the pits to continue 
burrowing into the solid body of the metal. This explanation is based 
on the assumption that the amount of oxygen available at the base of the 
pit is less than that at the surface of the metal. Views which conflict 
entirely with this theory have, however, been advanced by Bengough 3 
and his collaborators. Their experiments indicate that corrosion
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proceeds at a rate directly proportional to tlie available oxygen supply, 
provided that the concentration of anions is sufficient and no protective 
films are formed. I t  seems to the author that the application of these 
essentially different theories to the problem of the corrosion-fatigue 
pit may be summarized as follows : according to Evans, oxygen
cannot penetrate readily to the base of the pit, where preferential 
corrosion comes into operation by differential aeration ; the pit therefore 
tends to deepen. According to Bengough, the surface of the metal 
surrounding the pit is less susceptible to corrosion, is probably covered 
by a wholly or partly protective film, and the oxygen in its neighbour
hood becomes available to the pit ; the corrosion products offer negligible 
resistance to the passage of oxygen to the base of the pit, and corrosion 
proceeds. The intensive fundamental research on corrosion which is 
now in progress will, no doubt, speedily establish which theory is correct ; 
in the meantime, it  is regarded by the author as a happy chance that both 
offer an explanation of our particular problem.

Existing theories of corrosion thus adequately account for the 
particularly destructive type of penetration which is observed in 
corrosion-fatigue, and if it  can be explained why penetration continues 
to operate, the observed final failure becomes inevitable. But the same 
mechanism of corrosion obtains during static corrosion, where the action  
ceases after a time in some cases, and, in others, continues at a much 
slower rate. How, then, is the much more rapid action which occurs 
under corrosion-fatigue to be explained ? In the first place, knowledge 
of fatigue phenomena enables us to say with certainty that once a certain 
shape of discontinuity of surface has been formed by corrosion or other 
means, then the mechanical stress concentrations induced become much 
more effective in producing failure under the action of applied alternating 
stresses than when static stresses only are in operation ; for example, it 
is well known that the presence of a V-shaped discontinuity may 
produce an actual increase in tensile strength, whilst the same shape will 
result in a considerable decrease in fatigue strength. Further, the 
decreased fatigue resistance is largely independent of the actual dimen
sions of the discontinuity, and is controlled mainly by its shape. These 
facts are incontrovertible, and stress concentration effects also enter 
largely into corrosion-fatigue phenomena, but they arc inadequate 
to account for the vastly increased velocity of corrosion under corrosion- 
fatigue conditions. The author considers that this increased velocity 
is largely due to the effect of the cyclic strains on the porosity and 
rupture of the (wholly or weakly) protective films that tend to form  under 
corrosion conditions. The thickness of the film  is so small that its 
strength cannot enter into the problem ; its range of strain m il be



86 Autumn Lecture, 1932

determined entirely by tlie severity of the stresses induced in the metal 
and by the stress-strain relations of the latter. Should the nature of 
the metal until resjKct to its environment be such that a flexible, adherent, 
and continuous ‘protective film  is normally formed, then the degree of 
protection afforded under corrosion-fatigue would appear to depend on 
the effect of the cyclic strains imposed on the film  on its permeability 
and freedom from rupture. Another view is offered by McAdam, who 
considers that the corrodibility of the metal is directly increased by the 
cyclic stresses, although he does not exclude altogether from considera
tion the effect on the film. In discussing the experimental fact that 
stressless corrosion does not produce such a lowered resistance to fatigue 
as simultaneous corrosion and cyclic stress, he says 30 that this “ seems 
to indicate that the effective solution pressure is higher in a specimen 
under cyclic stress than in a specimen not under stress. This increase 
in effective solution pressure may be due in part to continual removal of 
a protective film. Probably, however, there is an actual increase in the 
solution pressure due to the effect of cyclic stress superimposed on the 
electrochemical stress.” Evans 0 has discussed the application of his 
views on “ static ” corrosion to the problem of corrosion-fatigue as 
fo llow s: “ If no external stress is applied, corrosion starts a t certain 
points where (either owing to surface dcfects, or inclusions, or internal 
stresses) the invisible primary oxide film is weak or discontinuous; 
such points are anodic towards the parts where the primary film is in 
good repair and the insoluble secondary products (such as rust) shield 
these points from oxygen, which might otherwise repair the primary 
film; thus, anodic attack continues at these points, burrowing down 
into the metal and producing pits : the further down the pit burrows, 
the better is oxygen excluded, and at first sight the action should become 
quicker as it burrows deeper. This acceleration in the rate of destruction 
is actually realized as McAdam’s curves show. Monel metal and stainless 
steel are materials which readily build a very obstructive primary film, 
and even a trace of oxygen (such as may enter the pits in the 
initial stages) would consequently interfere perceptibly with the rate 
of deepening, but in ordinary steel and Duralumin, another factor 
comes in. The rapidly formed secondary corrosion products (which 
must be clearly distinguished from the primary oxide film) occupy a 
bigger volume than the metal destroyed, and therefore congestion is 
likely to occur in the pits, tending either (1) to disrupt the metal, (2) to  
force out the corrosion product, or (3) to clog the pit and bring the 
burrowing to a standstill. Which of these three things will occur will 
depend on the strength of the metal, the plasticity of the secondary 
corrosion product, and the expansion involved in the corrosion, but
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it is quite clear that if the first prevails, the weakening will continue 
at a continually increasing speed, and if the third prevails it will diminish 
with time. Thus it is not surprising to find an accelerated weakening 
with some materials and a retarded weakening with others.

“ If now we superimpose alternating stresses, clearly we aid the 
disruption, assist the expulsion, and diminish the clogging, hence, 
metals like steel, in which the rate of weakening falls off considerably 
with time in stressless corrosion, show more persistent weakening if 
cyclic stresses are applied. Qualitatively, this idea explains most of 
the results (of corrosion-fatigue), but when we note the extraordinary 
effects of increasing stress and frequency, it appears likely that the 
alternations must be doing something more than what has been suggested 
above. The clogging and development of pressure by secondary 
products is a slow process ; it seems unlikely that an increase of frequency 
could make so marked a difference in the rate of weakening unless the 
function of the cyclic stress is also to prevent some other more rapid 
process. Actually we know of such a process, namely, the partial 
repair of the primary film by the small amount of oxygen which will 
penetrate even into pits ; if the alternating stresses are fast enough they  
will break this skin more rapidly than it can be repaired, and since the 
metal at the anodic part is then maintained in a completely ‘ active ’ 
condition, the ‘ solution pressure ’ will be ‘ not the solution pressure 
of stressless corrosion but an enhanced solution pressure due to the 
cyclic stress.’ * This is probably the main reason for the rapid weaken
ing at high frequencies and high stresses. The fact that the building 
up of the primary film is a process enormously quicker than the clogging 
with secondary corrosion products is proved by independent researches. 
The work of Speller, McCorkle, and Mumma 49> 50 shows that chromâtes, 
which are known to keep the film in repair in stressless corrosion, 
prevent the setting in of corrosion-fatigue, whilst chlorides, which 
militate against their action in stressless corrosion, also do so when the 
corrosion is accompanied by cyclic stresses. There appears little doubt 
that damage to the primary film—as well as opposition to clogging by 
secondary products—must be considered. Alternating stresses keep 
cracking the film continually and thus accelerate corrosion, which in 
turn produces stress concentration, and thus the two factors (alternating 
stress and corrosion) cause more damage when they act together than 
separately.”

These remarks of Evans are quoted to indicate the views on corrosion- 
fatigue held by one specialist on corrosion phenomena. The author 
finds it  difficult to accept some of the suggested effects of the

* T h is is  quo ting  from_M cAdam.
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insoluble secondary products. The degree of protection afforded by 
these products appears to bo a subject of contention among experts 
on corrosion. Again, in spite of the change in volume accompanying 
the formation of the products, it  seems improbable that the forces 
involved are sufficient to “ disrupt ” the m eta l: also, the use of the 
term “ plasticity ” appears to  be unsuitable. One point raised by 
Evans has received some actual experimental attention. It will be 
noted that he suggests that the “ frequency ” effect of corrosion-fatigue 
can be explained by assuming that at high frequencies the film is broken 
faster than it can be repaired. The general effect to which he 
referred can be stated thus :—using a constant stress, and at a series of 
decreasing frequencies, the number of cycles to fracture decreases but 
the total time increases. Speller, McCorkle, and Mumma,49 in discussing 
this interesting experimental fact, argued that if it  is true that, provided 
the frequency of the alternating stresses is sufficiently great, the pro
tective film is broken faster than it  can be repaired, then conversely, 
an inhibitor which did not give protection at a certain speed might do 
so at a slower speed. To test this conclusion, they made tests on 
specimens of a steel at a constant range of stress (a) in a saline solution, 
and (b) in the same saline solution to which sufficient inhibitor had been 
added to afford partial protection; they obtained the results shown in 
Table VII.

T a b l e  VII.

Condition of Test.
Test 

Frequency 
Cycles per 

Minute.

dum ber of 
Cycies to 
Failure.

Time,
Hours.

Cycic
Ratio.

Time 
Hat io.

T ests  m ade in  d istilled 1790 1,078,000 10-0 1-00 1-00
w a te r  carry ing  2000 558 539,100 16-1 0-50 1-60
p .p .m . sod ium  chloride. 189 373,500 32-9 0-35 3-28

T ests  m ade in  d istilled 1790 6,889,700 64 1-00 1-00
w ater carry ing  2000 558 3,635,200 109 0-53 1-69
p .p .m . sod ium  chloride 
plus 4000 p .p .m . sodium  
dichrom ate.

189 2,187,800 193 0-32 3 0 1

In both series of tests the number of cycles to failure decreases and 
the tim e increases with decrease in cyclic frequency. The significant 
feature is the constancy of ratios of time and cycles in both cases : if 
it  were true that slower speeds tend to promote film-building, this 
constancy would not be expected. These experiments suggest that the 
“ frequency ” effect in corrosion-fatigue is not due to the relative rates 
of film rupture and repair, but to an increasing effect of velocity on the
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'permeability of the film ; an increased rate of agitation produces greater 
porosity. Much more research is needed, however, before the facts are 
thoroughly understood.

To sum up the present section of this lecture, it may be said that 
the principal phenomena produced under corrosion-fatigue conditions 
become comprehensible immediately it  is recognized that the main 
problem is one of corrosion and that the same primary factors are in
volved. In both groups of phenomena, protection against damage 
depends essentially on the formation and behaviour of a protective 
film, also internal or external conditions which tend to set up electro
chemical effects will exert considerable influence in disturbing these 
films. Partial or complete protection can be afforded either by in
creasing the corrosion resistance of the metal by suitable chemical 
composition or by passifying the metal in relation to its environment, 
bearing in mind, however, that local conditions tending to increase corro
sion effects may be more damaging than general corrosion. The author 
considers that it is very doubtful whether stress, as such, is an important 
factor in  corrosion-fatigue. It becomes clear why a series of alloys—  
such as the plain carbon steels—does not exhibit widely different 
resistances to corrosion fatigue, if the chemical constituent, the pro
portion of which is varied within the range, does not influence appreciably 
their corrosion resistance. Similarly, the effects of hcat-treatment and 
cold-work will be very small when compared with their influence on the 
resistance to static and normal fatigue stresses. It is also made clear 
how the marked destruction observed in corrosion-fatigue does not 
proceed from a general “ wastage ” of area of the specimen, but from a 
particularly dangerous form of surface discontinuity, which is peculiarly 
adapted to promote fracture under alternating stresses by the process 
of a spreading crack, but there is no relation between the amount of 
local or total damage under stressless corrosion and corrosion-fatigue, 
nor would this be expected. The cause of this difference, however, 
is at once understood when consideration is given to the effect of the 
cyclic strains on the corrosion-products and particularly on the protective 
oxide film. Very thin stable films are generally flexible, whilst thicker 
and less resistant films break more easily under stress; the marked 
resistance to corrosion-fatigue of liigh-chromium steels and the passi
fying influence of chromate inhibitors form excellent examples. That 
corrosion-fatigue strength depends much more on the nature and 
properties of the film formed than on the primary resistance of the 
metal to corrosion is demonstrated clearly by such metals as the stain
less steels : these steels arc not intrinsically passive.

Thus, we conclude that the mechanism of the failure of metals
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when exposed to the simultaneous actions of corrosive environment 
and alternating stresses can be reduced to an ordered sequence of chemical 
and physical events which are explicable, even in the present admittedly 
incomplete-state of knowledge of the subject, by the established facts 
of corrosion and of fatigue, thus affording sufficient justification for the 
use of the term “ corrosion-fatiguc of m etals.”
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ATMOSPHERIC ACTION AS A FACTOR IN 
FATIGUE OF METALS.*

By H. J. GOUGH,f M.B.E., D.Sc., M e m b e r ,  and I). G. SOPWITH.J 
B.Sc.Tech .

S y n o p s is .

A review of the literature of corrosion-fatigue reveals many apparent 
inconsistencies, but a closer examination indicates that such is not the case 
if it  can bo shown directly that atmospheric corrosion enters, to a varied 
extent, into the mechanism of fatigue as exhibited during the usual typo 
of fatigue test in which the surface of the specimen is exposed freely to 
the atmosphere. In order to obtain this direct evidence, a lengthy series 
of comparative tests has been made in air and in a partial vacuum, on 
a  range of ferrous and non-ferrous metals and alloys. The results show 
definitely that the fatigue strength is, in general, improved by the sub
stitution of a vacuum for air as the ambient condition. Various metals 
are affected to various extents, tho maximum improvement obtained, in 
the tests, representing an increase of 26 per cent, in the case of 70 : 30 
brass.

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

A t t e n t io n  was first publicly directed to  the subject of “ corrosion- 
fatigue ” of metals in a paper by Haigh § published in 1917. Nothing 
further was published until 1926, when important papers by McAdam || 
and by Lehmann f  appeared. These 1926 papers aroused great interest, 
and the subject of “ corrosion-fatigue ” has since been the object of 
vigorous research at various laboratories both in America and Europe ; 
the literature of the subject is now voluminous, largely owing to the 
valuable work of McAdam. In general, the researches referred to have 
been concerned with the destructive effects of stress and corrosive 
agents when acting conjointly, and in assessing these effects the

* Manuscript received June 14, 1932. Presented a t tho Annual Autumn 
Meeting, London, September 14, 1932.

t  Superintendent, Department of Engineering, National Physical Laboratory, 
Teddington.

J Assistant, Department of Engineering, National Physical Laboratory, 
Teddington.

§ B. P. Haigh, “ Experiments on the Fatigue of Brasses,”  J . Inst. Metals, 
1917, 18, 55.

|| D. J . McAdam, Jr., “ Stress-Strain Cycle Relationship and Corrosion-Fatigue 
of Metals,” Proc. Amer. Soc. Test. Mat., 1926, 26, (II), 224.

U G. D. Lehmann, “ The Variation in the Fatigue Strength of Metals when 
Tested in the Presence of Various Liquids,” Aeronaut. Res. Cttee. II. A- M., No. 
1054, 1926.
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endurance limit in air has been used as a basis of comparison, but 
a number of experiments, carried out by various experimenters, have 
indicated that the endurance limit in air is not necessarily a scientific 
basis of comparison; in other words, in ordinary fatigue tests  some 
other factor than stress may be operative to some extent, yet unknown. 
Some significant observations on this aspect may be recalled.

In the paper published by Haigh in 1917, it  is recorded that the 
endurances of brass specimens moistened with hydrochloric acid were 
generally greater than those of dry specimens under the same ranges of 
stress, also that no appreciable acceleration of fatigue in phosphor- 
bronze was produced by any of the corrosive reagents em ployed; these 
observations led Haigh to surmise that “ the atmosphere, as well as fluid 
reagents, may act chemically upon the m etal.” Much more positive 
indications were obtained by Lehmann,* who studied the endurance 
limits of two steels tested in air and hot water, and in hot aqueous 
solutions of sodium nitrate, sodium chloride, and ammonium chloride. 
The most significant of Lehmann’s results in the present connection is 
that the fatigue limit of 0-33 per cent, carbon steel when tested in a 
strong aqueous solution of sodium chloride at 96° C. was 6-5 per cent, 
greater than that obtained when tested in distilled water at the same 
temperature (96° C.). An equally significant result was obtained by 
McAdam f  in 1927, when investigating the resistance to corrosion- 
fatigue of the coppcr-nickel binary system of alloys. In tests on 
electrolytic copper (purity 99-996 per cent.) the S /N  curves representing 
specimens tested in water spray lay above the corresponding curves 
representing tests in a ir : this was not, however, due to absence of 
chemical attack in the water tests, as the surfaces of the specimens 
became heavily coated with films of corrosion products. McAdam 
considered it possible that the protective action of these films might 
account for the increased fatigue resistance, although this implied 
that the S /N  graph obtained in air was depressed owing to atmospheric 
oxidation of the copper. (He did not consider this to be probable, 
as all specimens tested in air were covered with a film of mineral oil.) 
However, to examine the possibility, a series of tests was made, in air, 
on specimens covered by various protective coatin gs: a mixture of 
vaseline and rubber, a mixture of vaseline and paraffin, a mixture of 
shellac and lacquer, and Japan drier. It was found that the endurances 
of the coated specimens all fell on, or near, the S /N  curve for uncoated 
specimens tested in air, from which McAdam concluded “ that the 
ordinary fatigue graph has not been influenced by atmospheric corrosion,”

* Loc. cit.
t  D. J . McAdam, Jr ., “ Corrosion-Fatigue of Non-Ferrous Metals,” Proc. 

Amir. Soc. Test. Mai., 1927, 27, (II), 102.
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and ascribcd the elevation of the S /N  graph, for the tests in water, to  
the cooling eficct of the water, also to  “ the intrinsic corrosion-fatigue 
limit ” of the metal exceeding the endurance limit in air. A fair com
ment is that McAdam’s conclusion was not justified, as he had no 
evidence that his oil film or protective coatings afforded complete 
protection from the atmosphere.

Some extremely interesting results were reported by Binnie,* in 
1929. The fatigue strength, in air, of a medium carbon steel was 
reduced by 50 per cent., when a strong solution of common salt wTas 
allowed to drip, in air, on to the specimen. When the salt drip, however, 
was applied in an atmosphere of specially purified hydrogen, the 
“ corrosion-fatigue” limit was definitely raised, and only very slight 
signs of corrosion were visible on the surfaces of the specimens. Work 
by Haigh and Jones on the effect of the atmosphere on the fatigue of 
lead and lead alloys was published f  in 1930. Endurance tests were 
made on these alloys in air, in a bath of oil, under a coating of grease, 
and immersed in—also moistened with—-acetic acid. It was shown that 
fatigue in lead was “ delayed ” by immersion in an oil bath (the S /N  
curve had been displaced along the N  axis), although the tests were not 
sufficiently lengthy to  show if an increase in the fatigue limit had 
occurred. A  layer of grease did not “ delay ” fatigue to  the same 
extent as immersion in an oil bath. Samples tested while immersed in 
acetic acid showed a definite further increase in resistance to fatigue 
in spite of the fact that severe surface corrosion of the specimen took 
place. Samples merely moistened with acetic acid showed no improve
ment in fatigue strength as compared with samples tested in air. The 
investigators considered these results supported a theory that fatigue is 
a conjoint chemical and mechanical process operating below the free 
surface of the metal, and that the chemical effect is due to  oxygen 
diffused through the metal from the atmosphere ; they did not 
state their views on the possibility of fatigue action if all oxygen were 
excluded : these would have been interesting in respect to their theory 
and the results obtained in the present experiments.

The above brief summary is sufficient to bring out two points of 
interest. First, the usually adopted classification is much too arbitrary 
by which endurance tests made in air are referred to as “ fatigue tests,” 
whilst endurance tests in which other contact substances are employed 
are broadly termed “ corrosion-fatigue ” tests, even though the contact- 
substance may normally be of a corrosive nature. Secondly, although

* A. M. Binnie, “ The Influence of Oxygen on Corrosion-Fatigue,”  Aeronaut. 
Res. Cttee. R. cfc M., No. 1244, 1929.

f  B. P. Haigh and B. M. Jones, “ Atmospheric Action in Relation to Fatigue 
in Lead,” J . Inst. Metals, 1930, 43, 271.
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the evidence available—before the present report—was of an indirect 
or circumstantial nature only, yet it was sufficient to suggest that the 
presence of the atmosphere in the usual fatigue test might be exercising 
some influence on the resistance of metals to cyclic stress. Accordingly, 
when in 1928 a programme of research on corrosion fatigue was drawn 
up—this programme to  be carried out as a joint investigation at the 
National Physical Laboratory and the Royal Aircraft Establishment 
under the general supervision of the Aeronautical Research Committee 
—tests in  vacuo, also in atmospheres of active and inert gases, were 
included.

The present report deals with the results of tests made, using direct 
and flexural stresses, on a range of materials tested in air, in  vacuo, and 
in air when coated with lanoline grease. The tests form part of a 
research in which the resistance to corrosion-fatigue (when exposed to  
salt-spray) of commercial aircraft materials is being determined, and 
the present tests were made, in the first place, on these commercial 
materials. The results indicated that the atmosphere did exert some 
influence on the fatigue strength, but the quantitative effect was rather 
obscured by the lack of uniformity of the materials. Further com
parative tests were therefore made on four materials—mild steel, 
annealed copper, annealed brass, and cupro-nickel—which previous 
experience had shown to be very uniform in mechanical properties. In 
each case, the effect of the grease coating is negligible, but substitution 
of a vacuum for atmospheric conditions produced the following definitely 
established improvements in fatigue limits : 5 per cent., 13 per cent., 
and 26 per cent, for mild steel, annealed copper, and annealed brass, 
respectively. The influence of the atmosphere in ordinary fatigue tests 
has thus, for the first time, been definitely established, and this is of 
considerable importance in widening our understanding of corrosion- 
fatigue phenomena; it also opens up various fields of possible future 
enquiry. The fatigue limit in air can no longer be taken as a standard, 
and it appears desirable to  investigate the comparative fatigue strength 
in air and in vacuo, of a representative range of sound metals and alloys. 
Again, as the above summary shows, the substitution of other contact 
substances for air has sometimes been found to improve the fatigue 
resistance : experiments made with a range of such contact substances 
to determine if the fatigue strength in  vacuo represents the maximum  
value would be very informative. A further aspect worthy of con
sideration is the possible effect of a still higher vacuum than that 
employed in the present te s ts ; a series of comparative tests should be 
made in order to investigate this interesting point.
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The rotating bending tests were carried out in machines of the 
Wohler type operating at 2200 stress cycles per minute. All tests 
with the exception of those made on the 0-5 per cent, carbon steel, were 
carried out using cantilever type specimens of the form shown in Fig. 
la , the diameter “ d ” of the test portion being 0-375 in. for the steels, 
0-4 in. for Duralumin, and 0-35 in. for the magnesium alloy. In the case 
of the 0-5 per cent, carbon steel, which was very considerably cold- 
worked, it was considered desirable to apply a uniform bending moment

S>i

. -
1

■1 '(<*)

|5i

G3'k'
(6)

20TPI-

F iq. 1.—Types of Test-Piece Used.
(а) Rotating Cantilever Test-Pieee.
(б) Rotating Beam Test-Piece.
(c) Direct-Stress Test-Piece.

over the test-portion. This was obtained by applying two equal and 
opposite vertical loads as shown in Fig. lb . The fatigue resistances 
were determined by means of the usual endurance tests on a basis of ten 
million stress cycles for the steels and fifty million stress cycles for the 
non-ferrous materials. In all cases, cycles of reversed stress, alternating 
between equal positive and negative values, were applied.

The direct stress tests were carried out using three “ Haigh ” electro
magnetic testing machines. These were carefully calibrated before the 
commencement of, and at intervals during the progress of the research, 
and were found to give results in good agreement with each other. 
The type of specimen used is shown in Fig. 1 c, the diameter “ d ” being 
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chosen according to the fatigue strength of the material, and being 
usually 0-17 in. for steel and 0-25 in. for non-ferrous metals. Endurance 
tests were carried out on a basis of ten million stress cycles for the steels, 
and twenty or thirty millions for the non-ferrous materials.

As the effect of the atmosphere was one of the factors on which 
information was sought, special precautions were taken to ensure uni
form conditions of surface. Immediately after the final machining 
operation, each specimen was thickly coated with lanoline grease. 
Specimens to be tested while exposed to ordinary atmospheric con
ditions were carefully cleaned with acetone, to remove the grease, 
immediately before the commencement of the test. The specimens to 
be tested while coated with lanoline were given an additional thick 
coating of lanoline grease before the commencement of the test, the 
coating being inspected frequently during the tests and renewed where 
considered desirable.

The arrangement adopted for the direct stress tests in vacuo is shown 
in Figs. 2 and 3 (Plates X X  and X X I) and Fig. 4. Fig. 2 shows the 
general layou t; the Haigh machine, seen on the right of the photograph, 
is connected to the vacuum pump (“ Cenco H yvac ”) on the adjacent 
table. This pump is connected to the McLeod gauge, and to the vacuum  
chamber surrounding the specimen, by copper tubing, with joints of 
rubber tubing, bound with wire and sealed with sealing-wax varnish.

The vacuum chamber is shown in Figs. 3 and 4. It consists of two 
brass glands fitting on the adaptors of the Haigh machine, the top one 
having an extension into which a tube is soldered for the connection to  
the vacuum pump. In order to take up the relative motion between 
the two glands due to the strain of the specimen, these glands were 
connected by a piece of “ Sylphon ” bellows tubing, soldered at each 
end to  one of the glands. The glands were packed with rubber rings 
about in. square. In the early tests arrangements were made whereby 
paraffin wax was poured round the joints and allowed to solidify in 
order to seal the joints. This was, however, found to be unnecessary, 
it  being possible without this precaution to  keep the pressure down to  
between 0-0005 and 0-001 mm. of mercury (about one-millionth part of 
one atmosphere) throughout the test. The pump was run continuously 
for the whole duration of each test, and gave an excellent performance 
throughout the tests.

Owing to atmospheric pressure acting on the outside of the vacuum  
chamber, specimens tested in  vacuo were subjected to a steady com
pression of about 20 lb. in addition to  the alternating load. This 
compression has a negligible effect on the fatigue resistance of the 
materials investigated.
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Particulars of the composition, heat-treatmcnt, and static strength 
properties of the materials are as stated in Tables I and II. The
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materials themselves should be regarded as consisting of two groups. 
The first group includes the 0 -5 per cent, carbon steel, three steels of the
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“ stainless ” type, Duralumin, and the magnesium alloy. These six 
materials were received from the Royal Aircraft Establishment and 
tested in the condition as received at the National Physical Laboratory : 
they may be regarded as representative commercial materials as used 
in aircraft construction: where the materials were supplied by the 
makers to a specification, a reference is made in Table I. The second 
batch of materials—consisting of 0-13 per cent, carbon steel, annealed 
copper, annealed 70:30  brass, and 80 :20  cupro-nickel—were tested  
subsequently; these materials are very uniform, and are issued by the 
Aeronautical Research Committee to investigators for use in researches 
on fatigue. This second batch will be referred to as “ Research Mater
ials.” In addition, tests were made on the hardened and tempered 
nickel-chromium steel to afford information of the relative fatigue 
strengths in air and partial vacuum of a high-tensile steel.

R e s u l t s  o f  F a t ig u e  T e s t s  o n  A i r c r a f t  M a t e r i a l s .

(a) Rotating Beam Tests.
All the results obtained are plotted, semi-logarithmically, in Fig. 5, 

in the form of S /N  curves. In some cases, a considerable “ scatter ” of 
results was observed, and the plotted results are most appropriately 
considered as lying between two curves of maximum and minimum 
values. These envelopes are indicated on Fig. 5, and the limiting values 
of the fatigue ranges obtained in this way arc summarized in Table III. 
It should be mentioned, however, in this connection, that— except 
where materials of unusually great uniformity are under examination—  
when a large number of test-pieces are used in fatigue determinations, 
it  is quite common experience to find that the results are most fairly 
expressed as lying between two such limits rather than by a very 
closely-defined single value. The present results cannot be said to  
exhibit an unusual degree of lack of uniformity for commercial 
materials.

The main interest in the results lies in a comparison of the results 
contained in columns B  and C of Table III. It will be seen that only 
small and irregular differences in fatigue strength exist between the 
average value of the fatigue limits obtained using acetone-cleaned 
specimens tested in air, and specimens of the same materials tested when 
covered with a coating of lanoline; the effect of the latter coating on the 
fatigue resistance may, therefore, be regarded as negligible. This result 
is in accordance with the work of previous investigators and indicates 
that—even if the atmosphere exerts an influence on the fatigue limit—  
the lanoline coating is not impervious to air.
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-------  SPECWVTEfN ur^SflCKEJM .

F ig. 5.—Results of Rotating Beam Fatigue Tests.
O -------------------- Tests in Air on Dry, Cleaned Specimens.
0 --------Tests in Air on Specimens Coated with Lanoline Grease.
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■— — S P E C IM E N  U rgB ftO K O N

Fia. 6.—Results of Direct Stress Fatigue Tests (Ferrous Metals).
O  Tests in Air on Dry, Cleaned Specimens.
® ---------Tests in Air on Specimens Coated with Lanolino Grease.
A ---------------------------------------------------- Tests in Vacuo.



106 Gough and Sopwith : Atmospheric Action

(b) Direct Stress Fatigue Tests on Aircraft Materials.
These tests were made to exhibit the comparative fatigue strengths 

of the materials under three conditions: (a) acetone-cleaned specimens 
tested in air, (b) specimens coated with lanoline grease and tested in air, 
(c) acetone-cleaned specimens tested in a partial vacuum (pressure not 
exceeding 10~3 mm. of mercury). The results of the tests are expressed,

rv* o r  C YC LES__ LO G  SC A LX  ----- SPec»VteN  u rv& «O K£rM

Fio. 7.—Results of Direct Stress Fatigue Tests (Non-Ferrous Metals).
O -------  Tests in Air on Dry, Cleaned Specimens.
0 -------- Tests in Air on Specimens Coated with Lanoline Grease.
A -------  Tests in  Vacuo.

graphically, in Figs. 6 and 7, in the form of S /N  curves. As in the rotat
ing beam tests, some “ scatter ” of results is exhibited, particularly in 
the case of Duralumin when tested in air. In general, there is an 
indication that much more consistent results are obtained during the 
vacuum tests than in the other two series: to some extent, however, 
this may be due merely to  the smaller number of specimens used in the 
former.

The comparative results of the “ air ” and “ lanoline ” tests lead to



as a Factor in Fatigue of Metals 107

the same conclusion as derived from the beam tests, i.e. that the lanoline 
coating has had no appreciable consistent effect on the fatigue strength 
of the materials. A general consideration of the S /N  curves and of the 
values of the ratio given in the last column of Table III led the authors 
to the definite opinion that, in general, the substitution of a partial 
vacuum for air, as the environment, had effected a definite improvement 
in the fatigue strengths, although the quantitative effect of the im
provement was obscured by the somewhat irregular results obtained. 
It is clear, however, that the effect of the atmosphere on the fatigue 
strength of steels and the magnesium alloy cannot be great; it  may be 
larger for Duralumin.

Obviously, to obtain definite quantitative information, further tests 
were required using materials in which the air endurance lim its were 
much more closely defined. Metals of the type required were available 
in the materials issued by the Aeronautical Research Committee to  
investigators on fatigue researches : these materials were 0-13 per cent, 
carbon steel, annealed copper, annealed 70 : 30 brass, and 80 : 20 cupro
nickel, and determinations of the fatigue limits of these materials—  
under reversed direct stresses—were accordingly put in hand. The 
conditions of the tests were exactly similar to those used in the previous 
experiments.

R e s u l t s  o f  F a t ig u e  T e s t s  o n  M i l d  S t e e l , C o p p e r , B r a s s , 

C u p r o - N i c k e l , a n d  N i c k e l - C h r o j i i u m  S t e e l .

Particulars of the composition, heat-treatment, and static properties 
of these materials are given in Tables I and II. The results of the 
fatigue tests are plotted in Figs. 6 and 7, and are summarized in Table IY.

In the tests on the mild steel and annealed copper, all the specimens 
could not be cut from the same bar; the fatigue range (in air) was 
therefore carefully determined for each bar, the differences, however, 
being found to be extremely small. In order to determine whether the 
presence of the vacuum chamber, as such, had any effect on the loads 
imposed on the specimens during the tests made in  vacuo, an extra 
series of tests was made on the mild steel in which the vacuum chamber 
was placed in position, but the pipe normally connected to  the vacuum  
pump was left open at the end, the air within the chamber being thus 
maintained at the atmospheric pressure. The fatigue limit obtained in 
this way differed from that obtained in the air test by a negligible 
amount. This series of tests is sufficient to show that any differences 
between the results obtained in air and in vacuo can be ascribed 
solely to the change in ambient conditions.
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Each material, under each set of test conditions, exhibited great 
uniformity and enabled very close values of the fatigue limits to be 
determined.

T a b l e  IV.—Summary of Results of Reversed Direct Stress Fatigue Tests 
made on M ild Steel, Brass, Copper, Cupro-Nickel and N ickel- 
Chromium Steel.

Material. Column A . Fatigue Limit : Semi-range of Stress (Tons/in.*).

Description.
Test

Tensile Column D. Bat io In
In  Vacuo.Mark 

of liar.
Tons/in.*. In  Air. B

A *
Lanoline.

0-13% Carbon steel FQI 28-0 13-0 (1-00) 0-40 13-7 (1-05)
(hot-rolled) GDL 12'85 (1-00) 0-1G 12-9 (1-00)

Annealed 70 : 30 brass B1F1 19-8 7-25(l-00) 0-37 7-0* (0-97) 9-1&(1-26)
Annealed copper Bl F3 11*1 4-35 (1*00) 0-30 4-9 (1-13)

(99-96% pure) B1F4 4-16 (1-00) 0-31 4-34 (0-98)
8-1 7l-00)Cupro-nickel 80 : 20 B1X2 22-5 8-1 (1-00) 0-36 7-9 (0-98)

Nickel-chromium
steel

S7B 90° 35-5 (1-00) 0-39 36-5 <103)

° Estim ated from Brinell Hardness Number.

The outstanding feature of the results is the increased fatigue 
resistance conferred on the brass and copper by the substitution of a 
partial vacuum, as the ambient condition, for the atmosphere. Some
what surprisingly, no similar effect is observed in cupro-nickel. The 
effect on the steels is small (not exceeding 5 per cent.), although it is 
particularly well defined in the mild steel. Some general increase was 
certainly expected, but the actual improvements obtained for brass 
(26 per cent.) and copper (13 per cent.) are unexpectedly great. Ac
cordingly, every possibility has been examined to ensure that no other 
factor was entering into the problem. All the tests have been confined 
to  one machine, and tests on different materials under different ambient 
conditions have been purposely mixed up in sequence; the majority of 
the results, however, fall on extremely smooth curves, and “ machine ” 
effects can be dismissed. The possible effect of the presence of the 
vacuum chamber has been shown to be negligible by the special series 
of tests undertaken for this purpose. It may appear possible that the 
effect of the cleaning of the specimens by acetone, thus exposing a fresh 
surface to the atmosphere, might have produced an unduly low value 
of the fatigue limit in air, but this supposition is definitely disproved by  
the following observations. Some years previously (1926) the fatigue 
limits of the copper and brass were determined on specimens cut from 
the same bar and tested in the same machine as used in the present 
tests : no precautions were taken for protecting the surface of the
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specimens, which were tested several months after the specimens were 
prepared. The fatigue lim its obtained in these previous tests for the 
copper and brass (on a reversals basis of 30 to 40 millions) were ^  4-4 
and ¿ 7 - 2  tons/in.2, respectively: these values are identical with 
those obtained during the present tests. After careful consideration, 
therefore, the authors arc satisfied that the beneficial effect of the 
vacuum is genuine. A superficial examination of the specimens tested  
in air and in  vacuo reveals no differences in appearance. The faces of 
the fractures are all spoilt by the “ hammering ” action set up after 
fracture and before the machine comes to rest; the surfaces of the speci
mens show no obvious differences in brightness. In the absence of 
definite information, it will be assumed, for the present, that the tests 
indicate that, during a fatigue test made in air, conjoint stress and 
corrosion effects are in operation. Any “ temperature ” effect can, 
presumably, receive no serious consideration, as the capacity for 
conduction, through the specimens themselves, is practically the same 
under both conditions of test. To put this matter to  the test, however, 
some experiments were put in hand in which the actual temperatures 
of specimens tested in air and in  vacuo were observed throughout the 
lives of the specimens; the results of these tests are given in the appendix 
to the paper. Two possible responsible factors arc the enormously 
reduced amount of oxygen, and the complete absence of water vapour, 
in the vacuum tests. To investigate one of these possibilities, it is 
proposed to carry out a series of tests in which the specimen is sur
rounded by dry oxygen of high purity. Polished specimens are also 
being prepared to discover if any clue is offered by changes in micro- 
structure.

The effect of the lanoline grease coating is seen to be extremely 
small, the fatigue lim it of the coated specimens being equal, for mild 
steel, brass, coppcr, and cupro-nickel, respectively, to 100, 97, 98, and 
98 per cent, of the fatigue lim it when tested in air. The simplest 
explanation of these results is that the coating either is not impervious 
to the atmosphere, or is discontinuous locally. If it  is correct to  
assume that tests made under ordinary atmospheric conditions are, in 
effect, a form of corrosion-fatigue, then a surface coating of grease that 
is not impervious nor continuous would be expected to produce aggrav
ated corrosion locally (vide the experiments of Speller, McCorkle, and 
Mumma), and the coated specimens would develop a fatigue resistance 
inferior to that of the uncoated specimens; this might account for the 
slightly inferior resistance of the lanolined specimens of brass and 
copper, but the reduction in fatigue limit in  the present tests is so 
small as to be inconclusive, and it is wiser to interpret the results as
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showing that a coating of lanoline grease produced no appreciable effect 
on the resistance of the materials investigated.

The present results render consistent and intelligible many corrosion- 
fatigue experimental results which have hitherto been somewhat 
puzzling. It is now proved definitely and directly, for the first time, 
that the atmosphere plays a part in the fatigue resistance of metals 
when tested under normal laboratory conditions; this effect is shown 
to be negligible with some materials, such as the cupro-nickel used in 
the present research, is probably very small with steels (a maximum  
improvement of 5 per cent, has been obtained to date), and is con
siderable in the case of copper and brass, particularly the latter (where 
an improvement of 26 per cent, was obtained in a partial vacuum). 
It may be even greater in other metals and alloys. No longer can the 
air endurance lim it be regarded as the “ standard " limiting range of 
stress; the real standard is probably that value obtained when the 
tests are conducted in a perfect vacuum or in some other form of test in 
which corrosion or direct chemical attack is totally absent. In the 
future it should not be a matter of any surprise to  find that the fatigue 
resistance of an alloy, when tested in an environment other than air, 
exceeds the air endurance limit. All previous corrosion-fatigue data 
are now consistent. To assist in obtaining an understanding of the 
fundamentals of fatigue, research workers might very usefully pay 
some attention to discovering if it  is possible to obtain under any 
conditions a fatigue strength which exceeds the value obtained in a 
high degree of vacuum; should such a result be obtained, present 
ideas of the mechanism of corrosion-fatigue would require serious 
revision.

A PPEN DIX

T e m p e r a t u r e s  o f  S p e c im e n s  T e s t e d  i n  A i r  a n d  i n  V a c u o .

In the tests carried out in  vacuo, the conditions that affect the dissi
pation from the specimen of the heat generated by hysteretic action differ 
from those in the normal test in air in that convection is practically 
absent. It was felt that the major portion of the heat generated was 
in either case dissipated by conduction, the conditions for which did 
not differ in the two types of test. In order to settle this point 
definitely, however, some tests were carried out during which the tem 
perature of the specimen was recorded; thermo-couples and a potentio
meter were used for the purpose, a continuous automatic record from a 
Cambridge recorder being also taken as a check.

Three tests were carried out on 70 : 30 brass specimens—this material
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having shown the greatest increase in fatigue limit in  vacuo. One of 
these (BIF2T) was tested in air at a stress range slightly below the air 
fatigue limit, viz. ± 7 - 1  tons/in.2, and two at slightly below the vacuum  
fatigue limit, viz. i  9 tons/in.2, one in air (BIF2N) and one in vacuo 
(BIF2P). The temperatures of the test portions of these specimens are 
plotted in Fig. 8 as a function of the time from the commencement of

Fio. S.—Curves Showing Actual Temperature of Test Portions of Specimens
During Test.

each test. The curves of Fig. 8(a) show the temperatures during the 
first few hours of each test and those of Fig. 8(b) during the whole course 
of the tests. Specimens BIF2T ( ^  7-1 tons/in.2 in air) and BIF2P  
(¿ 9 -0  tons/in.2 in  vacuo) were unbroken after 26-7 and 35-2 millions of 
cycles respectively, whilst specimen BIF2N (± 9 -0  tons/in.2 in air) broke 
after 0-36 million cycles; the results thus afforded a very good check 
on the previous results (see Table IV), viz. fatigue limit in air ¿ 7 -2 5  tons/ 
in.2, in  vacuo ¿ 9 -1 5  tons/in.2. The curves are of the usual form,
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showing an initial rise of temperature due to primary hysteresis, followed 
by a decrease to a fairly constant temperature, with, in the case of the 
broken specimen BIF2N, a final increase just before fracture. (Note.—  
The recorded temperatures for specimen BIF2T show a rise followed by  
a fall over the test time, 120-220 hrs. These variations are due to a 
general increase in room temperature and have no other significance.) 
It will be seen that the temperatures of the two specimens tested at 
i  9-0 tons/in.2 were almost exactly the same until fracture occurred 
in BIF2N. The rise of temperature in the specimen BIF2P tested in  
vacuo was slightly higher, as the air temperature during this test was 
about 3° C. lower than in the case of specimen BIF2N. In any case, the 
increase of temperature above air temperature, after primary hysteresis 
had ceased, was only about 7° C., and this could have had no eilect on 
the fatigue resistance.

It is therefore concluded that the increase in fatigue resistance of 
specimens tested in  vacuo cannot be attributed to any temperature 
effects.
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D ISC U SSIO N .

D r . W. H. J .  V e r n o n  * (Member) : The authors m ention in the paper th a t 
in the history of corrosion-fatigue confusion has been caused by assuming th a t 
various coatings, such as vaseline, rubber, &c., ac t as oxygen excluders, when 
in fact there is no evidence to  th a t effect. Similarly, in corrosion research, 
products have been assumed to  ac t as oxygen screens, whereas when subm itted 
to  quantitative examination they have failed to  show any such screening effect. 
The lesson clearly is th a t it  is not safe to  assume anything, b u t th a t i t  is only 
by careful if laborious quantita tive exam ination a t  every step th a t  a  sure 
foundation can bo established. So far as the relation between fatigue phe
nomena and atm ospheric corrosion is concerned, there are ju s t one or two 
points th a t I  would like briefly to raise. F irst, w hat is the external stimulus 
in atmospheric corrosion-fatigue Î The authors appear to regard oxygen as 
the sole responsible agent, bu t is this necessarily so ? Furtherm ore, w hat is 
the relation between atmospheric eorrosion-fatigue as understood in the paper,

* Chemical Research Laboratory, Department of Scientific and Industrial 
Research, Teddington.
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and the phenomenon of “  season-cracking ” ? Mechanical distinctions may 
perhaps be drawn from the type of failure to  be observed in each case, bu t I 
feel th a t on the chemical side the coimeotion m ay bo closer than  appears to  be 
suspected.

I t  has long been known th a t season-cracking is brought about by traces of 
atmospheric im purities, and th a t these im purities are very specific, the most 
potent being ammonia and sulphur dioxide. We know th a t traces of sulphur 
dioxide are usually present in the atmosphere, and the same m ay be said of 
ammonia, for although i t  is true th a t sulphur dioxide usually predominates, 
ammonia may predominate, and the combination of the two in the form of 
ammonium sulphate is invariably present. This was shown in a  paper * 
which I recently presented to  the In s titu te  and it  was confirmed by Dr. J .  S. 
Owens in the discussion. In  view of this, is i t  no t cogent to  inquire w hether 
some of the effects a ttribu ted  to  oxygen m ay no t in fact be due to  traces of 
such compounds ? In  the authors’ tests a definite difference in behaviour 
was found in  most cases between the metal tested in a ir and the same metal 
tested in  vacuo. I t  is perhaps significant th a t the only exception was found 
in the copper-nickcl alloy, a  type of m aterial th a t is known to be immune from 
season-cracking.

W ith these considerations in mind, I  am  glad to  have the authors’ s ta te 
ment in the paper th a t they  propose to  carry ou t fatigue tests on specimens in 
highly purified oxygen. From  the present point of view, however, they might 
possibly consider carrying out parallel tests w ith ordinary laboratory air, and 
with the same a ir after passing through an  efficient purifying train . More
over, I  would like to  ask the authors whether they th ink th a t i t  would be 
worth while to  include tests in an inert gas, both dry and saturated  w ith w ater 
vapour. This would show whether w ater vapour plays any vita l part. I t  
seems probable th a t here we are dealing with m etal-gas reactions, and th a t a t 
any rate  a film of moisture is no t necessary. I  am tem pted to  make this 
suggestion particularly because wo have found in the case of the “ fogging ” of 
nickel tha t, whereas prim ary adsorbed films of moisture have a negligible effect, 
prim ary films of adsorbed gas have a relatively enormous effect.

Professor G. I. T a y l o r ,! F .R .S .: To an  engineer a millionth of an atm o
sphere seems extraordinarily small, b u t to  a physicist i t  means an  enormous 
number of atoms. I  am  wondering whether there is likely to  be anything in 
th a t last millionth : would corrosion be appreciably different supposing th a t 
the pressure were reduced down to a hundredth of th a t ?

Dr. C. H. D e s c h ,}: F.R .S. (Vice-President) (referring to Professor Taylor's 
remarks) : I t  is ra ther curious th a t the same idea has been passing through my 
mind. I  have been making a  rough calculation, and I  find th a t even w ith 
the vacuum used the num ber of oxygen molecules would still bo of the 
order of 1016. The fatigue values th a t are now being obtained m ust bo 
tending towards a lim it. The actual fatigue rango m ay be considerably above 
th a t which has been found a t  present.

There is also the factor to which Dr. Vernon alluded : the presence of tho 
absorbed film of oxygen which is certainly no t removed by mere exposure to 
such a  vacuum  as tha t. Tho im portant thing is, as Dr. Gough told us, th a t 
when the oxygen is removed there is a  distinct im provem ent in the fatigue 
limit. I  w ant to  make the suggestion th a t in the H aigh test, when a  certain

* J . Inst. Metals, 1932, 48, 121.
t  Yarrow Research Professor of the Royal Society.
t  Superintendent, Department of Metallurgy and Metallurgical Chemistry, 

National Physical Laboratory, Teddington.
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formation of slip-bands occurs a t  tho surface, possibly ultra-microscopic 
cracks appear which have no appreciable cffect on tho strength  in the ordinary 
way, bu t the oxygen or other chcmically-active agents adm itted  during tho 
tensile pulse bccomo enclosed during tho compression pulse so th a t they 
are actually present under an  increased pressure, and possibly increase tho 
chemical activity .

Dr. N. P . In q l is  * : I  should like to ask the authors w hether they consider 
i t  worth while th a t an investigation should bo made of the size effect—th a t is, 
tho size of the specimen. All the specimens which the authors and other 
investigators have dealt w ith arc very small specimens indeed, and I  wonder 
w hat would bo tho effect on specimens 2 in. or 3 in. in diam eter. I  ask the 
question becausc of some work w ith which I  was concerned a few years ago 
in  connection writh  the detection of cracks in railway car axles, where we found 
a  specimen which was about 1-5 in. in diam eter to  exist for a very large 
number of reversals after a  crack had formed, whereas in  a  small specimen 
once a crack had formed tho specimen fractured after very fow reversals. I  
do no t suggest th a t the size effect m ay influence tho actual corrosion-fatigue 
lim it, b u t i t  m ight have the effect of altering the position of the S - N  curve, 
which would be quito an  im portant effect as far as practical problems are 
concerned.

Mr. J .  C. CiiASTON,f B.Sc., A.R.S.M. (M ember): I t  has been suggested th a t 
intense local concentration of stress brought about by p itting  m ay be a 
general cause of failuro by corrosion-fatigue. I  th ink th a t i t  m ay bo signi
ficant, however, th a t, in the tests which have been described, the m etals which 
are m ost affected by oxygen during a  fatigue tes t are the very ones in which 
pits would be thought least likely to causc stress concentration. In  both lead 
and copper, i t  is to  be expected th a t the local stresses caused by small cracks 
would readily be relieved by the yielding of tho soft metal, and  i t  is difficult 
to  understand how, in these metals, intense local stress concentrations could 
exist.

D r. H . W . B row nsdok .J M.Sc. (Member of Council): This paper interests 
me especially on account of the improved behaviour of copper and brass when 
subm itted to  fatigue tests in  a  vacuum. Copper is largely used in  aeronautical 
work for petrol and oil pipes which should havo a  high fatigue lim it, and seeing 
th a t the fatigue lim it is lower in  a ir than  in a vacuum, i t  would be of con
siderable interest to  know to w hat extent the fatigue lim it is influenced by tho 
im purities and gaseous constituents commonly present in copper. Com
mercial copper is ono of the most complex materials of which I  know. I t  
contains, in addition to  numerous small am ounts of metallic impurities, 
cuprous and other metallic oxides, condensed w ater vapour, carbon monoxide, 
carbon dioxide, hydrogen, and perhaps other gases. W hilst tho oxygen in  tho 
atmosphere undoubtedly plays a  p a rt in lowering the fatigue lim it, its effect 
m ay become evident only in the presenco of some ono or other of these im 
purities or gases. From this point of view, i t  would be extremely interesting, 
and would perhaps throw some further light of a  valuable metallurgical nature 
on tho phenomena observed by tho authors, if fatigue tests both in  a ir and in  
vacuo were carried ou t on a  series of coppers specially prepared so as to  
eliminate ono or moro of the constituent impurities, both solid and gaseous.

* Stockton-on-Tees.
f  Metallurgical Engineer, Standard Telephones and Cables, Ltd., North 

Woolwich.
J Superintendent of Research, I.C.I. Metals, Ltd., Birmingham.
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In  addition to  oxygen, moisture is one of the chief accelerators in corrosion 
phenomena, and one m ight anticipate th a t in tho complete absence of moisture 
oven in tho presence of oxygen, some raising of the fatigue lim it m ight bo 
observed.

Dr. H . M o o r e ,* C.B.E. (V ice-President): I  have little  to  say on this paper 
except to  ask for more ! We w ant a  great deal moro information about the 
action of tho atm osphere in producing corrosion-fatigue. I  th ink  th a t Dr. 
Gough is contem plating a  considerable programme, and we shall look forward 
to the results w ith the greatest interest. I t  is fairly obvious w hat sort of 
information is required, e.g., w hat materials are affected by corrosion-fatigue 
due to  tho atmosphere, tho extent to  which they are affected, tho constituents 
of the atmosphere which are responsible for the effect, and tho ac tu a l 
mechanism of the corrosion-fatigue action.

I t  m ay or m ay no t be significant (I th ink  th a t probably i t  is not) th a t the 
material in which Dr. Gough has found the maximum effects—70 : 30 brass— 
is in certain circumstances singularly susceptible to  intercrystallino a tta ck ; 
b u t I  th ink  th a t Dr. Gough made i t  clear in  his A utum n Lecture f  th a t 
corrosion-fatigue is probably rarely due to  intercrystallino failure. D r. Gough 
has, I  think, for the first tim e fully proved w hat has been suspcctcd for a 
number of years—namely, th a t  the atm osphere is capable of producing 
corrosion fatigue. In  our work on lead, a t  Woolwich, wo showed some years 
ago th a t the exclusion of tho atm osphere from the specimen increased tho 
endurance lim it of lead considerably. Professor B. P . Haigh, as Dr. Gough 
mentioned in his Autum n Lecture, introduced an ingenious theory to  account 
for the action of the atmosphere on lead subjected to  fatigue—a theory which 
did no t greatly appeal to  me. T hat theory now appears to  bo un tenab lo ; tho 
action is most probably on the surface and no t below tho surface, as Professor 
Haigh suggested.

I  should liko to  direct a tten tion  to  the great value of Dr. Gough’s Autum n 
Lecture in its printed form. I t  is a  lecture of unusual length, which lias cost 
tho In s titu te  a  good deal to  publish, and I  recommend everybody who is 
interested in the subject of corrosion-fatigue to  study i t  closely.

Dr. G o u g h  (in rep ly): I  will reply very briefly to  the m ajor points raised, 
and will la ter reply more fully in writing, if necessary. Dr. Vernon’s sug
gestion th a t  sulphur dioxide and ammonia m ay bo the principal operative 
factors is a  new and extremely valuable suggestion. In  this subject, in which 
fatigue and corrosion both enter so largely, we engineers look to  corrosion 
experts for valuable suggestions of this type, based on their specialized know
ledge. I  thank D r. Vernon for his remarks, and hope to  investigate the 
influence of the suggested factors.

Professor Taylor suggested further experiments employing a  higher degree 
of vacuum. I t  is hoped to  carry ou t some work on these lines. As a first step, 
however, wo are studying the changes occurring in m icrostructure during 
fatigue tests made in air and in  vacuo, of the 70 : 30 brass which gave the big 
reduction of 26 per cent., hoping to  "find the reason for the reduction : in  these 
further tests a  pressure of 10-3 mm. is again being employed. Professor 
Desch also referred to  the desirability of investigating the effect of a  more 
perfect vacuum. He also raised tho interesting possibility of the enhanced 
eorrosivity of the metal w ithin ultramicroscopio cracks due to the compression 
of entrapped air during the strain  cycle. I  have no experience of the possi
bilities of this action, and should like to  consider tho m atter before replying.

* Research Department, Woolwich.
f See this volume, p. 17.
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Dr. Inglis inquired about tlio size or scale effect. McAdam has done 

a  little  work on this aspect, using specimens of 0-5 in. and 2'5 in. diam eter, and 
found little  difference in behaviour under corrosion-fatigue. I  have discussed 
this aspect more fully in the A utum n Lecture. Although “  size effect ”  appears 
to  be small, I  would point ou t th a t the percentage wastage by general 
corrosion is naturally  greater in thin sheets th an  in large bars, thus tending to  
produce different performances : this is no t a  scale effect, howover, in the 
s tric t sense in which the term is used in elastic and fatigue problems.

Mr. Chaston suggested th a t the metals found to  give the largest differences 
in fatigue values are essentially “ soft ” and would no t be expected to be 
susceptible to  “ notch ” effects. This would appear to  be true, yet I  would 
recall to his memory H aigh’s paper on some fatigue experiments on soft lead, 
in which he published a  photograph showing tha t, oven w ith this metal, the 
path  of the fatigue fracture was definitely influenced by the presence of a 
small surfacc scratch.

Dr. Brownsdon mado a valuable suggestion regarding the possible effect 
of dissolved gases. This has been carefully considered, bu t i t  is difficult, a t  
first sight, to  believe th a t an  appreciable am ount of gas would be liberated 
a t  a ir tem perature. The m atter should, however, be investigated, and I 
should greatly value Dr. Brownsdon’s co-operation.

W e thank Dr. Moore for his very kind rem arks concerning the paper and 
for outlining m any suggestions for further research. I t  is hoped to a ttem p t 
some of the suggested work if time permits. Arising from the very valuable 
work th a t has been carried ou t in  the Research D epartm ent a t  Woolwich on 
the subject of atmospheric corrosion of lead, i t  appears desirable to  make tests 
on lead in  vacuo. I  look forward to being able to do this, and also to secure 
Dr. Moore’s kind co-operation regarding the supply of material.

C O R R E SPO N D E N C E .

D r. U. R. E v a n s ,* M.A. (M em ber): The present research, especially when 
studied iii connection w ith Dr. Gough’s masterly A utum n Lecture, is most 
welcome; the combination of clear thinking w ith the well-planned, accurate 
research now' in progress a t  the N ational Physical Laboratory will surely 
elucidate th is difficult subject. I  feel in general agreement w ith  Dr. Gough 
on nearly all essential points. I t  is unfortunate th a t  some of those present 
a t  D r. Gough’s lecture came away w ith the impression th a t our views are 
irreconcilable. There are so m any real disagreements on the question of 
corrosion th a t it  is a  p ity  to confuse the subject further by imagining dis
agreements which do no t in tru th  exist. Perhaps, therefore, I  m ay be allowed 
to  define m y point of view, emphasizing the points on which I  share Dr. 
Gough’s views. My opinion on the influences of stress and strain  on corrosion 
is largely derived from experimental work on abrasion and the after-effects 
of bending; in recent years, however, work has been conducted, in the 
Cambridge laboratory, on the effect of alternating and in term itten t stresses 
on corrosion by D r. A. J .  Gould, who, I  hope, will shortly publish his results.

I  agree w ith Dr. Gough th a t the apparent increase of corrosion-damage 
by stress is, in the main, no t the direct effect of stressing the metal itself, 
bu t is due to  the damage done to the protective quality of surface films. In  
1929 I  carried ou t work to  distinguish between the direct and indirect effects 
of the internal stresses left after bending.f Strips of copper were abraded, 
bent locally, and immersed in silver n itra te ; immediate blackening resulted, 
w ithout special intensity a t  the bend. Similar strips were abraded, exposed

* Cambridge. t  J- Chem. Soc., 1929, p. 101.
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to dry a ir for 9 days (to produce an oxide film*), bent locally (to damage tho 
01m) and immersed in silver n itra te ; the reaction now occurred preferentially 
a t the bend, the rest being alm ost unchanged. Other strips, bent im mediately 
after abrasion, and afterwards exposed 9 days to  d ry  air (so as to allow the 
damage a t  the bend to  heal up), and then immersed in silver n itrate, showed 
scarcely more a ttack  a t  th e  bend than  elsewhere. Damage to  the film here 
was evidently tho im portant influence a t  work. I  am, however, well aware 
th a t a disordered space-lattice is a  less stable system than  a perfect lattice, 
and tha t, under suitable conditions, disorganization of tho crystal structure 
might bo expected to  cause preferential a ttack , quite apart from any damage 
to a  film; indeed, the tendency for corrosion to  occur preferentially on the 
site of previously formed slip-bands, discovered in another research by Dr. 
Gough and Mr. Sopw ith.f m ay perhaps provide an example.

T hat local mechanical damage to  the film covering the metal may make the 
damaged p a rt anodic towards the rest was indicated by some measurements 
of “  abrasion cUrrcnts ” using 36 combinations of metals and liquids,J the 
results of which I  published in 1925. Two electrodes of the same metal 
were surrounded by tho same liquid, one only being abraded, and the current 
passing between the two was measured. W hen the liquid was one which 
produced a  protective film on the metal, the  abraded electrode was the anode. 
In  cases where there was a  slimy secondary corrosion-product, its removal 
renewed the supply of oxygen locally, and thus the abrasion-current was 
masked by a differential aeration current in the opposite d irection ; I  believe 
tha t, if i t  were possible in all cases to  damage the prim ary skin w ithout in 
creasing the oxygen-concentration, local damage would always produce an 
anodic area a t  the point of damage. If th a t point is small compared with 
the undamaged area, the corrosion (the am ount of which is determined 
mainly by the rate  of oxygen-supply to the large cathodic area, b u t which 
is all concentrated on the small anodic area) may be very intense.

Now these conditions are actually realized a t  tho bottom  of a  p it running 
into a  specimen which is subjected to  alternating stresses in a  direction 
parallel to the general surface (see Fig. A). I t  is no t necessary to  postulate 
th a t the oxygen-concentration a t  the pit-bottom  (E ) shall be lower than  th a t 
elsewhere (although in practice th is will probably be the case, and m ay con
tribute to the electrochemical effect). Even assuming uniform oxygen- 
concentration, the probability th a t the film will become damaged or porous 
will be a maximum a t E  and minimal along the surfaces A B C  and FGH, 
where the stresses clearly cannot assist any “ natural ” tendency to  break
down. Of course it  is no t certain th a t the breakdown will occur exactly a t  
E ;  i t  m ay occur, say, a t  D, causing corrosion to advance to  a new front 
shown by the dotted  circle JK L-, b u t now the probability of fresh damage 
will be maximal a t  or near the low'est point J ,  and therefore the fissure will 
continue to  advance, on the whole, in a direction perpendicular to the stress- 
direetion, although there m ay bo tem porary deviations to  righ t and left; 
thus we are led naturally  to  a  course for the crack such as is shown in Figs. 
37 and 38 (Plato XV) of Dr. Gough’s Autum n Lecture. A very little destruc
tion of metal will cause an appreciable decrease in the effective cross-section 
(a m atter which may be of im portance in corrosion-fatigue of wires) ; further
more (and this is of far more importance in tho corrosion-fatigue of rods), 
the action tends to  keep the shape of the fissure extremely acute, a  fact which 
will ensure rapid loss of fatigue-strength by strcss-concentration, as Dr. 
Gough points out.

* See W. H. J . Vernon,./. Chem. Soc., 1926, p. 2273. 
t  Proc. Hoy. Soc., 1932, [A], 135, 392.
X J. Inst. Melals, 1925,'33, 31-35.
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The shape of the fissure developed under stresses which keep damaging 
the bottom  will thus bo far more prono to  roduco fatiguc-strength than  th a t 
developed under stressless conditions through ordinary differential aeration, 
which is likely to produce broader and blunter pits. Our knowledge is still 
incomplete, b u t i t  appears th a t whilst the probability  of corrosion is diminished 
by increase of oxygen-concentration (being therefore minimal a t  A  and m axi
mal a t  E), the  conditional velocity of a ttack  (i.e. the corrosion-rate which will

Fio. A.

M N

vy

Fio. B.

develop, provided that corrosion has once fairly started) is favoured by high 
oxygen-concentration, and is thus m axim al a t  .4 and minimal a t  E . The 
expected velocity, which is the product of the probability and the conditiona. 
velocity, will bo a m aximum a t  some interm ediate point, say a t  B  or G. The 
short, rounded typo of pits resulting in this way (Fig. B) is no t likely to reduce 
fatigue strength seriously by strcss-concentration, whilst the long, sharp- 
ended pits produced under alternating stress conditions (Fig. C) will certainly 
do so.

Thus differential aeration, whilst doubtless at work in many of the pits
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on a  corrosion-fatigue specimen, is probably no t of direct im portance in 
producing tho mechanical weakening. Of course, tho principle cannot be 
altogether neglected; tho effect of the rubber rings in  the experiments of 
Speller, McCorkle, and Mumma * is probably duo to  the restriction of diffusion 
of oxygen and/or chromate in the early stages of tho attack , b u t in an 
experiment as normally conducted i t  seems a t  least possible that, in tho 
case of those pits which develop downwards into  fatiguo cracks, some oxygen 
may be present in tho upper p a rt of tho p it, and th a t i t  is this oxygen which 
prevents tho corrosion spreading sideways instead of downwards. This 
admission of oxygen may perhaps be assisted by the “ breathing action ” of 
the alternating stress; oxygon or oxygon-saturated liquid is to some extent 
drawn into the cracks during the tension, and obstructive secondary corrosion- 
product pushed ou t during the compression; this would explain why a lte rna t
ing stresses are moro destructive th an  sta tic  stresses. I t  m ay be objected th a t 
the maintenance of tho conditions favourable to  this breathing action would 
seem to  be an  exceptional occurrence, b u t i t  appears th a t actually only a 
small proportion of tho p its do dovelop into fatigue fractures. If , provisionally, 
wo assume in the upper p a rt of th e  p its tho presence of somo oxygen (which 
is needed for cathodio depolarization), then tho cathodic product, which is 
generally sodium or calcium hydroxide, can bo formed within tho p it itself, 
and any metallic salts which oozo through tho films covering the  side walls 
(ABO  or FOH) will be precipitated in  physical contact w ith the walls, thus 
healing any porosity which the film m ay here show, and pulling a stop to the. 
attack. Such a  healing of tem porary weak points has become very fam iliar 
to the Cambridgo workers in  studying the upper parts of vertical corrosion- 
specimens standing in  potassium or sodium chloride; tho film of hydrated 
oxide, in optical contact w ith the surface, frequently becomes thick enough 
in tho late stages to  give interference tints, f  Similar tin ts  are often seen on 
oorrosion-fatiguo fractures of lead, and are well illustrated on some specimens 
kindly sent me by Professor B. P . Haigh somo years ago. A lternative explana
tion is, however, possible—namely, th a t tho alkali is formed outsido the pit, 
say a t  M  or N  (where thero is w ithout doubt oxygen), and “  creeps ” into the 
p it; tho astonishing power of caustic alkali to  creep through imperceptible 
crevices is well known to chemical engineers; I  havo also encountered sur
prising examples of i t  in work on paint-film s.i

If i t  is considered th a t oxygen can enter those p its which are developing 
into fatigue fissures, then  i t  is clear th a t the insoluble metallic hydroxide 
(usually procured by interaction between tho anodio product, a  soluble metallic 
salt, and tho cathodic product, an  alkali) m ust bo precipitated deep down 
in the p it. Now tho precipitation of a bulky corrosion-product below tho 
surface m ust have one of three re su lts : (1 ) i t  m ay d isrupt tho metal, (2 ) it  
may block the crevice and stop further corrosion, (3) i t  m ay be squeezed out. 
In  a previous paper § I  have given examples of these three effects. Blockage 
and cessation of a ttack  often occur under sta tic  conditions; alternating 
stresses m ay assist tho expulsion, and thus allow a ttack  to continue where 
otherwise it  would cease. Dr. Gough apparently  thinks tha t, under corrosion- 
fatigue conditions, the idea of the corrosion-product assisting m aterially in 
the disruption of tho metal is no t to  be entertaincd.|| I  will no t press this point, 
bu t I  would mention th a t I  know of cases where plates havo been forced 
apart, rivets broken, metal swollen to  doublo its original thickness simply

* Proc. Amer. Soc. Test. Mat., 1928, 88, (II), 159; 1929, 29, (II), 238.
t  J. Chem. Soc., 1929, p . 111.
j  Trans. Amer. Eledrochem. Soc., 1929, 55, 251.
§ J. Chem. Soc. Ind., 1928, 47, 61 t.
|| Gough, Autumn Lecture, this volume, p. 17.
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by tho expansive forcc of ru s t ; also th a t Rosa, McCollum, and Peters * have 
measured the expansive force, and have obtained values as high as 1 ton /in .2.

I  accept Dr. Gough’s suggestion f  th a t the “  frequency ” cflect on cor- 
rosion-fatigue is no t so much due to relative rates of film rupture and repair, 
as to  tho increasing effect of velocity on the perm eability of the film, an in
creased rate  of agitation producing greater porosity. This seems to  explain 
the results of Speller, McCorkle, and MummaJ better than  the explanation 
which I  pu t forward in the discussion of papers by McAdam.§ Nevertheless, 
it  m ust not be forgotten th a t the sudden breakdown of a  film, followed by its 
gradual repair, is a  well-established occurrence. I  have obtained direct 
ocular ovidence of sudden cracking in the case of thick oxide films on copper; 
Pilling and Bedworth || have published evidence for the same phenomenon 
based on conductivity measurements on heated copper; Vernon If has 
obtained additional proof in his beautiful micro-gravimetric work on alum 
inium, whilst further confirmation is provided by the tim e-current and time- 
potential curves traced by m y collaborators, B ritton  ** and H o a r.jt

If, for the sake of argum ent, we assume that, cither through the breathing 
action already suggested or in some other way, oxygen is effectually introduced 
into the upper parts of the pits, and th a t the excess of bulky corrosion- 
product is effectually expelled, then the hotly debated point as to whether 
various corrosion-products do or do no t ac t as oxygen-screens becomes of 
little  importance in corrosion-fatigue, although i t  remains of im portance in 
other branches of corrosion-science. Nevertheless, since Dr. Gough, and also 
Dr. Vernon, have referred to  this m atter, I  desire to sta te  the position. 
Bengough, Lee, and W orm w ellJt have produced very accurate corrosion-time 
curves, to which they apply an interpretation which assumes th a t the cor
rosion product has no screening action. Other interpretations, however, 
appear to  bo possible. Furtherm ore, those authors themselves sta te  §§ th a t 
the corrosion-product formed under certain conditions (namely, in very dilute 
solutions) does a c t as an oxygen screen. I t  m ust no t be overlooked th a t 
Bengough’s experimental conditions are less favourable to  screening than 
those of other workers. In  the study of vertical iron specimens, my col
laborator, T. P . Hoar,l||| has found th a t tho ferroso-ferric ru s t is a  voluminous 
body which absorbs oxygen when shaken w ith a ir ; Bengough’s ferroso-ferric 
product is a  compact magnetite which is rem arkably stable towards oxygen. 
Thus, even if Bengough’s interpretation of his own work be accepted, i t  affords 
no valid criticism of the conclusions from work on differential aeration. 
This communication itself, I  hope, bears witness th a t I  do no t desire the 
Differential Aeration Principle to be dragged in in  cases where i t  is clearly 
inapplicable.

Dr. G. D. B e n g o u g h , M.A. (Member), and Mr. F. W o r m w e l l  : Dr. 
Evans has kindly sent to  us a copy of his contribution to  the discussion on

* U.S. Bur. Stand., Tech. Paper No. 18, 1913.
t  Gough, Autumn Lecture, this volume, p. 17.
t  Proc. Amer. Soc. Test. M at., 1928, 28, (II), 159; 1929, 29, (II), 238.
§ Proc. Amer. Soc. Test. M at., 1929, 29, (II). 307;' 1930, 30, (II), 445.
|| J . Inst. Metals, 1923, 29, 551.
^  Trans. Faraday Soc., 1927, 23, 154.
** J .  Chem. Soc., 1930, p. 1778.
f t  J . Iron Steel Inst., 1932, 126.
f t  Proc. Boy. Soc., 1931, [A], 134, 327.
§§ Proc. Roy. Soc., 1931, [A], 134, 337.
|1!| Proc. Boy. Soc., 1932, [A], 137, 354; also unpublished work.
If If Chemical Research Laboratory, Department of Scientific and Industrial 

Research, Teddington.
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Dr. Gough and Mr. Sopwith’s paper. I t  contains references to  our work which 
seem to call for reply, particularly as regards our statem ents th a t zinc hydr
oxide, magnetic iron oxide, and ferric oxide do no t behave as oxygen screens 
in stagnant solutions of sodium chloride and potassium chloride. The 
question has not been hotly debated, as Dr. Evans states, because no one has 
yet p u t forward e ith er: (1 ) rebutting quantita tive experimental evidence, 
or, (2 ) any reasonable explanation of our results other th an  our own which 
has obtained wide acceptance by those who are acquainted with it.*

Dr. Evans rem arks th a t we “ sta te  th a t the corrosion product formed under 
certain conditions (namely, in very dilute solutions) does ac t as an oxygen 
screen ” ; he omits to  sta te  (1 ) th a t they nover so acted in  presence of a ir in 
which corrosion-fatigue experiments are usually performed, and (2 ) th a t in the 
exceptional conditions when they did so act, corrosion was greatly reduced and 
eventually stopped.

Dr. E vans’ further rem arks th a t our experim ental conditions are less 
favourable to  screening than  those of other workers (presumably his own 
associates) seem to  bo definitely wrong. In  tho partly  immersed conditions 
used by H oar and himself, practically tho whole of the oxygen used has free 
access to the cathodes w ithout passing through thick masses of ferric and 
magnetic oxides; consequently their screening action cannot be tested. H oar’s 
experiment, to  which Dr. E vans refers, has no bearing on the m atte r; it  
merely confirms th a t in his experimental conditions little  oxygen is getting 
down into the liquid; consequently there is much ferrous m aterial in the 
corrosion product, b u t th is is not due to any screening effect of ferric or 
magnetic oxide, bu t to the fact th a t the oxygen is removed near the surface by 
reaction w ith hydrogen. In  m any of our experiments, on the other hand, both 
attacked and unattacked areas have become completely covered w ith ferric and 
magnetic oxides so th a t all the oxygen used was forced to  pass through them. 
Yet the corrosion rate  did no t alter as the masses accumulated.

The final point made by Dr. Evans is th a t our corrosion products differ from 
his, which may, therefore, serve as oxygen screens, though ours do not. We 
may point ou t th a t D r. E vans’ corrosion products are no more likely to  be ty p i
cal of common industrial conditions than  ou rs; in fact, a  m ixture of ferric and 
black magnetic oxides constitutes quite a large proportion of ordinary ru s t in 
many conditions.

The A u t h o r s  (in further reply to the oral discussion) : There is little  to  add, 
in further reply to  the discussion, bu t to express our appreciation of the kind 
reception accorded to  the paper and our thanks for the generous offers of advice 
and co-operation made concerning future work. Much more experimental 
work requires to  be carried out, and we hope to  be able to  communicate the 
results of further research a t  some future date.

Dr. Gough : I  welcome very greatly tho contributions made to  tho discussion 
by Dr. Evans, Dr. Bengough, and Mr. W ormwell; as these relate more to  the 
Autumn Lecture than  to  the present paper by Mr. Sopwith and myself, i t  is, 
perhaps, more fitting th a t I  should reply personally. A t the same tim e, I  
would rem ark th a t both papers deal with essentially the same subject, and th a t 
the present is an appropriate occasion for discussion on the wider issues of 
corrosion-fatigue.

The remarks by Dr. Evans, Dr. Bengough, and Mr. Wormwell will be read 
with great in terest by all those interested in corrosion-fatigue. There are 
certain fundam ental characteristics of the subject which can be explained

* For our complete statements see Proc. Boy. Soc., 1931, [A], 131, 506, and 1931, 
[A], 134,337.
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adequately only by thoso who are making an intim ate study of the intricate and 
fascinating probloms relating to  corrosion. Wo have now before us tho 
considered views of two groups of such experts. A t the moment, i t  appears 
th a t the fundam ental researches of theso w riters aro such th a t somewhat 
opposing views aro expressed. Tho divergence thus brought ou t will, I  trust, 
inspire the investigators to  make some critical tests to  investigate some of the 
aspects of corrosion which are, perhaps, peculiar to  corrosion-fatigue conditions; 
valuablo additions to  our knowlodgo aro certain to  accrue. As an  engineer 
worker on corrosion-fatigue I  welcomo tho atten tion  of tho chemists being 
thus a ttrac ted  to  an  aspect of the subject of fatigue, and if m y A utum n Lecture 
has been instrum ental in exciting thig interest, I  feel well repaid for any  trouble 
to  which I  m ay have beon pu t. I  would again welcome the contributions, and 
express my thanks to Dr. Evans, Dr. Bengough, and Mr. Wormwell, and shall 
look forward to  their further writings on the subject.
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A MODIFIED IMPINGEMENT CORROSION 
APPARATUS.*

By H. W. BROWNSDON,t M.Sc., Pu.D., M em b er  o p  Co u n cil , 
and L. C. BANNISTER,J M.Sc., Ph.D., Me m b e r .

S y n o psis .

Owing to difficulties experienced with apparatus hitherto used for 
carrying out impingement corrosion experiments, a modified apparatus has 
been devised wliich is simple in design and permits of the many factors 
influencing this type of corrosion being readily controlled; details are 
given regarding its construction and use. Some preliminary results 
obtained are given as illustrating the use of the apparatus in the study of 
corrosion phenomena.

I t  is frequently necessary to be able to predict, within fairly wide limits, 
the probable corrosion-resistance of any material to service conditions 
in order to gauge approximately its life, the safety margin in con
structional dimensions, and any precautions to be taken during use. 
Clearly, any progress in the manufacture and application of new alloys 
is bound to be very slow if development is dictated solely by practical 
experience or by the results of prolonged tests under working conditions. 
In many instances the desired information concerning a material has 
been sought by reproducing the conditions of practice as closely as 
possible and making very careful observations and measurements during 
the early stages of corrosion. In some cases this procedure has yielded 
very trustworthy indications. Nevertheless, it is in general exceedingly 
difficult to imitate, on a laboratory scale, actual working conditions, 
and even if this can be done, the later stages of corrosive attack fre
quently take on a form quite difierent from that shown during the early 
stages.

Many attempts have been made from time to time to devise tests 
for reflecting the probable service behaviour of a given metal by acceler
ating the corrosion above its natural rate so that visible or easily 
measurable changes occur within a comparatively short period. Even  
if such tests do not accurately reproduce working conditions, they help

* Manuscript received May 4, 1932. Presented a t the Annual Autumn ¡Meet
ing, London, September 14, 1932.

t  Superintendent of Research, I.C.T. Metals, Ltd., Birmingham.
X Research Metallurgist, I.C.I. Metals, Ltd., Birmingham.
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very considerably in elucidating some of the phenomena associated with 
corrosion.

Some two years ago it was decided to study the behaviour of a large 
number of alloys when subjected to impingement corrosion. This 
special type of attack, which may bo caused when a liquid carrying 
entangled air passes rapidly over the surface of a metal, has been studied 
by G. D. Bengough, R. May, and R. Pirret.* Whilst the method of 
testing they worked out has been applied mainly to the study of con- 
denser-tube corrosion, the present authors considered that the test might 
be helpful in throwing light on other types of corrosion problems and in 
advancing a knowledge of the part played by protective surface films.

Apparatus of the type developed by R. May |  was installed, but 
after considerable experience the conclusion was reached that it was not 
suitable for the wider applications involved, mainly owing to the diffi
culties encountered with the running of such comparatively complicated 
apparatus, the lack of agreement between duplicates, the use of a common 
corroding solution for metals of different composition, and the relatively 
small number of specimens that could be dealt with on one apparatus. 
The results were obtained very slowly and not infrequently were con
tradictory. I t  was realized that some radical modifications were 
desirable in order to be able to use the jet impingement test with the 
degree of control necessary for obtaining consistent results in a limited 
time. It is understood that workers in other laboratories J have also 
found this form of apparatus not entirely satisfactory, and in the 
United States modifications have already been adopted.§

A much simpler form of jet impingement test was therefore devised 
of which a full description is given at the end of the paper. The under
lying idea consists in immersing a metal specimen in a corroding liquid 
and blowing air on to it by means of a jet made of drawn-out glass 
tubing. The main virtue of the method lies in the accurate control 
obtainable over the various factors which influence the special type of 
corrosion produced. The principle involved is not new and had pre
viously been employed in experiments on the corrosion of resistant 
alloys by acids, |j but the value of the method for studying the phenomena 
associated with more general types of corrosion seems to have been 
overlooked. A few preliminary experiments with the apparatus showed 
that with several different alloys the types of attack produced were

* “ The Causes of Rapid Corrosion of Condenser Tubes,” Trans. N .E . Coast 
Inst. Eng. and Sh ip ., 1923, 40, 20.

f  J . Inst. Metals, 1928, 40, 141.
j  Private communications.
§ A. Morris, Amur. Inst. M in. Met. Eng., Tech. P M .,  Xo. 431, 1931.
|| J .  F. Thompson and R. J . McKay, Indust, and Eng. Chem., 1923,15, 1115.
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similar to those given with the May apparatus, and that a 500-hr. 
period of impingement sufficed for obtaining the necessary evidence 
regarding relative resistance to corrosion.

The apparatus lends itself to the study of the various factors in
fluencing corrosion, such as the composition of the metal, the solution, 
or the gaseous phase, any one of which may be varied while the other two 
are maintained constant. Most of the experimental work done up to 
the present has been with sea water as the liquid medium and air as the 
gas, the composition of the metal having been the variable factor studied. 
Other experiments have been carried out, however, on the same metal 
in varying solutions containing air as the gas, and experiments are in 
hand in which the air is being replaced by other gases. The temperature 
of the solution is another factor which can easily be controlled in this 
apparatus.

The form of corrosion produced by this test in some typically different 
alloys is illustrated in Figs. 1-8 (Plates X X II and X X III). In these 
alloys the corrosion was most severe at the position of air impingement, 
and quite distinct types of attack, both as regards area, depth, and form, 
were produced with the different alloys. Cupro-nickel and Admiralty 
mixture, for example, develop concave areas, much smoother in the 
case of cupro-nickel than in the case of Admiralty mixture, whereas 
with 7 0 :3 0  brass and aluminium-brass the attack is more in the 
nature of a pit, angular and jagged. The appearance of cupro-nickel 
during the early stages of testing is characterized by small bright 
circular cavities which are not dissimilar to Brinell ball impressions. 
When viewed under the microscope the characteristic difference between 
the pits formed on different alloys is clearly defined, and micro-examin
ation is therefore a most valuable method for studying the different 
types of corrosion which are produced.

Another interesting point to be noticed is the area of the alloy which 
is attacked during the test. I t  will be seen that in the case of alumin
ium-brass this is very restricted, less restricted in the case of 70 : 30 
brass, and still less restricted in Admiralty mixture or cupro-nickel. 
In the case of the latter it  is sometimes difficult to say where the attacked 
portions begins, whereas this is more readily seen with Admiralty 
mixture, and quite sharply defined in the cases of 70 : 30 brass and 
aluminium-brass. From these observations it will be appreciated that 
weight loss determinations alone might give unreliable information as 
to the serviceability of a material, as a knowledge of the degree to which 
the attack is localized is of greater importance than the actual weight 
loss. Further information may be obtained by measuring the depth of 
the pit formed. Roughly speaking, this is found to be a linear function



126 Brownsdon and Bannister :

of the duration of the test and some of the figures obtained are plotted 
in Fig. 9.

The reasons for these characteristic differences of pit form, area, and 
depth, are probably associated with the breakdown of protective films. 
The results illustrated were all obtained with an air pressure equivalent 
to 20 inches of mercury, which should be kept in mind when attempting 
to translate into practice the results obtained by this test. The evidence 
given indicates that of these four typical alloys, the aluminium brass 
produced the most protective film, and that this alloy resisted corrosion 
except in the limited area just under the jet, where the intensity of

F ig . 9.— Som e A lloys in B righ ton  Sea-W ater.

impingement was greatest. Whilst the breakdown of the protective 
film on aluminium-brass occurred at 20 in. of mercury pressure, it  
was found that at the pressure of 4 in. of mercury or less no such film 
breakdown was apparent.

Reviewed in this manner, this test can be used for determining the 
velocity of impingement necessary to break down any protective films 
that may have formed.

The influence of the nature of the solution on the depth of pitting 
produced is shown in Fig. 10 for aluminium-brass in Brighton sea-water, 
in tho same diluted to 24 per cent, of its natural strength, and in a 
synthetic sea-water. The depths of pits produced in the two latter 
solutions are given for three different experiments in  each case, and serve
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to illustrate the degree of reproducibility obtained with the apparatus. 
The open circles and triangles show the depths of pits produced on two 
specimens immersed together in one beaker, whilst the filled-in circles 
and triangles represent the figures obtained on another specimen in 
another beaker. By taking mean figures from such closely agreeing 
experiments a single smoothed curve, such as is shown for Brighton 
sea-watcr, may be accepted with some degree of assurance.

Fra. 10.—Aluminium-Brass in Somo Solutions.

Other effects of the composition of the solution can naturally be 
experimented with in a similar manner. For example, by carrying out 
a series of comparative tests it was found that bichromates present to  
the extent of 1 per cent, inhibit the corrosive effect of sea-water on 70:30  
brass, the metal surface remaining quite bright.

Therefore, quite apart from its value for comparing the resistance to 
corrosion of different alloys in various solutions, the impingement 
apparatus described in this paper is a useful laboratory instrument for 
studying the behaviour of surface films and the factors, such as com
position of alloy, heat-treatment, &c., which influence their resistance 
to this special type of corrosion.
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D e s c r i p t i o n  o f  A p p a r a t u s .

Compressed air, filtered through wood straw and cotton wool 
packing, then bubbled through water to clean it further and partly 
saturate it with moisture, is forced at a pressure of 20 in. of mercury 
through a capillary tube, 7 mm. in external diameter and of 1 mm. bore, 
drawn out to a final internal diameter of approximately 0-35 mm., so 
that a stream of air bubbles impinges vertically downwards through the 
solution on to the surface of the specimen under test. Fig. 11 (Plate 
XXIV) illustrates two views of a unit of the apparatus. The specimen 
is fixed with respect to the jet by means of a glass bracket clamped to the 
capillary tube by stout bands cut from indiarubber tubing. The metal

F ig . 13.— T he J e t  C a lib ra tion  A p p ara tu s.

being tested is fixed to the lower portion of the glass bracket also by 
rubber bands, as seen in the photograph.

Experience showed that it is most important to have jets of identical 
shape and size. The jets used in this work are such as to allow 2,220 
c.c. of air to escape, per minute under a constant pressure difference of 
20 in. of mercury. Variations in the internal diameter of the drawn- 
out portion of the jet— even if much too small to be detected by the 
naked eye—give rise to very large variations in the amount of air 
passing through and so greatly influence the rate of corrosion. I t  is 
therefore necessary to adopt some special precautions in order to produce 
standard jets and a short account of how they are made follows.
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F ig . 11.— Two Views of a U nit of the  A pparatus, Showing Specim en in  Position.

F ig . 12.— G eneral View of the Im pingem ent Corrosion A pparatus.
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A 50 cm. length of the capillary tubing is heated at its mid point in 
a large Bunsen flame and drawn out until its new length becomes 61 cm. 
When cold the tube is severed in the middle of its constricted portion 
and the two halves are stored away for some weeks prior to conversion 
into standard jets. The time interval between drawing-out and 
standardization is essential, since glass shrinkage is often high during 
this period and may lead to variability of results if the jets are finished 
and used immediately after hot-working. The final operation for 
converting the capillary tube to a finished jet is made with the aid of 
the apparatus sketched in Fig. 13, which consists essentially of a 
reservoir under air pressure, the pressure being regulated by means of a 
weighted regulating valve and measured by a gauge F. This gauge is 
followed by a capillary tube B  of such dimensions as to pass 3,930 c.c. 
of air per minute at 20 in. of mercury pressure. Standardization of a 
jet is effected by connecting it to the indiarubber tube A , and observing 
the height of the mercury in the manometer E. If the bore at the tip of 
the jet is too small, the rate of flow of air through it  will be slow com
pared with the rate of flow through the fixed comparison tube B, and the 
pressure in C will rise until the mercury reaches somewhere above 
the mark D, which represents 20 in. of mercury. To correct this, the 
“ resistance ” of the jet to the passage of air is progressively reduced by 
cutting off very short lengths until the pressure falls to the 20 in. mark. 
If the bore is already too large, the pressure in G will not rise to 20 in. 
and the tube must be rejected. Only jets showing a divergence of less 
than ¿ 0 -1  in. of mercury are used.

The type of attack occurring during impingement was found to 
depend to a certain extent on the distance of the specimen from the jet. 
When the tip of the jet made contact with the specimen, a brown mark 
alone was produced with a piece of 70: 30 brass in sea-water after 
continuous bubbling for 150 hrs., but with a clearance of 1-7 mm. 
between the end of the jet and the specimen a definite corrosion pit was 
produced. At the same time it was noticed that at clearances of 1-7 
mm. and above, a certain rather characteristic type of bubbling was 
produced, which was much finer and more broken up than when the 
jet was touching the metal. The eSect of increasing the clearance much 
beyond 1-7 mm. produced merely a spreading out of this stream of fine 
bubbles, with the result that the attack was no longer concentrated, 
but dissipated over a larger area.

The reason for having the air stream impinging at an angle of 60° 
to the surface plane of the specimen is to induce all the bubbles to rise 
up on one side of the glass jet. I t  has been found that more consistent 
results are obtained by this arrangement than when the bubbles rise 

v o l .  x l i x .  i
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up intermittently at different positions round the jet, such as occurs 
when impingement is normal to the specimen.

The standard procedure was therefore to subject a flat or slightly 
concave surface of area 1-3 X 3-3 cm. to impingement attack for 500 
hrs. at an angle of 60° and with a clearance of 1-8 mm. between the 
sample and the glass jet. During this period the solution, contained in 
a 250-c.c. beaker, was completely changed every 24 hrs. and the air 
impingement was stopped every week-end for a period of 42 hrs. By  
arranging the various units of the apparatus in some such form as that 
shown in Fig. 12 (Plate XX IV), it is easily possible to test more than 
one hundred specimens at the same time all in duplicate and under the 
same conditions of temperature, pressure, &c.

The surface of the metal being tested was either mechanically 
abraded with emery paper (Hubert 0), polished, or left in the cold-rolled 
or drawn condition and merely degreased with carbon tetrachloride.

Several methods were investigated for measuring quantitatively the 
extent of attack. In some experiments the specimen was weighed 
before the test and again at the end after removing the adherent corrosion 
products, the nett loss giving the amount of metal removed or dissolved. 
This, however, was considered an unfair procedure with samples that 
are not freely suspended during the attack, and further, the specimens 
which suffered the greatest losses of weight were not infrequently those 
which showed least signs of pitting. The most satisfactory way of 
expressing quantitatively the severity of attack seems to lie in  a com
bination of the weight loss of a freely suspended specimen, and the 
depth of pit produced on a similar specimen when normally fixed under 
the jet. The depth of pit at any time during the 500 hr. run can be 
measured by means of a micrometer or a microscope with calibrated fine 
adjustment.

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

The authors wish to express their thanks to the Management Board 
of I.C.I. Metals, Limited, for permission to publish this paper.

D ISC U SSIO N .
Mb. K e n n e t h  G r a y  * (M em ber): I  cannot hope to  throw  light on this 

interesting paper, b u t I  wish to  speak on the question of propeller corrosion. 
Much expense is incurred on trawlers owing to propeller corrosion, and although 
i t  is alm ost negligible in  the smaller vessels having propellers say of 8 ft. to  
8 ft. 6 in. in  diam eter, w ith an indicated horse power of about 300-350, in 
the larger boats w ith a propeller of, say, 9 ft. 6 in. to  10 ft. in diam eter, and 
600 indicated horse power, the corrosion is severe enough to  eat through 
locally, and to condemn a propeller w ithin two years, w hilst several cases 
have been found where this has happened in 15 months.

Tho tim e a t  which this defect is first apparent varies, b u t i t  is, in most
* Director, Alellowes and Company, Ltd., Sheffield.
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cases, noticeable a t  the end of 0 months, and again, in  m ost cases i t  is neces
sary a t  the end of 9 to  12 months to  fill up w ith Portland cement the cavities 
made by the corrosion.

All these propellers are of cast iron, cast solid w ith four blades, and arc 
of normal proportions, having a  disc area ratio  of about 0-48, and a pitch 
ratio varying from 1 to  1-1. The quality  of the m ixture used does no t appear 
to  have any great effect on the problem of corrosion, although close-grained 
metal lasts slightly longer.

The corrosion is on the back of each blade, and in  the same position. 
Cases have been noted in which a  tem plate could be made of corrosion on 
one blade, and th is fitted alm ost perfectly on the other three blades.

The position of the corrosion is shown in Fig. A, and although th is can be 
altered by varying the shape of the blade, i t  cannot be eliminated.

W ith the exception of this particular part, 
the remainder of the propeller is entirely clear 
of corrosion, and a t  the end of tw'O years the 
original painting can, in m any cases, be found.
The same propeller fitted on a  coaster and run 
a t  about 85 r.p.m . instead of, say, 115 r.p.m ., as 
in the case of the trawler, has lasted for from 7 
to 8 years, and has been found in fair condition.
The peripheral speed of the blade tips appears 
to be the governing factor, assisted by increased 
blade pressuro causing partial cavitation.

I  have been interested in th e  description 
given in the paper of th e  corrosion th a t takes 
place in the 70 : 30 brass. The cavity  is de
scribed as a  pit, jagged and angular. I  have 
an example of a  very deep p it  (Mr. G ray hero 
exhibited the specimen, th e  plan  of which is 
shown hatched in Fig. A) which m ight alm ost 
be called “ bottomless.”

I  should like to  know w hether the apparatus 
described could be used practically in  works 
where these propellers are prepared, w ith the 
idea of testing various precautions which could 
be applied to  the ordinary cast-iron propeller 
prior to its  use, and so devising some better 
defence against the rapid corrosion which takes 
place. The trouble appears to  bo due to  the 
breakdown of the protective film w ith increased
pressure of im pingem ent, and the question is -----
how tins is to  be avoided. Fl0  A t f 0,e. _ The small

Mr. R. May,* A.R.S.M. (M em ber): I  am  hatched portion indicates the
very much interested in  th is new type of im- position from which the
pingement corrosion apparatus, and I  th ink  specimen was taken,
th a t the authors are to  be complimented on
having evolved a  good practical test, particularly suitable for routine purposes.

I  am  no t altogether satisfied th a t the oorrosion which they have obtained 
could be described as true  “  im pingem ent a ttack  ”  or “ corrosion-erosion.” 
The photographs show w hat appears to  bo an area of intense oxide p itting 
surrounded by a  zone of mild impingement a ttack , particularly in  the ease 
of the 70 : 30 brass and the 70 : 29 : 1 alloy. Similar a ttack  is often produced 
in the Corrosion Research Committee type of je t-test when more than  the

* Investigator, Institute of Metals Corrosion Research, British Non-Ferrous 
Metals Research Association, London.
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normal am ount of a ir is adm itted. W ith  less air the a ttack  is usually much 
smoother, and oxide a ttack  is often entirely absent. I t  would be interesting 
to  know if the smooth typo of a ttack  can be obtained by means of air-jet 
impingement, or whether oxide a ttack  is always present.

The attack  shown by  the alum inium -brass appears to  be of a type which 
has been obtained under certain exceptional conditions in the je t test, and 
which is a t  times extremely rap id ; on one occasion a  tube was penetrated 
in 6 days. Fortunately  this t_ype of a ttack  has n o t y e t been observed in 
actual practice. I t  m ust be remembered th a t the new arrangem ent is defi
n itely  an  acceleration test, in which th e  acceleration of a ttack  is produced by 
a groat increase in the am ount of a ir introduced into the w ater (about 150 
times the am ount used in the original je t-test apparatus). The proportions 
of a ir and w ater actually reaching the specimen are no t known, nor is the 
actual velocity of impingement capable of direct measurement. Obviously 
this would be a  disadvantage for some types of work.

On the other hand, the Corrosion Research Committee typo of jet-test 
was no t intended to  be an acceleration test in  the same sense; in  its  design 
care was taken to  keep the velocity of impingement and the aeration com
parable w ith the more severe conditions likely to be m et w ith in  condenser 
practice. The result is th a t in the jet-test, just as in tests carried ou t in an 
actual condenser, th e  balance between the form ation of protective films and 
their breakdown under impingement action is ra ther a delicate one. I f  for 
any reason film formation is encouragcd, th is a t  once causes a  decrease in 
the violence of a ttack . F or example, if the pum p is stopped for a  few hours 
—say in the middle of a one-month test—the final results are often very 
different from those given by  a te s t run  continuously. I f  the velocity of 
impingement or the quan tity  of entangled air, or both, are increased consider
ably, the results become more certain, bu t some of the more subtle differences 
between alloys and between different samples of sca-water m ay be more or 
less obliterated. This is a  point which m ight be considered in  connection 
w ith th e  new test.

All the possibilities of the new tes t have no t ye t been explored, b u t the 
authors havo shown clearly its superiority to th e  older je t-test for routine 
work, and, unless some unforeseen difficulty should arise, one would expect 
it  to  displace the jet-test, except in special cases where the conditions of 
impingement and aeration m ust be under independent control.

I  hope to  tes t the new apparatus a t  the earliest opportunity.

Dr. J .  C. H u d so n  * (M em ber): T hat p a rt of the paper in  which the 
authors deal w ith the standardization of jets will I  th ink prove of general 
in terest to  workers on corrosion, The Corrosion Committee of the Iron  and 
Steel In s titu te  has been investigating laboratory tests, and one of the tests 
th a t i t  has recommended is an in term itten t spray test. One of the difficulties 
encountered w ith regard to  this tes t is th a t of obtaining reproducible sprays. 
Although the spray recommended by the Committee is no t of exactly the 
same type as th a t used by the present authors, I  feel th a t i t  is quite possible 
th a t the simple and ingenious method they  have described for obtaining 
reproducible sprays will be of assistance to  us in th a t connection.

I  have no direct experience of the type of corrosion test discussed by the 
authors in this paper and therefore will no t comment on the experimental 
results obtained, especially as they  are of a  prelim inary nature. I  should, 
however, like to  see made—if the authors have no t already carried them  out 
—a series of tests by this method on the same m aterial, b u t under different 
conditions of hardness and different conditions of grain size. I t  is quite clear,

* Investigator, Corrosion Committee, Iron and Steel Institute and National 
Federation of Iron and Steel Manufacturers, Birmingham.
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as I  think everyone will agree, th a t the results obtained are a  composite 
effect of corrosion and erosion; therefore the hardness factor m ay come into 
play, and the authors would make a valuable contribution to  our general 
knowledge of corrosion if they would elucidate its effect with their apparatus, 
which seems adm irably suited for the purpose.

Dr. L. B. P feil ,* A.R.S.M. (M em ber): I  have undertaken during the last 
year or so a  series of corrosion tests w ith a  view to arrange a num ber of alloys 
in an order of m erit w ith respect to  resistance to sea-water corrosion, and have 
therefore read this paper w ith special interest. I  have found th a t when im 
pingement corrosion tests are made on cupro-nickel and brass immersed 
together in the same bath of sea-water, the results of the tests differ from those 
obtained when copper-nickel alloys alone are under test.

The apparatus described by the authors perm its the simultaneous testing 
of a large num ber of different alloys each in a  supply of uncontam inated 
reagent. This change from the corrosion Research Committee’s apparatus 
described by Mr. May should prove a great improvement, bu t the other 
alterations m ay result in the tes t no t being one prim arily of impingement 
resistance, since, as Mr. May has ju s t indicated, i t  is possible th a t oxide 
pitting as well as im pingement a ttack  caused the corrosion shown in the 
authors’ photographs. Im pingem ent a ttack  is of special interest in  connec
tion w ith condenser tube materials, b u t the very liigh a ir velocities used by 
the authors make their tes t very different from the service conditions of a 
condenser tube. For this reason i t  would be desirable to  have further informa
tion regarding the particular type of corrosion occurring in  their test. No 
doubt the authors have considered the measurement of film potential of alloys 
while under tes t in their apparatus, and i t  seems likely th a t interesting results 
would be obtained from measurements of the film potential changes produced 
by increasing a ir velocities.

Dr. B a n n is t e r  (in reply) : The discussion on this paper has been most 
stimulating, b u t as the numerous points raised cannot be dealt w ith in the 
few minutes a t  m y disposal, our reply m ust be made in writing.

I  should like, however, to  reply briefly to  the question raised regarding 
the excessive volume of a ir used in m ost of our experiments and the effect 
of this on the type of corrosion produced. By means of the apparatus 
described i t  has been possible to  carry ou t experiments w ith different quan ti
ties of air, and to  study the effect of varying the a ir pressure. F or instance, 
with alum inium-brass, which is known to have an oxide film on its  surface, 
a “ depth of pit/pressure ” curve was obtained of a character which shows 
th a t a t  lowr air pressures the film does rem ain in tact, whereas beyond a  
certain air pressure the film breaks down and corrosion proceeds in  the form 
of pitting described in the paper.

CORRESPONDENCE
T h e  A u t h o r s  (in further reply to the discussion) : The conditions m en

tioned by Mr. Gray under which certain propellers deteriorate and others 
do not are quite outside the range of our experience, and i t  is very difficult 
to say whether our apparatus would help him in solving his problems. I t  
may be th a t the greater velocity of the larger diam eter propeller blades 
causes a breakdown of some type of film which is no t broken down in the 
case of the smaller propeller a t  the slower speed, in  which case th e  apparatus

* R esearch  L abora to ry , M ond N ickel Co., L td ., B irm ingham .
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m ay be useful in experimenting w ith a ir impingement on cast-iron a t  different 
a ir pressures, and he m ay find th a t there is some critical pressure above 
which deep p itting  sets in.

Mr. May raises several interesting points, and w ith his wido experience 
of je t impingement wo are very glad to  have his criticisms. We do adm it 
th a t tho method adopted for producing p itting  is different from th a t used 
by Mr. May in  the Corrosion Research Committee type of jet-test, for whilst 
we impinge a ir which carries w ater w ith it, ho impinges wa,ter which carries 
air. Nevertheless, when Mr. May has had an  opportunity  of using the 
apparatus, we believe th a t ho will find, as we havo found, th a t the results 
obtained by tho two methods are very similar. There is some acceleration 
when using our apparatus, as we obtain a  depth of p itting  in 200 hrs. about 
the same as th a t obtained by tho other apparatus in 670 hrs., bu t since the 
la tte r apparatus itself accclerates impingement attack, by having tho w ater 
stream  a t  righ t angles to  tho surface of tho m etal such as would bo very rare 
in  practice, th is question of acceleration is only a  m atter of degree. So long 
as tho final results are similar, wo consider acceleration an  advantage and 
no t a defect, and we are satisfied th a t in our experiments the p its result 
from the continual removal of corrosion products or surface oxide films, no 
m atter whether th is phenomenon bo term ed impingement a ttack  or oxido 
pitting.

Mr. May further suggests th a t  some loss of sensitivity is likely to  result 
from the greater volume of a ir used. On th is point we can scarcely agree, 
as we have been able to  trace by means of our apparatus very  small differ
ences both in alloy composition and in  w ater composition, and no t only do 
we believe th a t ho will find th is apparatus sensitivo in  th is way, bu t, w hat 
is perhaps more im portant, reproducible as far as results are concerned. We 
feel confident th a t m any of the doubts th a t Mr. May naturally  has in  mind 
will be removed when he has had an  opportunity  of testing th is  apparatus.

In  reply to  Dr. J . C. Hudson regarding the effects of grain-size, hardness, 
and the like, on resistance to impingoment corrosion, wo believe th a t these 
can bo very satisfactorily dealt w ith by this apparatus, and tho conclusions 
th a t we have come to  as a  result of comparatively few experiments indicate 
th a t hardness and grain-size aro no t im portant factors. W e havo emphasized 
the im portance of standardizing je ts  in th is apparatus, and sympathize w ith 
D r. H udson in  the difficulties lie has experienced in  th is respect. Since 
writing the paper, we have considered other perhaps more simple means of 
standardizing jets, and a  method for comparing tho shapes as well as the 
velocities of the air streams delivered by different jets is to  pass an  inflam
mable gas through them  and allow i t  to  burn on issuing. A comparison of 
the heights and shapes of flames produced a t  different gas pressures of the 
order of those used in  the apparatus provides an alternative method of 
ensuring identity  of size and shape of a num ber of jets.

We agree w ith Dr. Pfeil as to  the desirability of having each m etal in  its  
own liquid in corrosion tests, and we feel th a t  our apparatus supplies th is 
requirem ent in a very simple manner. He raises similar criticisms to  Mr. 
May as to  the type of corrosion obtained and tho largo volumes of a ir used, 
and our reply to  Mr. May covers these.

Potential measurements during impingement a ttack  would naturally  be 
very interesting, b u t these have no t been carried out up to  the present, our 
results having been based only on visual examination, depth of pitting, and 
weight loss.

Wo would wish to make i t  quite clear th a t in th is paper we have primarily 
described an  apparatus which has given interesting results, and although 
these are similar to  those already obtained, further detailed observations 
m ay  reveal some slight differences in  the types of a ttack  produced.



( 135 )

TWO YEARS’ CORROSION TESTS WITH 
DURALPLAT IN THE NORTH SEA *

By K . L . MEISSNEB.t D h .-In g ., M em b eb .

Sy n o psis .

Corrosion testa woro carricd out with Duralplat from January 7, 1930, 
to January 8, 1932, in tho North Sea a t tho Isle of Norderney. Tho 
specimens consisted of strips of 4 difforent thicknesses, drawn profiles of
2 thicknesses, and riveted strips. With tho exception of tho last-men
tioned, all samples were exposed in two series, i.e. a t ebb and flow of the 
tide and always under water. Samples were taken every threo months.

The appearance of tho surface, loss in weight, reduction in yield-point, 
tensile strength, and elongation were noted and tho type of attack was 
examined microscopically. Tho last-named was especially usoful in tho 
case of riveted strips.

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

T h e  registered trade-mark “ Duralplat ” J comprises Duralumin 
alloys which, are coated with Duralumin. This definition seems at 
first sight to be nonsense and has been misunderstood by those who 
erroneously supposed Duralumin to be only one alloy containing copper, 
magnesium, and manganese or a group of alloys containing these 
elements within certain limits.§ This error was caused and maintained 
for a long time by the fact that the group mentioned—in Germany 
called “ group 681 ”—has always been the most important one from the 
point of view of application as constructional material. Originally, 
it  comprised alloys containing 0-5 per cent, magnesium and rising 

' amounts of copper and manganese in the proportion of Y : 1, beginning 
with “ 681 A ” which contains 3-5 per cent, copper and 0-5 per cent, 
manganese and ending with “ 681 E ” with 7-0 per cent, copper and 
TO per cent, manganese. The alloys “ 681 C to E ” were'never import
ant, and for some years the alloys “ 681 A  ” and “ 681 B ” were the only 
ones of this group. The alloy “ 681 B ” may be regarded as the standard 
Duralumin alloy which is understood if no closer designation is given.

* Manuscript received April 11, 1932. Presented a t the Annual Autumn 
Meeting, London, on September 14, 1932.

t  Chief Metallurgist, Diirener Metallwcrke A.G., Dilren, Germany.
% British Patent Specification No. 318999, August 16, 1929.
§ A definition of Duralumin is given by the author in one of his earlier papers ; 

see J. Inst. Metals, 1930, 44, 207, footnote.
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Later the alloy “ 681 B 1/3 ” was developed by reducing the mauganese 
content to one third of the normal amount of 681 B, i.e. from 0-6 to
0-2 per cent. Although the manganese content was in the meantime 
again raised to 0-25-0-3 per cent., the term B 1/3 was maintained.

In addition to the group 681, there have been in existence for a long 
time some other alloys, containing less copper or even entirely free 
from copper, which are related to the Duralumin groups. These alloys 
were defined as group K  and comprise Duralumin alloys with 0-25- 
2-0 per cent, magnesium, with or without additions of manganese, but 
without copper. This group of alloys has been a little neglected and 
has never been manufactured in the quantities of the 681 alloys, the 
mechanical properties of which were, of course, superior.

Returning now to the definition of Duralplat, given above, this 
includes alloys of “ 681,” especially “ 681 B ,” as the base metal with a 
coating of the K  alloys, so that the base metal is a Duralumin alloy 
containing copper, with high tensile properties, whilst the coating metal 
is a Duralumin alloy, containing magnesium and manganese, but no 
copper, with lower tensile properties, but with high resistance to corro
sion. In  the compound alloy Duralplat the coating layer is electro
negative towards the base alloy, so that the latter is protected against 
corrosion also by an electro-chemical effect. Compared with the 
aluminium-coated material which is known under the name Alclad,* 
developed by the Aluminum Company of America, Duralplat has the 
advantage of possessing a layer which is not only harder and stronger 
than pure aluminium alone, but which is also capable of age-hardening 
under the same conditions of heat-treatment and ageing as the base 
alloy. On the other hand, the aluminium layer of Alclad is only 
annealed by the heat-treatment which is to be applied for the age- 
hardening of the base alloy, generally the alloy “ 17 S,” which is similar 
to the alloy “ 681 B .” In this way, the same tensile properties can be 
guaranteed for Duralplat as for the unplated alloy “ 681 B ,” whilst in an 
alloy coated with pure aluminium, only about 90 per cent, of the tensile 
properties of the base alloy, according to the thickness of the layers, 
may be reckoned on.

E x p e r im e n t a l  D a t a .

In order to test the corrosion-resistance properties of Duralplat, 
specimens of 3 different kinds were prepared:

(1) Strips of dimensions 250 X 30 mm. and 0-5, 1-0, 1-5, and 2-0 
mm. thick.

* British Patent No. 271798, March 28, 1927.



Tests with Duralplat in the North Sea 137

(2) Profiles of LD-shape, drawn from strips of 1-0 and 1-4 mm.
thickness and cut into specimens 250 mm. in length.

(3) Riveted strips of dimensions 250 X  30 X  2 mm. with 2 rivets
of the normal alloy “ 681 A.”

Samples of (1) and (2) were exposed in two different series, one at ebb 
and flow of the tide so that they were in the water for about 7 -8  hrs. 
and in the air for about 4 -5  hrs. The other series was first exposed so 
that it  was always covered by water, but during the test it  was necessary 
to move them a little further back because it became too dangerous 
to take specimens. After this change in the conditions of exposure 
these specimens also emerged from the water for a short time 
according to wind conditions. Nevertheless, the two series may be 
called :

ebb and flow series (series I), 
always under water series (series II).

The riveted strips were exposed only at ebb and flow. All specimens 
were exposed in wooden frames which were fixed to beams of a crane 
bridge stretching into the sea. After about 6 months most of the 
specimens were covered with marine growth and shells. Typical 
examples are given in Fig. 1 (Plate XXV), showing a profile and a 
riveted strip after 6 months’ exposure.

It was originally intended that the whole investigation should extend 
over one year, samples being taken every 2 months, with 3 parallel 
specimens of each series. Occasionally, however, the first test-pieces 
were removed only after 3 months and the result was such an excellent 
one that this period was continued. During the test the original plan 
was further altered with regard to the number of specimens. In order 
to prolong the corrosion test it  was necessary to confine the number of 
samples to two or even to one. By this means the period of test could 
be prolonged to 2 years with the materials of 0-5 and 1-0 mm. thickness, 
whilst some of the thicker specimens are still under test. Unfortunately 
the last riveted strips were lost in the stormy days of the autumn of 1931 
so that this part of the test could be continued only for 18 months.

R e s u l t s .

The results of the corrosion test are given in the diagrams Figs. 2 to
7 for the strips and the profiles. Figs. 2 and 3 show the loss in weight 
of the strips and of the profiles, respectively. As was to be expected, 
the corrosion attack was greater with the thinner material and, in 
general, was greater in series II  than in series I, and only the profiles of
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---->- Time of Exposure, Months.
---------- Series I. A t Ebb and Flow.
x------- x Series II. Always under Water.

F ig . 2.—Duralplat Strips, North Sea. Loss in Weight.

1-4 mm. thickness show some irregularities in this respect. Further, it 
is interesting to  note that the loss in weight rises rather steadily for the
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thinner material of 0-5 mm. thickness and partly for that of 1-0 mm., 
at least for scries II of the latter. For the thicker material, however, 
loss-in-wcight curves run nearly parallel to the abscissa after about 9 
months. Since there was almost no difference between 1-5 and 2-0 
mm., the curves of the latter strips are not irfCluded in Fig. 2.

In contrast to unplated light alloys,* the loss in weight of the coated 
material Duralplat gives a good idea of the corrosion attack of the

1 mm. II.

> 1 mm. I.

1'4 mm. I. 
1-4 mm. II.

— >- Time of Exposure, Months.
•------- - Series I. At Ebb and Flow.
x------- x Series II. Always under W ater.

F ig . 3.—Duralplat Profiles, North Sea. Loss in Weight.

alloy because, owing to the electro-negative character of the coating layer, 
corrosion takes place at first only in the layer alloy. In no case was 
there any trace of the corrosion attack having penetrated into the base 
alloy of Duralplat before the whole coating layer was quantitatively 
eaten away. As a matter of fact, the specimens of 0-5 mm. thickness of 
series II which were always most severely attacked still possessed 
surprising tensile properties for many months after microscopic

* See K. L. Meissner, J . Inst. Melals, 1931, 45, 187-201,
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---->- Time of Exposure, Months.
---------- Series I. At Ebb and Flow.
x-------x Series II. Always under Water.

Flo. 4.—Duralplat Strips, North Sea. Tensile Strength.

examination showed that nearly the whole plating layer seemed to 
he removed.

Figs. 4 and 5, which respectively give the results of tensile strength
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and elongation of tlie strips, show that only series II of 0-5 ram. thickness 
failed after 24 months, showing only after this period the first corrosion 
attack of the base m etal.' All the other materials, including the strips 
of 0-5 mm. thickness of series I, still have tensile properties above 
the limits of guarantee. As may be seen from Figs. 6 * and 7, the tensile 
properties of the profiles are also practically unaffected after 24 
months.

Owing to the electro-chemical protection of the base alloy by the 
coating, it is important from the practical point of view that, as long as 
any of the coating remains, the yield-point and tensile strength should 
be at least 90 per cent, of the uncorroded material whilst the elongation 
should not be diminished at all. I t  was thus rather surprising that 
the elongation of the corroded material was very often distinctly higher 
than of the original material, as can be seen from Figs. 5 and 7. It is 
well known from experience with unplated material that the elongation 
is first affected by corrosion and is often remarkably reduced without 
striking signs of having been attacked, especially with material which 
is prone to intercrystalline corrosion.

M ic r o s c o p ic  E x a m i n a t i o n .

Typical examples of the microstructure of sections of Duralplat 
strips are given in Figs. 8-11 (Plate XXVI), showing the base alloy with 
the coating layer of 0-5,1-0,1-5, and 2-0 mm. thickness after 3 m onths’ 
corrosion attack, respectively. The microsections are etched according 
to Dix and Keller, with an aqueous solution of hydrochloric, nitric, and 
hydrofluoric acids.

Figs. 12-15 (Plate X X VII) show a further series of strips after 18 
months’ corrosion attack. In Fig. 12, the coating layer can be seen in 
only a few areas. Fig. 15 gives an example of the corrosion attack of 
the layer of a 2 mm. strip.

Whilst the base metal of the 0-5 mm. samples of series I is still 
unattacked (see Fig. 16, Plate X X V III) after 2 years’ exposure, the strips 
of series II were the only ones in which serious corrosion attack of the base 
alloy could be seen under the microscope. This is quite in accordance 
with the slight reduction in tensile properties in series I and the reduction 
of 41-1 per cent, in tensile strength and of 93-3 per cent, in elongation in 
series II, as may be seen from Figs. 4 and 5. Fig. 17 (Plate X X VIII) 
shows the deterioration of the base alloy of such a strip afteT 24 m onths’ 
corrosion.

Since there were no important differences in the microstructure of

* The yield-point is the stress at which 0'2 per cent, permanent elongation 
occurs.
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the strips and that of the profiles, it  does not seem necessary to give 
examples of the latter. According to the tensile properties of the

— >  Time of Exposure, Months.
•-------   Series I. At Ebb and Flow.
x------- x Series II. Always under Water.

Fiq. 5.—Duralplat Strips, North Sea. Elongation, 

profiles which remained practically constant for 2 years, the base alloy 
was not attacked in any case.
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---->- Time of Exposure, Months.
—  • Series I. A t Ebb and Flow. x------- x Series II. Always under Water.
F i g . 6.—Duralplat Profiles, North Sea. Yield-Point and Tensile Strength.
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K i v e t e d  S t r i p s .

■ During the time the Duralplat specimens were under test at Norder
ney, a report was published by P. Brenner,* dealing with riveted joints 
of Duralplat of 1-5 mm. thickness. Brenner’s research, however, was 
carried out in the laboratories of the Deutsche Versuchsanstalt für Luft
fahrt, Berlin-Adlershof, hence the sea-water used as corroding medium 
was not natural, but a modified M ylius’ solution containing 3 per cent, 
sodium chloride and O l per cent, hydrogen peroxide. This solution is 
very effective as a corroding medium and, therefore, often used for

----y  Time of Exposure, Months.
 - Series I. A t Ebb and Flow.
x-------x Series II. Always under Water.

i ’lo. 7.—Duralplat Profiles, North Sea. Elongation.

short-time corrosion tests. The result was that, after only 21 days of 
attack, the coating layer under the rivet heads, where the corrosion is of 
course greatest, had completely disappeared so that the rivets became 
loose. After this period of attack, however, as Brenner stated, rivets 
of uncoated sheet would have been very badly corroded.

It is interesting now to compare the behaviour of the 2-0 mm. 
riveted strips in natural sea-water. As was mentioned earlier, this 
part of the test could be continued for only 18 months. Although the 
corrosion attack was, in general, confined to the coating layer under the 
rivet heads whilst no corrosion of the rivets themselves could be dis
covered and only little attack, if any, of the layers between the two
joined sheets, no specimen showed complete disappearance of the

* Z. Flugleck. u. Motor., 1931, 22, 344-34(5.
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F ig . 1.— Profile and R iveted  S trip  after 6 m onths’ E xposure.
X 0-8. Reduced by J in reproduction.
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P l a t e  X X V I I I .

F ig . 16.—0-5 m m . S trip  afte r 24 m onths’ Exposure. 
Scries I. X 100.

F ig . 17.— 0-5 m m . S trip  afte r 24 m onths’ Exposure. 
Series II . X 100.



P l a t e  XXIX.

Fig. 18.— R iveted S trips after 12 m onths’ Exposure. X  0-8. Reduced by £ in reproduction.
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F ig . 22.

F ig s . 19-22.— Micro-sections of Riveted Strips after 12 months’ Exposure. X  50. 
Reduced by J  in reproduction.



P l a t e  XXXI.

Fig. A.— Photomicrograph of cross-scction of riveted joint of Alclad “ 1 7S I',” which had 
been exposed for 18 months to the spray of a 20% salt solution. Note the 
electrolytic protection of the rivet and exposed upper edge of left sheet, and 
the flow of the soft aluminium under the rivet, causing it to act as a gasket. X  1 5 * 
Etched: HF-HC1-HX03.

(Reduced by ¿th in reproduction.)
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layers with consequent loosening of the rivets, as observed by 
Brenner with the Mylius’ solution. As it is not possible to reproduce 
in the paper all the photographs of the micro-sections of the rivets, 
only some typical examples are given in Figs. 18-22 (Plates X X IX  and 
X X X ). In Fig. 18 the appearance of the three riveted strips may be 
seen, taken after 12 months. The rivets themselves are. entirely un
attacked. Figs. 19-22 show that the coating layer under the rivet 
heads is still partially unaffected or only attacked to some extent, but 
not entirely removed as in the case of Brenner’s short-time tests. Even 
after 18 months’ exposure, the plating layer was only locally affected.

Co n c lu sio n .

Two years’ corrosion tests with Duralplat in the North Sea showed 
tho excellent corrosion resistance of this material. Only one group 
of the thinnest specimens of 0-5 mm. thickness which were almost 
entirely under water for the whole time was found to be attacked in the 
interior so that the tensile properties were reduced to a serious degree. 
On the other hand, the base metal of strips of the same thickness which 
were exposed only at ebb and flow of the tide was not yet corroded; 
in these the coating layer only was affected, hence they still maintained 
excellent tensile strength and elongation so that this material could be 
used unhesitatingly even after this period for constructional purposes, 
though no further protection was applied, as for example by a lacquer 
or varnish. The life of thicker materials, especially of more than 1 
mm., is undoubtedly very long.

The electro-chemical protection of the base alloy by the coating is so 
pronounced that no corrosion takes place in the base metal before the 
layer has entirely disappeared. Normal rivets arc protected in the same 
way. The corrosion is practically confined to the parts of the coating 
under the heads of the rivets. In 18 months, however, no case was 
observed in which the rivets became loose owing to its complete 
disappearance.

CORRESPONDENCE.
Me . E. H . D ix , J r . * (M em ber): Dr. Meissner’s paper presents results of 

great practical im portance to  the designer and to  the user of strong aluminium 
alloys, for he ha.s shown how effectively a  corrodible strong aluminium alloy 
is protected by a  metallic coating, which is electronegative to  the core metal, 
under conditions of actual exposure in  the sea.

Dr. Meissner has unfortunately given the wrong impression concerning 
Alelad materials, probably because complete information concerning these 
materials is no t available in Germany. The Alclad trade m ark designates

* Chief Metallurgist, Aluminium Research Laboratories, Alummum Company 
of America.

V O L .  X L I X .  K
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broadly a group of products in which a corrodiblo strong aluminium alloy is 
protected from corrosion by surface layers of a  corrosion-resistant aluminous 
metal. In  fact, tho B ritish paten t referred to  in  D r. Mcissner’s paper * 
describes and claims “ corrosion-resistant articles of corrodible aluminium 
alloys having a wrought lion-porous coating of corrosion-resistant aluminium 
or aluminium alloy cohesively united w ith tho main body and obtained by 
casting the corrodible alloy in a mould in contact w ith a  plate or plates of 
corrosion-resistant m etal or alloy and subjecting tho casting thus formed to 
pressure and heat.” In  the original experiments leading to  tho development 
of the Alolad products, one combination tested consisted of a  strong alum inium 
alloy core covered with surface layers of “  51S ” alloy. “  51S ” alloy contains 
substantially 0-7 per cent, magnesium and 0-9 per cent, silicon, and after a 
heat-treatm ent similar to  th a t normally given “ 17S,” a  solution heat-treat- 
m ent w ithout artificial ageing, is designated as “ 51SW.” D r. Meissner has 
no t mentioned the silicon content of the alloys defined as group “ K ,” b u t it  
is well known th a t  tho susceptibility to  heat-treatm ent ascribed to  these alloys 
by D r. Meissner depends on tho content of tho compound Mg2Si and no t on 
the magnesium or manganese alone.

Tho particular grade of Alclad m aterial to  which D r. Meissner refers— 
namely, a  “  17S ” core coated w ith surfaco layers of high-purity alum inium— 
has become especially prom inent because of tho excellent corrosion-resistancc 
of tho high-purity aluminium. Tho results of a  very extensive corrosion- 
testing programme on aluminium alloys conducted over a period of the past
8 years gives a  preponderance of ovidenco indicating th a t  high-purity 
aluminium possesses a higher corrosion-resistanco than  any alum inium alloy. 
There are, however, certain elements such as manganese, and to  a lesser extent 
magnesium, which can be added to  high-purity aluminium w ithout appreciably 
decreasing its corrosion-resistance, and i t  is also possible th a t certain elements 
m ay influence tho film-forming characteristics, and so tend  to  improve the 
resistance of tho alloy to  mild corrosive influences.

In  considering, then, the practical application of tho various grades of 
Alclad materials, we find th a t tho grade composed of the strong alloy core w ith 
high-purity aluminium coating is used under conditions requiring maximum 
corrosion-resistance. Tho user is usually willing to  sacrifieo something in 
tensile strength in order to obtain this maximum corrosion protection. Often 
the weight added by tho high-purity aluminium coating is no t much more than  
the weight of a satisfactory pa in t covering which would be required to  protect 
a  less corrosion-resistant material. Tho softness of the pure aluminium 
ooating m ay be a  disadvantage, in th a t tho m etal is more easily scratched and 
the surfaco marred, bu t i t  is also a very definite advantage in  other respects. 
F or instance, tho experience in the U nited States shows th a t corrosion of Alclad 
sheet having a  pure aluminium surface does no t occur under tho heads of 
rivets, as shown by D r. Meissner in  his Figs. 19 and 21, b u t is confined to  an 
unim portant a ttack  im mediately adjacent to  the rivets. This is illustrated in 
Fig. A (Plato X X X I). Apparently the pure aluminium surface is soft enough to 
ac t as a gaskot, and so prevent the corrosive medium from penetrating between 
the rivet head and th e  sheet. The soft, pure aluminium coating also acts as a 
very satisfactory vibration damper which is highly im portant in aircraft work 
and particularly noticeable in  the lack of vibration in the hull of tho “  ZMC2 ” 
metalclad airship.f

F or applications where a  hard  surface is more im portant than  maximum 
corrosion-resistance, a  grado of Alclad m aterial having the same core bu t a 
hoat-treatable alloy coating of good corrosion resistance, is employed.

* British Patent No. 271,798. See also U.S. Patents 1,805,448 and 1,S65,0S9.
t  Carl B. Fritsche, “ The Metalclad Airship,” Soy. Aeronaut. Boc. Preprint No. 

01, 1931.
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Although the tensile strength of th is coating is approxim ately three times th a t 
of the puro aluminium coating, the actual gain in  tensile strength  and yield 
strength is only of tho order of 2000 or 3000 lb ./in .2. In  order to  m eet th e  re 
quirements of maximum corrosion-resistancc, together w ith maximum tensile 
strength and yield strength, a  grade of Alclad m aterial has recently been p u t 
on the m arket under the designation of “ Alclad 24ST,” in which tho strength

* of the core has been increased sufficiently to make up for the loss caused by the 
high-purity aluminium coating. Owing to  the high-purity aluminium coating, 
this alloy has a corrosion-rcsistance equivalent to  th a t of Alclad “ 17ST,” and 
yet i t  meets slightly higher guaranteed m inim um  tensile strength and yield 
strength. Tho tensile strength and yield strength  m ay bo further increased 
by a small am ount of cold-work after heat-treatm ent. This product, 
designated Alclad “  24SRT,” also has a corrosion-rcsistance equal to  th a t of 
Alclad “  17ST ” and exhibits the following average properties in  sheet form : 
tensilo strength, 62,000 lb ./in .2; yicld-strength, 49,000 lb ./in .2; elongation, 
12 per cent, on 2 in.

Accelerated corrosion tests on Alclad products previously described by 
me * f  aro quite in  accord w ith those obtained by Dr. Meissner in  tho N orth  
Sea. The following results aro typical of these accelerated tests, and repre
sent the effect of exposure for 3 years to  continuous spray from a 20 per cent, 
salt solution using American Society for Testing M aterials standard  tensile 
specimens of 14 gaugo (0-064 in.) sh e e t:

Original Properties. Change by Corrosion, %.

Coating. Core. Tensile
Strength,
lb./in.*.

Elongation 
on 2 in. %.

Tensile
Strength. Elongation.

High-purity aluminium 
“ 51SW ” .

17ST
17ST

56,220
59,260

21-2
21*6

0
-  4

— 6 
-  12

The results of tests on Alclad m aterial of three different gauges exposed for 
1 year to  salt a ir and fog on the A tlantic soa-coost m ay be of interest. Thcso 
samples were exposed on a projection of the coast of Rhode Island known as 
Point Jud ith . The tes t location is bordered on two sides by the ocean and on 
tho th ird  side by a  sa lt marsh, thus making an extremely severe exposure.

I t  is quite evident from theso figures th a t in  tho two hoavier gauges tho

Thick
ness.

Original Properties. Change, %.

Coating. Core. Tensilo Elongation 
on 2 in. %.

Tensile ElongaStrength,
lb./in.1. Strength. tion.

0064 
0-064 
0 032 
0 032 
0-010 
o-oio

High-purity aluminium 
“ 51SW ”
High-purity aluminium 
“ 51SW ”
High-purity aluminium 
“ Ö1SW”

“ 17ST ” 
“ 17ST ” 
“ 17ST ” 
“ 17ST ” 
“ 17ST ” 
“ 17ST ”

53.480
55.480 
54,200
56.290 
54,570
57.290

20-0
20-5
18-1
190
16-2
18-6

— 1
+  2_ 2
-  2 
-  16 
-  28

-  7
-  4
-  8
-  5
-  60 
-  81

* “ ‘Alclad’ : A New Corrosion Resistant Aluminium Product,” U.S. Nat. 
Advis. Cttee. Aeronautics, No. 259, 1927.

t “ Application of ‘ Alclad ’ Aluminium Alloy Sheet to the Aircraft Industry,” 
Aviation, 25, (26).
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alloy coating lias successfully protected the core, so th a t there is no appreciable 
loss in  tonsUo properties. However, in the very th in  sheet, tho high-purity 
alum inium has resisted corrosion to  an appreciably greater extent than  the 
“ 51SW,” and hence has offered a better protection to  the “  17ST ”  core, 
where most of the strength  resides.

Dr. J .  C. H u d s o n  * (M em ber): I  have read th is paper by Dr. Meissner 
w ith very great interest, sincc he has made a  combined use of loss-in-weight 
and tensile strength determinations in measuring the corrosion of his speci
mens—a method th a t I  have also found of considerable value. There is 110 
doubt th a t Dr. Meissner lias clearly dem onstrated the excellent resistance to 
corrosion by sea-water of the coated Duralumin alloys in which he is interested 
and ho is to  be congratulated on th is achievem ent; from the point of view of 
tho general principles of corrosion-testing there are, however, one or two 
observations th a t I  should like to  make, which I  hope Dr. Meissner will regard 
as constructive suggestions for futuro work rather than  as criticism of the 
present results.

In  tests on compound materials, such as these coated Duralumin strips, it 
is desirable th a t the thickness of the protective coat should be stated . In  
general, when the protective coat affords electrochemical protection—as in the 
present instance or in th a t of galvanized-iron wire—the breaking load of the 
test-piece will no t be appreciably affected until the protective layer has failed 
completely. In  the case of D r. Meissner’s tests on 0-5 111111. strip  (Series I I — 
always under water), this occurred after about 18 months’ exposure. From  the 
photomicrographs (Plato X X V I) the approxim ate thickness of the protective 
layers on the strips appears to  be 0-04 mm. for the 0-5 mm. strip , 0-06 mm. 
for the 1 and 1-5 111m. strips, and 0 07 for the 2 mm. strip . By simple pro
portion, therefore, one might expect failure on the thicker strips to begin after 
some 27 to  32 months’ exposure, which was unfortunately slightly longer than  
the duration of Dr. Meissner’s tests.

In  atmospheric corrosion, there is a  definite seasonal variation of the cor- 
rosivity of the atm osphere; i t  is possible th a t a  similar variation m ay occur 
in the case of m arine corrosion (e.g. as a result of variation in the sea-water 
tem perature). Some of tho curves in Fig. 3 seem to support this view, and 
a statem ent of Dr. Meissner’s experience 011 the  subject would be very 
welcome.

As Dr. Meissner is no doubt aware, tensile tests on isolated specimens are 
of lim ited accuracy when applied to  corrosion measurements, since the effect 
of corrosion is represented by the difference between uncorroded and corroded 
specimens. In  my work 011 the corrosion of non-ferrous w ires,f each tes t was 
made on twelve specimens, whilst for some work now in progress on ferrous 
materials, six specimens arc being used. An isolated erratic result can thus 
be eliminated, as in the following series :

Breaking Load. Mean.

II.C. copper wire. Unexposed. 330 330 326 330 330 (325)
100 lb./mile. (320) 330 332 (312) 331 330 329-9

Exposed for 2 324 324 323 323 326 323
years. 320 324 324 324 325 325 323-75

Mild steel wire.
0*128 in.

Unexposed. 1492 1506 1510 1496 1190 1493 1497*8

Sprayed inter
mittently with 
¿Y/100 sulphuric 
acid for 1 year.

1460 1470 1485 1470 (1525) 1470 1471-0

* Investigator, Corrosion Committee, Iron and Steel Institute and National 
Federation of Iron and Steel Manufacturers, Birmingham, 

f  J . Inst. Metals, 1930, 44, 409.
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I t  is quito clear from these examples of actual experim ental results th a t 
tests on isolated samples m ay bo misleading although i t  m ust bo remembered 
that, in tho present instance, D r. Meissner was probably more conccrned w ith 
demonstrating the absence of gross deterioration than  in  measuring accurately 
the initial stages of corrosion.

I t  is further desirablo to conduct control determ inations on sim ilar un 
corroded specimens stored in  tho laboratory during the tests, since the tensile 
properties of the materials change on ageing quite ap a rt from corrosion. 
Thus, after 12 months the breaking load of a mild steel wire had fallen from 
1600 to 1498 lb ./in .2, whilst after 2 years th a t of a 70 : 30 brass wire had risen 
from 295-0 to  303-2 lb ./in .2.* I t  is probable th a t alloys of the Duralum in class 
are particularly liable to  variation of th is typo and, as this is a  m atte r on 
which Dr. Meissner can speak w ith great authority , i t  would bo interesting if 
he would s ta te  whether ho observed any evidence of this in the course of his 
experiments.

I t  is ra ther difficult to  reconcile the data  in Figs. 2, 4, 8, and 12 (Plates 
XXVI and X X V II) referring to  0-5 mm. strip. Judging from Figs. 8 and 12, 
after IS months’ exposure tho whole coating layer had been removed and the 
thickness of the strip  reduced from 0-48 to  0-39 mm., say by 0 09 mm. or 18 
per cent. The loss in  weight of tho specimen should, therefore, be of the order 
of 0-009 X 3 f  =  0-027 grm ./cm .2 or 270 grm ./m .2, whereas the corresponding 
value read from the curve given in  Fig. 2 is 54-5 grin ./m .2 for Series I  and 87 
grm ./m .2 for Series II , equivalent to, say, 3-6 and 5-8 per cent, of the original 
weight. Moreover, from Fig. 4 it  appears th a t tho tensile strength of this 0-5 
mm. strip  had fallen from 42-3 kg./m m .2 to 38-9 kg./m m .2 (I) and 37-4 kg./m rn .2
(II)—th a t is, by 8-0 and 11-6 per cent., respectively.{ I t  will bo seen th a t the 
data for the reduction in tensile strength are in  much better agreem ent w ith 
the photomicrographs shown in Figs. 8 and 12 than  the values for the loss in 
weight, and the discrepancy points to  tho fact th a t some p itting  or localized 
attack , possibly penetrating to  the core metal itself, had occurrcd even after 
18 months’ exposure. No doubt Dr. Meissner will bo able to  elucidate this 
point in his reply, and i t  would also be advantageous if, a t  the same time, he 
would kindly give the results embodied in  Fig. 4 in  tabu lar form.

In  conclusion, I  would say th a t I  was very glad to  note th a t  D r. Meissner 
had fully recognized tho importance of determining the corrosion-time curves 
for the materials under test. Isolated determ inations after one or two periods 
are of lim ited value and for elucidating the behaviour of m aterials under 
service conditions, curves of the type shown in Figs. .2 and 4 are required. In  
addition, the testing of tho m aterials in different thicknesses is a  valuable 
feature of Dr. Meissner’s work, and I  hope th a t he will be able to undertake 
further tests on the thicker materials extending over longer periods to  te s t the 
correctness of the views th a t I  have advanced.

The A u t h o r  (in reply): I was very interested to  read the contributions 
to the discussion by .Mr. Dix and Dr. Hudson. As Mr. Dix states, the Alclad 
trade m ark designates not only corrosion-resistant aluminium alloys coated 
with high-purity aluminium, bu t also coated w ith aluminium alloys. He 
mentions as an example the well-known alloy “ 51S ” as a  plating layer.

* J . Inst. Metals, 1930, 44, 409.
t  An approximate density of 3 has been assumed in this and the following 

calculations.
X Incidentally, it is not stated in the paper whether the values for tensile strength 

plotted in Fig. 4 represent the actual breaking load as determined on each specimen 
or whether a correction has been applied for the reduction in area due to corrosion. 
I t  is probably preferable, when applying tho tensile strength method to corrosion 
measurements, to give tho actual breaking load for each specimen as determined.
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A t the  tim e th a t I  was w riting my paper, I  was onty aware o£ the aluminium- 
coated Alclad according to  tho B ritish P a ten t No. 271,798. In  this speci
fication, however, and in tho corresponding U.S. P a ten t No. 1,865,089, which 
has been published in tho meantime, no claim is mado to  uso an alloy of tho 
“  51S ” typo. Tho only alloys mentioned arc aluminium alloys having 
adequate resistance to  corrosion, such as, for example, aluminium-manganese 
and alum inium-beryllium alloys. As I  had heard nothing about Alclad 
m aterial coated w ith  alum inium alloys of th a t kind, and Mr. Dix himself 
does no t mention such alloys as having been actually made up hitherto, I  
thought th a t Alclad consisted only of aluminium alloys coated w ith pure 
aluminium.

The uso of tho alloy “  51S,” however, is claimed in  a  special pa ten t speci
fication * which was applied for in  tho U nited States about fourteen months 
later th an  D uralplat in Germany, f  D uralplat has no t been developed from 
tho point of view of tho improvement of corrosion-resistance properties, 
which should bo about the same as those of Alclad, bu t from the point of 
view of making a  compound alloy tho surface of which is stronger and  harder 
th an  puro aluminium and which is prim arily age-hardenablo under the same 
conditions of lieat-treatm ent as the core. According to these considerations, 
an alloy of the IC group of Duralum in has been selected. Since these alloys 
are made up from technical aluminium, their silicon content, in general 
about 0-3 per cent., is high enough to  form tho compound Mg2Si, a t  least in  
the case of tho m ost generally used alloy containing 0-5 per cent, magnesium.

I  have read w ith great interest tho results of corrosion tests w ith different 
Alclad materials which are referred to by Mr. Dix. There is a  striking change 
in  elongation; in my own experiments, this did no t change— or a t  least it  
was not diminished, as is shown in the paper. In  other words : yield-point 
and  tensile strength a t  first decreased proportionally to  the extent of corrosion 
of tho plating layer, whilst tho elongation did no t diminish until tho core 
itself was seriously attacked. In  contradistinction to  this observation, tho 
percentage loss in  elongation in the tables, referred to  by Mr. Dix, is always 
higher than  th a t of tho tensile strength. This behaviour seems normal only 
in the case of the two 0-010 mm. sheets where the cores are undoubtedly attacked, 
so th a t the normally higher loss in  elongation takes place as in  the case of 
corrosion of an  unplated alloy.

I  do no t agreo w ith Dr. H udson’s opinion th a t, for tho thicker sheets, 
failure m ay be expected to  be simply proportional to  the thickness of the 
coating layer which is, in  general, 5 per cent, of tho wholo on each side. 
There is no doubt th a t the th inner m aterial is much more corroded, and much 
more quickly, th an  tho thicker, as is already known from unplated alloys. 
I t  m ay be seen from Figs. 2 and 3 of tho paper th a t tho loss in  weight is 
always higher for tho th inner strips and profiles. If  Dr. Hudson’s opinion 
were correct these curves m ust be nearly coincident. Since i t  has been 
possible, in  the meantime, to  continue the research for tho strips of 1-5 and
2-0 mm. and also for tho profiles, it  m ay be of in terest to  note th a t after 
30 m onths’ exposure none of these specimens has failed. As a  m atter of 
fact, i t  m ust bo sta ted  th a t the loss in  weight rises only very little  for tho 
thicker strips after tho first 9 months of exposure, as referred to  on p. 139 of 
the paper. Since the loss in  weight gives a good idea of the corrosion a ttack  
of coated alloys—in contrast to  unplated ones—it  m ay undoubtedly bo 
expected th a t the life-time of the thicker m aterial m ay extend over m any 
years. W hat Dr. H udson says about the limited accuracy of isolated speci
mens in  corrosion tests is ccrtainly quite right, but, as was mentioned on p. 137

* U.S. Patent No. 1,805,448, Nov. 30, 1929. British Patent No. 370,947, 
Oct. 7, 1930.

t  Sept. 14, 1928.
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of the paper, i t  was originally intended th a t  tlio investigation should extend 
only over one year, so th a t 3 specimens of each series and thickness should 
bo taken each time. I t  was only owing to  the very good agreement of tho 
parallel specimens th a t I  had no hesitation in  limiting the number of samples 
to two or oven to  one, in  order to  make i t  possible to extend tho research over
2 years, or even longer for the thicker m aterial which is still under tes t after 
33 months. Tho next samples will bo taken after 3 years. I  th ink  th a t 
one more difference in the  corrosion behaviour of unplated and plated m aterial 
is th a t the plated alloys show such a good agreement of parallel samples as 
regards loss in  weight and change in tensile properties. I t  is well known 
th a t in the corrosion of unplated alloys tho difference is often so great th a t 
no average value can bo given, especially if p itting  or intercrystalline a ttack  
takes place. In  these cases, the loss in  weight, for examplo, is quite unreliable, 
and m ust be regarded as useless or even misleading.

I t  does no t seem probablo to  mo th a t alloys of the D uralum in typo are 
liable to  variations of tho tensilo properties when merely stored under con
ditions where no corrosion takes place, as D r. Hudson states is the case w ith 
mild steel and brass wires. After complete age-hardening, i.e. about 5 to
10 days after quenching from tho annealing treatm ent, Duralum in does not 
undergo further variations to  such an  extent th a t a corrosion tes t m ay bo 
affected in  any way. On the other hand, i t  is certainly necessary th a t tho 
material be made up carefully, so th a t no greater differences m ay bo found 
in determining tho original values of the uncorroded samples.

U nfortunately, there is a  discrepancy in  tho thickness of tho strips, shown 
in Figs. 8 and 12 of the paper, as Dr. Hudson has remarked. This discrepancy 
seems to  be caused by an error in  determining the magnification in  Fig. 12, 
which is obviously smaller th an  100 (about 87). I  m ust confess I  noticed 
this error too lato to  correct it. Tho actual thickness of the sample was 
measured as 0-46 mm. Taking th is into consideration, the values of the 
tensOe strength are in  ra ther good agreement w ith those of tho loss in 'weight, 
so far as tho percentage reduction is concerned.

The loss in  weight of scries I  and I I  of 0-5 mm. after 18 months was, on 
an average, 8-0 and 12-7 per cent., corresponding w ith 54-5 and 86'5 grm ./m .2, 
respectively, whilst tho loss in  tensilo strength was 8-5 and 12-0 per cent. 
Tho original strength of the 0-5 mm. strips was 42-5 kg./m m .2, no t 42-3 
kg./mm.2, as Dr. Hudson suggests from Fig. 4. I t  may be emphasized th a t 
in no case, w ith the only exception of series I I  of 0-5 mm. after 24 months, 
had any deterioration of tho core itself occurred, especially no t by intergranular 
attack. This would inevitably be combined w ith a  serious reduction in  
elongation which was still 15-3 per cent, after 18 months for series I I  of 
0-5 mm. (see Fig. 5 of the paper).

Finally, i t  m ay be mentioned th a t the tensile strength of tho corroded 
specimens has always been determined according to  the original thickness 
of each sample in  the uncorroded condition. The strength is, therefore, 
higher if the reduction in  area due to  corrosion be considered.



..............•■■■-■--V  ■

; ./■■ . ■ ....

■

:="ï X  - . V- .Vr' •  ̂ ‘ r ' .■ ■;. - ■-- ■ ■■ . . ' . ... ; ; -

, v - . .  . ' : . ■ '  .  - 

: \. - • o,rv’ y. -• ■ - • . •• • - •f

? ' ł /  ■' ' ' ’ * ggg ' ■' : s



( 153 )

THE OPEN-AIR CORROSION OF COPPER. 
PART III.—ARTIFICIAL PRODUCTION OF 
GREEN PATINA.*

By W. H. J. VERNON,f D.Sc., P h .D ., Me m b e r .

SYitorsis.
Following on the observation tha t the “ natural ” greon patina on 

copper consists normally of basic copper sulphate, methods have been 
worked out for the rapid production of an artificial patina of this sub
stance. Treatment with ammonuim sulphato solution followed by a 
solution in which basic copper sulphate is suspended gives a green patina, 
which, however, breaks down under severe weather conditions. A patina 
stable under the latter conditions is produced by anodic treatm ent for 15 
minutes in a suitable electrolyte; it has a good green colour and is quite 
insoluble in water. The deposit on leaving tho bath has a composition 
represented by the formula CuS04.Cu(0H)2; on oxposure to the open air 
a progressive increase in basicity takes place, leading ultimately, it  is 
believed, to tho formula CuS04.3Cu(0H)2.

Certain synthetic coatings other than basic copper sulphate, although 
initially green, readily blacken on free exposure to town air. The applica
tion of linseed oil and more especially of lanoline to the primary coating 
gives marked protection to tho underlying metal but does not prevent 
discoloration; water glass and silicon ester, on the other hand, appreciably 
increase the corrosion.

P re v io u s  papers in this series J  dealt with the composition of the 
“ natural ” green patina on copper. Except at the seaboard, where 
basic copper chloride entered (predominantly if remote from the 
town), the essential constituent was found to be basic copper sulphate 
having the limiting composition CuS04.3Cu(0H)2. Arising out of this 
work the behaviour of copper in synthetic atmospheres containing 
various concentrations of sulphur dioxide and of water vapour has 
recently been investigated, with particular regard to the mechanism 
whereby sulphate or basic sulphate is produced at the metal surface.§ 

When once established, the natural patina is highly protective; it 
has also a definite oesthetic value, which, however, is offset, from the

* Manuscript received May 19, 1932. Presented a t the Annual Autumn 
Meeting, London, on September 14, 1932.

t  Chemical Research Laboratory, Department of Scientific and Industrial 
Research, Teddington.

t  Vernon and Whitby, J. Inst. Metals, 1929, 42, 181; 1930, 44, 389.
§ Vernon, Trans. Faraday Soc., 1931, 27, 255, 582; Korrosion u. Metallschulz, 

1932, 8, 141.
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point of view of the architect and the builder, by the long period 
normally required for its development. In inland districts this ranges 
from 10 to 20 years, during the greater part of which time the metal 
presents an unsightly black appearance. In the early stages, more
over, there may be considerable loss of metal as normal copper sulphate,* 
a familiar consequence of which is the disfigurement of stonework by  
the washings from adjacent copper structures. Various methods have 
been proposed for producing within a relatively short space of time a 
patina resembling the ultimate natural product; these have depended, 
however, on the production of either basic carbonate, basic chloride, 
or basic acetate, none of which appears to be stable under ordinary 
open-air conditions.

Following on the observation that the natural patina consists 
essentially of basic copper sulphate, tests have been carried out with 
the view to produce at the outset a coating of this substance; and 
the main object of the present communication is to describe the more 
important results that have been obtained. Reference is made to 
tests in which it was sought to preserve patina of other compositions 
by subsequent treatment and the opportunity is taken to report 
further observations bearing on the conclusions of the earlier papers.

B e h a v io u r  o p  Co p p e r  in  A tiMo s p h e r e s  R e m o t e  f r o m  T o w n .

In recording the virtual absence of basic carbonate from the “ rural ” 
samples, the following statement was made : f  “ The authors have not 
succeeded in tracing any example of the green patina on copper exposed 
to conditions still further remote from both sea and town. I t  is possible, 
indeed, that the normal concentration of carbon dioxide in the atmos
phere is not sufficient, of itself, to build up a patina consisting essentially 
of basic carbonate, even in the complete absence of chlorides and sul
phates.” In other words, in districts sufficiently remote from sea and 
town the formation of green patina should be inhibited. This state of 
affairs appears to been have realized in an example, recently communi
cated by Mr. J. II. C oste,| of copper spires in a remote part of Switzerland 
which are still bright, except for yellow to rosy-red interference colours, 
after at least 30 years’ exposure.

For another cognate example the author is indebted to the co
operation of Dr. C. A. MacConkey, and of Mr. F. E. Lathe, Director 
of Research Information, National Research Council of Canada. A

* Vernon, “ Second Report to  Atmospherio Corrosion Research Committee,” 
Trans. Faraday Soc., 1927, 23, 167.

t  J . Inst. Metals, 1929, 42, 185.
j  In  a paper by Vernon and Jordan, J . Soc. Chem. Ind., 1931, 50, 1058.
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length of copper transmission wire was submitted, after 20 years’ 
service at a point approximately half-way between Ottawa and Montreal 
on the north shore of the Ottawa river; tho wire was covered with a 
continuous black film, the extreme thinness of which precluded analysis 
by ordinary chemical methods. Through the kindness of Dr. G. 
Shearer, the film was examined at the National Physical Laboratory 
by X-ray diffraction methods and was shown to consist definitely of 
cupric oxide (CuO); an approximate estimate of its thickness gave a 
value of between 0-0005 and 0-00005 cm., “ probably nearer the 0-0005 
limit.” In this case the position is complicated owing to the higher 
temperature that would be reached in service by the transmission wire 
as compared with the metal through which no current is passing; * 
nevertheless, the example is interesting as showing the complete 
absence of basic salts.

The absence of any trace of green patina on a copper lightning 
conductor situated in the Balearic Isles, 10 miles from the sea, after 10 
years’ exposure, has been reported to the author by Mr. A. N. Cathcart. 
The available evidence thus supports the conclusion that basic carbonate 
is a characteristic of urban conditions of exposure, when it is necessarily 
accompanied by much larger amounts of basic sulphate, and that at 
comparatively long distances from the town, and much shorter distances 
from the sea, the formation of green patina ceases.

F ir s t  S e r ie s  o p  P a t in a  E x p e r im e n t s . P r o t e c t io n  b y  O il  a n d

L a n o l in e .

In 1927 a series of artificial patina was obtained by treating speci
mens-respectively with aqueous solutions of the following : ammonium 
chloride, sodium carbonate, ammoniacal copper sulphate, sodium  
arsenite. On subsequent exposure to the open air (the tests were con
ducted on the roof of the Royal School of Mines, South Kensington) the 
deposits proved to be unstable, discoloration occurring with the first 
approach of fog. In order, primarily, to ascertain whether the patina 
might be preserved, or possibly augmented, by subsequent treatment, 
a further series of specimens (each measuring 10 cm. X 5 cm.) was 
prepared. Following the initial treatments, representatives of each 
group were treated respectively with the following (a single coating 
being applied to the dry specim en): boiled linseed oil, lanoline (solu
tion in an organic reagent), water glass (aqueous solution, sp. gr. 1-32), 
silicon ester. From the assthetic viewpoint no useful purpose was 
served, for within a few months all specimens had blackened. Never
theless, there remained the further question to what extent the under-

* See von Zeerleder and Bourgeois, J . Inst. Metals, 1929,42, 321.
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lying metal was protected by the treatment, and to settle this the tests 
were continued. Half the specimens were taken down at years’ 
exposure and the remainder after 41 years, losses in weight being deter
mined after removal of all loosely adhering material by scrubbing with 
a hard brush under benzene and under water successively. The 
results presented several interesting features. In every case corrosion 
had been increased by the application of water glass or silicon ester, 
and considerably reduced by oil or Ianoline. In general both these effects 
were more marked on specimens that had been chemically treated; and 
both were more marked at the earlier period of exposure.

TIME, YEARS
F ig . 1.—Effect of Various Coatings on Specimens Treated Initially with 

Ammonium Chloride Solution.
* Initial Treatment with Ammonium Chloride, but no Subsequent 

Coating.

In Fig. 1 time-corrosion graphs are plotted for specimens treated 
initially with ammonium chloride solution (a similar disposition was 
shown by groups representing other initial treatments). Rate of attack  
is falling off in the case of the “ stimulative ” coatings, whilst it  is 
increasing in the case of the “ protective” coatings; clearly, both 
effects are to be attributed to the gradual removal of the coating during 
exposure. The final corrosion values for the water-glass and lanoline- 
treated specimens are respectively the highest and lowest of the series; 
the efficiency of Ianoline when applied to the previously treated surface 
is especially noteworthy.

Final values for the whole series are given in Table I.
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T a b l e  I .— Weight Losses. (Grm./dm.2.) years’ Exposure.

Initial Treatment.

Subsequent Treatment. No Subse
quent 

Treatment.Water
Glass.

Silicon
Ester.

Linseed
Oil.

Lanoline.

Ammonium
chlorido

0-057
0-617

0-516
0-552

0-351
0-398

0173
0-123

0-518
0-491

Sodium carbonate 0-626
0-589

0-538
0-452

0-211
0-206

0-206
0-232

0-289
0-388

Sodium arsenite 0-608
0-603

0-546
0-497

0-262
0-246

0-234
0-245

0-500
0-419

Ammoniacal copper 
sulphate

0-647
0-624

0-597
0-530

0-236
0-224

0-177
0-213

0-475
0-333

No initial treat- 
ment

0-545
0-602

0-439
0-491

0-288
0-263

0-223
0-225

0-440
0-536

S e c o n d  S e r i e s  o f  P a t i n a  E x p e r i m e n t s .  D e v e l o p m e n t  
01? S y n t h e t i c  P a t i n a  o f  B a s ic  C o p p e r  S u l p h a t e .

Chemical Methods.
An entirely new turn was given to the search for an artificial green 

patina suitable for withstanding prolonged weathering when it was 
found* that basic copper sulphate, so far from being a mere “ im purity” 
in the town products, is actually the essential constituent of the green 
patina on copper structures after many years’ exposure in various 
localities. The problem then resolved itself into the more specific one 
of producing a synthetic patina of basic copper sulphate. Such a 
patina clearly should require no further protective coating; moreover, 
there should be a tendency for any removal of the patina during service 
to be made good by the normal action of the weather. Accordingly 
various methods of chemical treatment were tried out, the criterion 
being, not merely the initial appearance of the coating, but the extent 
to which it  would resist subsequent exposure to the open air. It  
became evident at an early stage that much depends on the physical 
condition of the deposit in addition to its chemical composition. The 
reagents tried included ammonium sulphate, copper sulphate (with 
various additions), and various sulphites and bisulphites.

The most promising results were obtained from treatment with an 
aqueous solution of ammonium sulphate of about 10 per cent, con
centration; the commercial material was found to be more effective

* Vernon and Whitby, 1929, loc. cii.
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than the pure salt; and arsenical copper gave better results tlian copper 
of high purity. In this method the solution is applied at intervals 
[e.g., twice daily), the specimen meanwhile being freely exposed to the 
air but sheltered from excessive rain and from direct sun. After 
about 6 days, one or two applications are made of a mixture consisting 
of a 10 per cent, solution of copper sulphate to which have been added 
1 per cent, sodium hydroxide and 5 per cent, ammonium nitrate. The 
precipitate of basic copper sulphate adheres to the surface and fills the 
interstices left by the initial treatment with ammonium sulphate. 
After a short period of normal exposure the deposit closely resembles 
the natural patina.

Field tests on specimens treated in this way were carried out at 
Teddington. Several months’ exposure, which included considerable 
fog, wore withstood satisfactorily; breakdown occurred, however, 
during the first period of frost, when the deposit commenced to peel 
away in small flakes from the underlying metal .* Further deterioration 
slowly proceeded, but the position was definitely worse in the case of 
specimens that had received only the simple treatment with ammonium 
sulphate, without subsequent application of the mixture containing 
precipitated basic sulphate. I t  is evident that coatings produced by  
the chemical method are not suited for withstanding drastic open-air 
conditions, although it is possible that they would hold up satisfactorily 
under milder conditions of indoor exposure.

Electrolytic Method.

As an alternative to the chemical method it was sought to produce 
a synthetic green patina of basic sulphate by making the specimen 
the anode in a suitable electrolyte. A series of experiments was 
accordingly carried out, employing small test specimens and a carbon 
cathode. Out of many electrolytes that were tried, under various 
conditions of current and temperature, the best results were obtained 
f rom a solution containing :

10 per cent, magnesium sulphate,
2 per cent, magnesium hydroxide,
2 per cent, potassium bromate.

The presence of an oxidizing agent is essential to the success of the 
process, and potassium bromate has yielded results much superior to

* According to J . Michel (Coloration de3 Melaxix, P a ris : 1931) tho natural 
patina is similarly affected when temperature changes aro sufficiently marked; 
thus, “ severe or very frosty climates are unfavourable to the formation of patina, 
which tends to  scale off during the winter, leaving the metal to  be attacked anew 
a t the points thus left unprotected.”
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those obtained from other oxidizing agents. Tho bath is used prefer
ably nearly boiling (temperature approximately 95° C.). The optimum 
current density is approximately 4 am p./dm.2; with the electrodes 
1*5 in. apart (as in the experiments) this corresponds to a potential 
différence of approximately 5 v. The treatment is continued for 15 
minutes, when the specimen is removed and rinsed; it is then ready 
for exposure, no further treatment being necessary. A current density 
of 2 amp./dm.2 for 30 minutes has also been used satisfactorily. The 
bath is capable of treating a total surface area of 10 dm.2 for every 
litre of electrolyte before becoming exhausted.

As with the chemical method, the electrolytic method yields defin
itely better results on arsenical copper than on copper of high purity. 
In the main series of experiments, therefore, arsenical copper contain
ing 0-45 per cent, arsenic has been used. Specimens of copper con
taining 0-3 per cent, tin and 2-5 per cent, nickel respectively have 
yielded definitely inferior results.

The deposit, immediately on leaving the bath, has a good green 
colour and is practically insoluble in water, even when finely powdered. 
Analyses have shown that its composition is given by the formula 
CuS04.Cu(0H)2. Approximately, therefore, it corresponds in com
position to tho “ natural patina ” on emerging from the prolonged “ black 
stage,” except that it  is contaminated neither by other compounds 
(e.g., carbonate and sulphide in town samples) nor by extraneous 
(wind-borne) matter which is always present in the natural patina.

A series of prepared specimens (10 cm. X 5 cm.) has been exposed 
with the object of ascertaining any changes in composition of the 
deposit in the course of time. Results obtained so far are as follows :

At start CuS 0 4.Cu(0H )2.
After 14 weeks CuS04.l-34Cu(0H )2.
After 28 weeks CuS04.l-51Cu(0H )2.
After 42 weeks CuS04.T63Cu(0H)2.

It is evident that a gradual increase in basicity is already in progress 
and there seems little  doubt that the composition of the deposit will 
ultimately coincide with that of the natural patina after long exposure 
(CuS04.3Cu(0H)2), the net result being the elimination of the prolonged 
interim period during which the deposit presents its unsightly black 
appearance.

Other treated specimens (10 cm. X 5 cm.) have been exposed for 
the purpose of long-period tests, some at Teddington in a field adjoining 
the Laboratory, and others, through the courtesy of the authorities 
concerned, on the roof of His Majesty’s Office of Works building at
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Storey’s Gate, Westminster. A t Teddington a maximum of exposure 
of 8 months has now been reached without any visible deterioration of 
patina; this period has included the winter months, and has included 
also the spell of frosty weather which was responsible for the break
down of the deposits on chemically treated specimens. A specimen 
that was sprayed twice daily for 3 i  months with seawater spray in 
order to simulate marine conditions took on a darker shade of green.

Partly in view of the trouble that arises in practice through washings 
from bronze statuary disfiguring the supporting stonework, specimens 
of statuary bronze were included in the tests. Two alloys were em
ployed—a simple copper-tin alloy (10 per cent, tin) and one containing 
zinc 15, tin 3, lead 1*5 per cent. The concentration of zinc in the latter 
was the highest for which precedent could be obtained in a statuary 
bronze. Fortunately (considering the greater extent to which this 
type of alloy is used in practice) the complex bronze yielded the better 
patina.

Deposits produced by the electrolytic process on brass and on bronze 
have a bluish-green colour in contrast with the true green of the copper 
patina. This may be explained by the analyses which have yielded 
basicity values in the neighbourhood of 0-8 (experimental values for 
60 : 40 brass, 90 :10 bronze, 70 : 30 brass were 0-74, 0-76, and 0-85 
respectively) in place of the unit basicity which characterizes the newly- 
formed deposit on copper. In view of the increase in basicity that takes 
place in the copper product, there seems little doubt that a similar 
increase, with consequent improvement in appearance, would also 
take place in the brass and bronze deposits in the course of subsequent 
exposure.

A provisional patent (No. 6757/32) has been filed in respect to the 
electrolytic method.

Su m m a r y  a n d  Co n c l u s io n s .

Previous work showed that the “ natural ” green patina on copper 
consists essentially of basic copper sulphate, except at the seaboard, 
when it is accompanied by more or less basic copper chloride; con
firmation has now been obtained that at relatively long distances from 
the town, and at much shorter distances from the sea, the formation 
of green patina ceases. Methods have been worked out for the rapid 
production of an artificial patina, with consequent elimination of the 
long interim period normally required for the development of the 
natural product. Certain synthetic coatings other than basic copper 
sulphate, although initially green, readily blacken on exposure to town 
air. The application of linseed oil and more especially of lanoline to
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the primary coating gives marked protection to the underlying metal 
but does not prevent discoloration; the application of water glass and 
of silicon ester, on the other hand, appreciably increases corrosion.

A green patina of basic copper sulphate may be obtained by treating 
the metal with a solution of ammonium sulphate, preferably followed 
by application of a mixture in which basic copper sulphate is suspended. 
The coating breaks down under severe weather conditions, probably 
through physical causes. A patina that is stable under similar con
ditions is produced by an anodic treatment of 15 minutes’ duration in 
a suitable electrolyte; it has a good green colour and is quite insoluble 
in water. On leaving the bath the deposit has the formula 
CuS04.Cu(0H)2, but on exposure to the open-air a progressive increase 
in basicity takes place. It is believed that the composition of the coat
ing will ultimately reach that of the natural patina after long exposure 
(previously shown to be CuS04.3Cu(0H)2). On brass and bronze the 
electrolytically produced coating has initially a slightly bluish tinge and 
its basicity is lower than that of the corresponding deposit on copper; 
during subsequent exposure, however, it  is likely to approach more 
nearly to the copper patina in appearance and in composition.
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D ISC U SSIO N .

Mb. A. N. C a t i i c a r t  * (M em ber): D r. Vernon’s experiments are im portant 
not only from the scientific aspect, b u t also from the practical point of view 
to those of us who are using copper for roofing purposes.

For many years we have worked on the assumption th a t the green patina

* Ewart and Son, Ltd., London.
VOL. X L IX . L



162 Discussion on Vernon’s Paftev

is a  basic carbonate, and th a t its appearance m ust necessarily be more rapid 
in a  clean country atm osphere than  in the neighbourhood of a town. The 
fact th a t in  large towns i t  remains black for many years encouraged this 
theory, and i t  was no t realized th a t the characteristic green colour was merely 
obscured by the deposition of soot.

In  spite of the increasing use of gas and electricity, in the City and E ast 
E nd  of London the conditions still seem to  preclude the appearance of the 
green patina. Examples of copper th a t has remained black after m any years 
m ay bo seen on a num ber of City churches, notably St. Botolpli’s, Aldersgate 
Street, where the copper was laid as fa r back as 1790. The dome of the Stock 
Exchange (1884) m ay also be mentioned. On the other hand, copper roofs 
on the Russell H otel and the Im perial H otel, Bloomsbury, are changing after 
about th irty  years, and the dome of the Gaiety Theatre, laid about 1905, is 
also changing. In  cleaner air, or when the building is very high, the change 
is much more ra p id ; thus the dome of St. Joseph’s R etreat, Highgate, which 
was laid in 1909, took only about ten  years to  tu rn  colour.

An interesting example can be seen in the copper domes of the new 
A dm iralty building, near St. Jam es’s P a rk ; these are about 30 years old, and 
on the south and west sides facing the park  they are now distinctly green, 
bu t on the northern side they  are still in the black stage. W inds blowing over 
the park  possibly deposit their soot before reaching the domes, whilst the 
northern winds have no opportunity of doing so.

The position seems to  bo summed up well by a Danish saying th a t “ W hen 
a  young architect covers his roof w ith  copper i t  will tu rn  green when his hair 
turns grey.” This was told to  me by  the city  architect a t  Copenhagen -when 
I  was visiting Denmark and Sweden recently, a  v isit during which I  had many 
opportunities of obtaining information about copper work. W hat I  gathered 
from this substantially confirms the conclusions th a t have been arrived a t  by 
Dr. Vernon. Several architects told me independently th a t  copper takes 
longer to  tu rn  green in Denm ark than  in England, presumably because of the 
general use of wood fuel in place of coal. In  Stockholm I  was told th a t now 
th a t central heating and coal or coke fuel are being adopted for the generation 
of steam, the patina appears in about 10 years, whereas i t  used to  take upwards 
of 50 years. Even so, the thickness of the green film appears to  be much less 
than  in this country, the green being fainter and less regular than  in  our best 
examples. In  the larger city of Copenhagen, where wood is no t so much used, 
there is a greater incidence of green copper than  a t  Stockholm, and the green 
is more intense.

The architect of the famous Town Hall a t  Stockholm attached importance 
to  the direction of the wind, because the green appeared more readily on the 
northern side. He also informed mo th a t ho had tried artificial colouring, and 
th a t i t  was much admired a t  f irs t; after 2 or 3 years, however, i t  flaked off 
under the influence of frost and ice, leaving the usual black deposit. This 
question of frost—again confirming one of the conclusions in the present paper 
—appears to  be the principal difficulty, the variations of tem perature being 
much greater than  in  England. B oth a t  Stockholm and Copenhagen I  was 
informed th a t artificial colouring is more successful on bronze than  on copper, 
one example in  Stockholm having w ithstood the frost and ice for more than
4 years.

As illustrating the protective effect of the natu ral green patina, I  may 
m ention an  example th a t I  recently inspected a t  Londonderry Cathedral. In  
this case the main roof was covered w ith slates, and  the w ater was collected a t  
various points and delivered through long, vertical down-pipcs on to  the side 
roofs, which were covered w ith copper. In  the places where the w ater 
im pinged on the copper there was no patina, and the copper had corroded 
badly; in one ease a  bad leak had developed. The rem ainder of the roof,



Author’s Reply to Discussion 163
however, appeared to be perfectly sound, and was covered w ith the 
characteristic green.

W ith regard to  the artificial colouring of copper, many architects are anxious 
to have a  method for treating the m eta l; up to  the present, however, I  do 
not know of any treatm ent th a t will give satisfactory results, and, indeed, such 
methods as have been tried  seem to retard  the appearance of the “ natural ” 
colour.

I t  is a  m atter of regret th a t the chemical method described by Dr. Vernon 
for producing the basic sulphate lias no t proved successful under severe w eather 
conditions, as th is would be easy to  apply in  situ after the m etal has been fixed, 
and would bo of great use when a speedy colouring was required by the 
architect.

The electrical process appears to be very effective, as shown by Dr. Vernon’s 
samples, bu t I  th ink th a t this process is more applicable to  bronzes and small 
articles th a t can be fixed in position w ithout much handling; for if the prepared 
sheets were used on roofs or domes where i t  is necessary to  fix the sheets into 
position by careful welting, entailing much hammering, the patina would be 
much defaced, and the results might be disappointing.

The results obtained by Dr. Vernon are certainly of g reat value to practical 
men, and should prevent the considerable disappointm ent experienced when 
buildings are treated and the colour disappears after a short period.

Dr. J .  C. H udson  * (M em ber): I  had no t intended to  speak on th is paper, 
because there is very little  on which I  can comment, beyond congratulating 
Dr. Vernon on having successfully carried his valuable work a  stage farther. 
The only th ing th a t did occur to  me has already been dealt w ith by the previous 
speaker. I t  seemed to  me th a t Sweden is a country where one would expect 
to find a  long delay in the development of the patina because the atmosphere 
there is rem arkably free from atmospheric pollution, and I  was glad to  learn 
from Mr. C athcart th a t this is actually the case.

I  m ay say th a t, so far as m y own experiments go, I  believe th a t the natural 
patina will develop more rapidly on a  copper th a t is alloyed than  on a  pure 
copper. Dr. Vernon refers to  the better results obtained w ith arsenical 
copper; I  believe th a t this is also true  for copper containing a small percentage 
of nickel, b u t my own experiments related to  wires and no t to  sheets, and i t  is 
difficult to  get a  marked patina on a  wire. I  am certainly under the im pres
sion, however, th a t a  wire containing, say, 2 per cent, of nickel shows the 
development of the patina ra ther more rapidly than  a copper wire. A tin -  
bronze, w ith 6 per cent, of tin, certainly does so. In  the case of th e  nickel 
alloys, I  th ink  th a t there is a  selective leaching ou t of the nickel salts by rain 
water, which presumably leaves the residual copper corrosion product in a 
more porous condition and, therefore, more susceptible to th e  progressive 
weathering th a t is necessary to bring the film to the required basicity.

The Author  [in reply to the discussion at the m eeting): Mr. C athcart has 
once again communicated da ta  th a t arc most welcome. The examples of 
copper roofs in  the City th a t  are still black after m any years do not, of course, 
conflict w ith the conclusions of the previous papers. The po tent atmospheric 
agent in the formation of green patina is sulphur dioxide; accompanying 
sooty m atter serves only to hinder the development of patina and may, in 
extreme cases, prevent it. The influence of soot is felt most severely locally; 
the influence of gaseous pollution, on the other hand, extends to  great d is
tances. The most favourable conditions for patina formation would be

* Investigator, Corrosion Committee, Iron and Steel Institute and National 
Federation of Iron and Steel Manufacturers, Birmingham.
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expected to  occur on the outskirts of the city, where locally-generated sulphur 
dioxide is augmented by th a t carried by wind, sooty m atte r having been largely 
deposited en rouie. All this is well brought ou t by the examples th a t Mr. 
C athcart has cited. I t  m ay be significantly added th a t among the various 
examples of patina th a t  have been examined in  the course of the present 
work, the purest sample of basic copper sulphate was provided by the most 
rural specimen, th a t from the copper spire of N orth Mimms steeple (see P a rt 
I I ,  </. Inst. Metals, 1930, 44, Table IV, facing p. 392).

The information th a t Mr. Cathcart has gathered from his visit to  Denmark 
and Sweden is of particular in terest; and it  is satisfactory th a t th is should 
confirm conclusions reached during the present work. The influence of wind- 
direction was dealt w ith in  the first paper of the series. W ith regard to  the 
artificial colouring of copper as practised on the Town H all a t  Stockholm, 
I  understand from Mr. C athcart th a t th is probably aim ed a t  the production of 
basic coppcr chloride. A coating of th is substance would certainly have a 
better chance of surviving in  the semi-marine atmosphero of Stockholm th an  
i t  would in  the atmosphero of an inland or industrial district, nevertheless, 
failure occurred; and frost appears to  have been the deciding factor.

The corrosion of the copper roofing a t  W inchester Cathedral provides an  
interesting example of the “ impingement type ” of a ttack  on a relatively 
incorrodible m aterial. The local impingement of w ater from the large catch
m ent area above evidently prevented, the form ation of the protective coating, 
which developed freely elsewhere; henco the localized corrosion a t  the u n 
protected places.

I  very much appreciate Dr. H udson’s remarks. No doubt on the alloys 
th a t he mentions the natu ral p a tina  forms more readily th an  on pure copper. 
So far as the production of artificial pa tina  is concerned, however, we have 
found th a t the presence of nickel or of tin  is of no advantage. On the other 
hand, the presence of arsenic is definitely advantageous, a  fortunate cir
cumstance in  view of the superior resistance to  atm ospheric corrosion th a t  is 
displayed by arsenical copper. Probably th e  explanation lies in  a more 
in tim ate bond between the patina  and th e  underlying metal.

C O R R E SPO N D E N C E .
Mr . J ohn  R. F reem a n , Jr.,*  B.S. (M ember): The series of studies of “ The 

Open-Air Corrosion of C opper” th a t has been reported by Dr. Vernon has 
been of great interest and  value in clarifying the knowledge of the atmospheric 
corrosion of copper, and in particular his findings th a t the green coloration or 
patina th a t forms on copper is a  basic sulphate ra ther than  the traditional basic 
carbonate. I t  m ay be of in terest to  record quite independent and  apparently 
contem porary confirmation of his results. In  Table A analyses are given of 
several “ patinas ” taken from copper roofs in the north-eastern p a rt of the 
U nited States. Although the roofs from which the samples were taken did no t 
have the venerable an tiqu ity  of some of those reported by Dr. Vernon, i t  is 
evident th a t the industrial atm ospheres of the U nited States are as effective 
as those of England in  causing the development of the basic sulphate.

Dr. Vernon describes in  the present paper th e  results of experiments to 
produce the patina artificially by the use of ammonium sulphate solution 
followed by treatm ent w ith  a  solution of copper sulphate, sodium hydroxide, 
and  ammonium n itra te . I  should like to  direct a tten tion  to a  recent article f 
describing a  somewhat similar method of artificial production of patina, in

* Metallurgist, The American Brass Company, Watcrbury, Conn., U.S.A.
j  J o h n  R . F reem an , J r . ,  a n d  P . H . K irb y , Metals and Alloys, 1932, 3, 190-194.
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which ammonium sulphate only was used, bu t which is successful only after 
suitable “  conditioning ” of the solution. The patina formed by the method 
described has been found to  bo stable and adequately adherent even a fter 
exposure to  the rather rigorous w inter climate of New England.

Dr. Vernon quotes a  statem ent by J . Michel th a t “ severe or frosty climates 
are unfavourable to  the formation of patina.” As this might be interpreted as 
implying th a t patina does no t readily form in climates having severe w inter 
w eather, I  would point ou t th a t there are m am ’ copper roofs and domes with 
beautifully developed patinas in  various parts  of the U nited States where the 
w inter climate is very severe and the tem perature change on a roof very rapid.

The A u o to r  (in reply) : I  am greatly indebted to  Mr. Freem an for his 
interesting and valuable contribution. Particularly  notew orthy is the in 
formation th a t in  the U nited States, as in  England, the green patina  consists 
of basic copper sulphate rather than  of the traditional basic carbonate. 
Broadly, the position is evidently similar : there are, how'ever, certain  m atters 
of detail th a t are ra ther difficult to  understand. Thus, the analyses given in 
Mr. Freem an’s table show a  v irtual absence of basic carbonate; whereas wo 
have found th a t, especially in  the atmosphere of the town, basic carbonate 
m ay reach appreciable dimensions (see P a rt I I , Table IV). Equally u n 
expected is the “  very small am ount ” of basic chloride in the industrial sea- 
eoast sample, and the absence and the smallness respectively of sulphide from 
the railroad station  and the town. There is, moreover, a  surprising freedom 
from wind-borne m aterial throughout the analyses. The n e t result is th a t  the 
samples examined by Mr. Freem an are very much richer in basic sulphate 
than  any we have examined here. Owing to the very large and very variable 
am ount of extraneous m atter in  our samples, the formula to  be ascribed to  the 
basic sulphate was far from obvious, and its determ ination formed the subject 
of the second paper in  the series. The tim e factor was shown to  be of great 
importance, and only after periods ranging from 70 to  100 years was complete 
identity  w ith the brochantite (co-ordination) formula established.

I  should like both to express m y appreciation of the article in Metals and 
Alloys (the reference to  which is very much to  be welcomed) and also to con
gratulate Mr. Freem an on having achieved so much success w ith the am m on
ium sulphate process. Since the publication of our first paper in  1929, the 
chemical methods th a t we have tried  in order to reproduce the basic sulphate 
patina  have centred largely round the use of ammonium sulphate. In itia lly  
promising results have often proved disappointing when subjected to  the 
tes t of subsequent exposure to  the weather. Curiously enough, whereas Mr. 
Freem an has achieved greater success from a purely chemical method th an  from 
an electrolytic method, the reverse has obtained in  our own experience. 
N either process satisfies the objection raised by Mr. Cathcart, inasmuch as it  
cannot be applied to  a roof in  s itu ; nevertheless, I  am  not w ithout hope th a t 
a 'w ay  may be found of overcoming this difficulty. Incidentally, i t  does no t 
seem unreasonable to  expect some little  modification of technique on the 
mechanical side, w ith the view to some of the more severe bending being effected 
before the plate is treated.

Mr. Freem an’s statem ent th a t beautifully developed patinas m ay be 
found in various parts of the U nited S tates where the w inter climate is very 
severe is significant as showing th a t when once a  satisfactory pa tina  is de
veloped it  is immune to  quite drastic tem perature changes. Nevertheless, 
our experience w ith certain  of the artificial patinas, taken  in  conjunction with 
the Swedish experience quoted by Mr. C athcart and  also w ith the statem ent 
of Miehel, goes to  show th a t  frost is an  adverse factor in  the developm ent of 
p a tin a ; and the best results are therefore to be expected when the conditions 
have been relatively mild in the early stages of exposure.
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In  view of its bearing on several points raised in  the discussion, I  take tho 

opportunity to  refer to  information lately gleaned from the exam ination of 
samples of green patina on copper and bronze a t  Guernsey in  the Channel 
Islands; these were subm itted to tho Chemical Research Laboratory through 
the kindness of Miss I. M. Tunbridge, of the Ladies’ College, Guernsey. 
The samples, the proximate analyses of which are given in  the accompanying 
table, were scraped from the copper spire of the Church of St. Joseph, about
l  mile from the sea front, and from the bronze sta tue  of Prince Albert, 
situated on the Quay.

St. Joseph's 
Steeple.

Prince Albert 
Statue.

Basic copper chloride
%

48-4
%

73-0
Basic copper sulphate 
Basic copper carbonate .

15-4 3-78
24-9 0-49

Extraneous matter (not contributing 
to the green constituents of the de
posit) . . . . . . 11-3 22-73

Ratio of copper in base to copper in 1-74 2-5
normal salt . . . .

Age of structure: years . 33 69

Several interesting features emerge from the analyses. The Prince Albert 
S tatue product has provided the highest proportion of basic chloride and the 
lowest proportion both of basic sulphate and of basic carbonate encountered 
in any of the samples yet examined. This is no t surprising, bearing in 
mind the position of tho sta tue and the fact th a t it  would receive a certain 
amount of actual sea-spray. Another contrast is provided by the analysis of 
the steeple product, in  which the basic carbonate figure is the highest experi
enced in  the course of the investigation. Moreover, in only one other instance 
has basic carbonate exceeded basic sulphate and th is also was a  marine 
example (telegraph wire in Lowestoft d istrict); as in  the present example, 
the preponderating constituent was basic chloride. Finally (confirming the 
findings of the second paper) a correlation between basicity of product and 
age of structure m ay be noted, basicities of 1-74 and 2-5 corresponding w ith 
ages of structure of 33 and 69 years.

Another sample, from a bronze sta tue  of Queen Victoria in  Candie Gardens, 
gave an analysis which resembled the steeple product in  respect to  basic 
sulphate and the A lbert S tatue in  respcct to  basic carbonate. The basicity of 
this product could not be satisfactorily obtained on account of a  high pro
portion of zinc compounds; there was also present an  abnorm al am ount of 
wind-borne m aterial, including 29 per cent, of silica and alumina, representing, 
most probably, associated clayey m atter. The am ount of such extraneous 
m atter which m ay be carried by a  deposit w ithout appreciably affecting the 
green appearance is certainly surprising.
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SOME REACTIONS OCCURRING IN “ HOT- 
D IPPIN G ” PROCESSES.*

By EDWARD J . DANIELS,t M.Sc., M e m b e r .

Sy n o psis .

The part played by fluxes has been investigated and a general agree
ment found with diverso processes. The contamination of the liquid 
metal—“ dressing ”—is shown to be an inevitable factor in hot-dipping, 
soldering, &c., and methods for controlling it aro indicated.

Tho coating of steel with cadmium ana lead by hot-dipping is shown 
to be accompanied by tho formation of the compounds FeCdj and FePb2, 
which act as insulating layers preventing further attack. These com
pounds rise to the surface of the liquid bath, have high melting points and 
arc magnetic.

Tho action of molten tin’on 8 per cent. “ aluminium-bronze ” is shown 
to be anomalous.

D r o s s  F o r m a t io n  i n  H o t -G a l v a n i z i n g .

I n  a previous paper 1 evidence was adduced to  show that at normal 
galvanizing temperatures, i.e. below 480° C., the zinc-iron alloy, 
approximately FeZn7, which forms on the surface of articles being 
galvanized, is stable with respect to  molten zinc, and remains firmly 
attached to  the steel surface. I t  is highly improbable therefore that 
the reaction between molten zinc and iron is the source of the “ dross ” 
or “ hard zinc ” which accumulates at the bottom of the galvanizing 
kettle, as was formerly supposed.2

Several observers 3> *• 5 have noted that molten zinc will decompose 
iron chloride with the formation of iron. As will be shown later, 
when mild steel articles are galvanized, contamination of the zinc will 
occur as a result of reduction of iron salts from the flux. It is of value, 
therefore, to  study in some detail the factors affecting the entry of iron 
salts into the flux, and the experiments made to this end are described 
below.

The Washing of Pickled Sheets.

When a strip of mild steel is pickled in acid, even after washing in 
cold water, iron salts remain and can be removed by a jet of hot water.

* Manuscript received April 29, 1932. Presented a t tho Annual Autumn 
Meeting, London, September 13, 1932.

f  Investigator, British Non-Ferrous Metals Research Association, London.
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Tables I  and II give data for sulphuric and hydrochloric acid pickles of 
various iron contents, using a constant volume of 180 c.c. of water 
for the removal of the attached salts after “ normal ” or no washing. 
It will be noted that “ normal ” washing removes the iron salt more 
completely after the hydrochloric acid pickle than after the sulphuric 
acid pickle, due doubtless to the greater solubility of the chloride.

T a b l e  I.—Removal of Salts on Washing Pickled Steel.
Pickle: 3 minutes in boiling 5% H2S04 plus x%  Iron as FeS04.

Xo. Fc in Pickle. 
Per cent . Washing Treatment.

Iron Washed Off as Salts 
by Je t of Boiling Water, 
grm./m.1. Sheet Surface.

VI 0 Held for 1 minute in beaker into 
which water was 'running 
(“ Normal ” )

J»  It tt tt

0-03

III 1 0-04
V 2-5 P  M  »* M 0-00

IV 5 tt »» tt »» 009
IX 10 tt ft it tt 013
X 15 tt tt tt tt 0-15

VII 5 None (momentary dip in cold 
water)

0-90

VIII 5 Scrubbed under tap 0-03
XI 0 10 minutes in boiling water 0-02

X II 10 tt tt tt tt 001

T a b l e  II.—Removal of Salts on Washing Pickled Steel.
Pickle : 15 minutes in 20% HC1 plus x%  Iron as FcC12 a t G0°-70° C.

Washing Treatment.

Iron Washed Off as Salts by J e t of Boiling Water after 
Pickling in Hydrochloric Acid of the following Iron Con

tents, followed by the Washing Treatment Shown.

0% iron. 5% Iron. ]5% iron.

None (momentary dip) 0-07 013 0-43
Normal . . . . 0-02 0-01 0-02
10 minutes in boiling water . o-oi 0-02 0-02

Fluxing before Dipping.

In the so-called “ dry ” galvanizing process, the articles to be 
coated are immersed in a concentrated solution of flux, heated over a 
fire or in an oven to  evaporate the water, and then plunged into the 
molten zinc.6' 3 When the drying operation has been completed, the 
work itself is fluxed, but it must be covered with an excess of flux, 
since the surface of the zinc bath must be cleaned as the work passes 
through it, and in this process no flux is put on the bath. For this reason
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there is a maximum temperature at which any given flux can be “ dried- 
off,” consistent with a perfect coating. This temperature has been 
determined for a number of fluxes, the galvanizing being carried out in 
two baths, one of electrolytic zinc and the other of zinc containing 0-5 
per cent, aluminium. No attempt has been made to determine the 
absolute values of time and temperature permissible for any given flux.

In all cases, the presence of aluminium in the zinc reduced the m axi
mum permissible drying temperature, since a greater degree of fluxing 
is required when the molten zinc is covered with a film of alumina. For 
example, the presence of the aluminium reduced the maximum drying- 
off temperature from 410° C. to 280° C. with ammonium chloride as the 
flux, from 300° C. to less than 125° C. with aluminium-ammonium  
chloride, and from 405° C. to 295° C. with zinc-ammonium chloride.

A reaction occurs between the steel and the flux during drying, 
giving rise to iron halides, and to iron oxide if heated too long at high 
temperatures (see Tables III and IV, which refer to  non-pickled sheet). 
Similar results were obtained with zinc bromide solution.

T a b le  III.—Formation of Soluble Iron Sails on Evaporation of 
ZnCl2.2NH¿Cl Solution on Emeried Strips.

Salts Washed Off with Je t Hot Water and Reported as Iron per in.2 of Sheet
Surface.

Time.
Minutos.

Temperature of Drying, 9 C.

150. 200. 250. 300.

2 1-16
4 3'87
5 0-17 0-05 007

10 0-25 0-44 2-15 4-39
20 0-40 0-97 1-31
40 0-44 0-97 , 0-99

d ecrea se  d u e to  in c re a s in g
« fo r m a t io n  o f o x id e

T a b le  IV.—Same as Table III ,  Flux being concentrated ZnCl2 Solution.

Time.
Minutes.

Temperature of Drying, 9 C.

150. 200. 250. 300.

2 0-41
4 0-67
5 0-34 0-80 0-62, 0-62, 0’f)2

10 0-35 0-68 0-48, 0-58 1-39
20 0-81 0-99 0-57, 0-58 1 '59
40 MG 0-89 0'GS, 0-65
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After pickling, washing, fluxing, drying, and galvanizing, the amount 
of iron picked up by the zinc was determined. The results are reported 
in Table V, where the eSect of the various factors can be seen clearly. 
(It should be noted that in each experiment six sheets were dipped and 
the whole of the 180 grm. of zinc which formed the galvanizing bath  
were dissolved for analysis so that segregation of the dross did not 
interfere.)

T a b le  V.— Combined Effect o f Pickling, Washing, Drying, and Galvaniz
ing on the Iron Picked up by the Zinc.

Flus : Saturated Zinc Chloride Solution.

No. Tickle. Washing.« Drying.
Iron Picked Up 
by Zinc(grm./m.a 
Sheet Surface).f

D37 15 minutes 60°-70° C.
20% HC1, 15% Fe. + 2 minutes 300° C. 0-69

36 — 2-81
38 + 15 „  200° C. 0-36
39 — 1-40
42 + 15 „  150° C. 1-27?
40 — 0-74
43 + 30 „  150° C. 1-95
41 — 2-18
46 3 minutes boiling

4% H2S04> 5% Fe. + 2 „  300° C. 1-07
44 3-12
47 + 4 „  300° C. 1-40
45 2-28?
48 + 15 „ 150° C. 0-96
50 2-73
49 + 30 „ 150° C. 2-03
51 — 2-80
52 15% Fe. + 15 „ 150° C. 1-33
54 3-62
53 30 „ 150° C. 1-60
55 — 4-30

* +  signifies “ norirfW ” washing ; — signifies no washing, 
f  grm./m.2 X 0 0002 =  lb./ft.2.

Reactions Occurring in  Molten Flux.
In the so-called “ wet ” galvanizing process the pickled and washed 

articles are passed into the molten zinc through a layer of molten flux 
usually having ammonium chloride as its  basis. Actually the flux 
contains a considerable proportion of zinc chloride formed by reaction 
between ammonium chloride and the molten zinc.7

To examine the solvent action of various molten fluxes for iron 
oxide and mild steel, a small crucible furnace was employed in which 
the reactions were carried out in a small silica dish maintained at 475° C. 
in all cases. When the charge of molten flux had reached this tern-
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perature, a weighed quantity of ferric oxide powder (rouge), sufficient 
in amount to give a total iron content of 0-15 per cent, was added and 
stirred in, and the cover was replaced. When a definite time had 
elapsed, the contents of the dish were poured into 600 c.c. of distilled 
water containing about 10 c.c. of 50: 50 acetic acid. After filtering 
the dissolved iron and the unattacked iron oxide on the filter paper 
were determine'd, so that the amount of iron halide formed and evapor
ated could be calculated. The results for the quantity of iron turned 
to halide are given in Table YI as percentages of the original iron 
addition. The addition of acetic acid is necessary in order to avoid the 
hydrolysis of the iron salts which otherwise occurs.

T a b l e  VI.— Solution of Fe20 3 in  Molten Flux at 475° C.

Iron added to tho Flux as Fe20 3 to give 0’15% Fc by Weight.

Time.
Minutes.

c
15
45
90
220

Percentage of added Iron turned to Halide, the Flux being:

ZnC),.2NH,Cl.

89-7
88-7
95-3
98-2

ZnCl,.

2-3

1-4
3-2

ZnBr,.

3 0
5-0

The results obtained with ZnCl2.2NH4Cl as a flux arc of a very 
different order from those obtained with zinc chloride. Under the 
conditions of the experiment both these fluxes give rise to free hydro
chloric acid, the first by decomposition of its ammonium chloride, and 
the second by reaction with water, the formation of hydrochloric acid 
being much greater in the case of the first-mentioned. This suggests 
that the active principle of the flux is hydrochloric acid, and that dry 
zinc chloride and iron oxide will have little tendency to react together. 
Table V II shows the results obtained on heating dry iron oxide and 
zinc chloride in sealed reaction tubes compared with similar tubes 
containing added water. It will be seen that the results are in the 
direction indicated, the slight amo'unt of iron chloride formed in the 
dry tubes is probably due to the presence of a trace of water vapour 
introduced during the sealing of the tubes.

I t  may be assumed, therefore, that the active principle of chloride 
fluxes is hydrochloric acid. In confirmation of this it may be mentioned 
that stannous chloride is a less efficient flux for galvanizing than zinc 
chloride, and experiment shows that less hydrochloric acid is produced 
when steam is passed over molten stannous chloride than when it is 
passed over the molten zinc salt.



T a b l e  VII.— Reaction between ZnOl2 and Fe20 3, Both Being Thoroughly
Dried.
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Drying : 70 hrs. a t 150°-210° C. in a Stream of Air which had passed through 
CaCl2 and P 20 5.

Heating : 7100 minutes at 475° C.

Ko. ZnClj, grm. Fc,0„ grin. li,0 , grm. H.O, %.

Soluble Iro 

Grm.

a Found.

% of Fc 
Added.

a G-54 0-070 D ried 0-00004 0-07
b 8-35 0-070 0-00001 0-02
c 7-18 0'07G 0-2 2-7 0-00024 0-42
d 5 9 2 0-004 0-4 e-3 o-oooio 0-22

The solvent action of molten flux for iron oxide increases with the 
ammonium chloride content and to a lesser degree with the moisture 
content. Owing to the fact that these fluxes are undergoing constant 
decomposition while molten, results are not easily duplicated, but a 
tendency for the rate of attack to fall off with time has been observed.

T a b le  V III.—Solution of M ild Steel in  Molten Flux at 475° C.

Flux. Time (l). 
Minutes.

Loss in Weight of 
Steel.

L  ferm./m.’).
£/v r

(représentative).

ZnCl2 0 0
15 26-4 7

ZnClj, 5% NH.,01 0 0
15 114
30 186
45 177 29

ZnCL, 10% NH4C1 0 0
7i 476

15 591
30 670
45 611, 641 150

ZnCl2, 16-6% NHjCl 0 0
4 895
7J- 1126

15 1365 375

Note.—For the same steel and molten zinc a t 475° C. L  — lO’Gv t.

The results obtained (Table VIII) for the attack of mild steel by 
molten flux show that the activity of the flux increases with its am
monium chloride content, and that for a given flux the loss in weight is 
proportional to the square root of the time. For comparison the loss
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in weight of mild steel in molten zinc at the same temperature equals 
10-6 V tim e. For the flux containing 5 per cent, ammonium chloride the 
proportionality factor is of the order of 30, so that the attack of steel 
by flux is greater than by zinc.

Reaction between Flux and Zinc Bath.
The reduction of iron from the flux by molten zinc was determined 

by heating weighed quantities of zinc, zinc chloride, and ferric chloride 
in sealed glass tubes at 475° C. followed by analysis of the flux and zinc.

T a b le  IX .— Reaction between Flux and Zinc at 475° C.

Experi
ment
No.

Weight of 
Zinc Used.

Grm.

Weight of 
Iron added 
as FcClj.

Grm.

Mo!. % 
FcCI, in 
Flux.

Distribution of Iron found after IleaUng.

Weight as 
FcCI, in 

Flux. 
Grm.

Mol. % 
FeClj in 

Flux.

Weight of 
Iron in 
Zinc. 
Grm.

Atomic % 
Fc iu 
Zinc.

RR 2 6-6632 00749 3-9 0-0078 0-42 00672 1-16
3 5-8246 0-0213 0-83 00195 0-76 0-0015 0-034
4 7-5304 0-1112 4-4 0-0209 0-90 O-0S90 1-36
6 7-5374 0-0227 0-94 0-0166 0-69 0-0058 0-090
7 7-3396 0-0815 4-8 0-0074 106 0-0714 1-13
8 7-9252 0-0297 0-91 0 0284 0-89 00010 0-015

12 7-4940 0-0189 0-58 00149 0-46 0-0035 0-06
13 6-6918 0-0102 0-31 00083 0-25 00010 0-017
16 7-2478 0-0894 1-10 0-0157 0-69 0-0737 l i s
15 7-6458 0 0359 3-90 0-0318 0-96 0-0039 0-22
18 7-5498 0-0894 0-86 0-0277 0-79 0-0018 0028

Table IX  shows the results obtained after 2 and 4 hrs. at 475° C. 
The reduction of the iron salt by the molten zinc is clearly shown. 
Even with 4 hrs.’ heating * equilibrium was not attained, there being a 
relationship between the concentration of iron initially in the flux and 
the concentration found in the zinc, owing to the fact that the reaction 
occurs at the flux-metal interface and is therefore governed to a large 
extent by the rate of diffusion of iron salt up to that interface. In 
practice, where the area of contact between flux and zinc is large the 
reduction of iron from the flux will be more complete and more rapid.

In one test where about 4 grm. zinc were heated for 3 hrs. at 475° C. 
in a sealed tube with about 2 grm. FeCl3, 17 per cent, of iron was 
found in the zinc bead, and in another test about 5 grm. of zinc were 
heated for 18 hrs. at 475° C. with 0-12 grm. of ferric chloride, the metal 
bead taking up 8-13 per cent. iron.

Micro-examination of zinc which has been melted in contact with 
flux containing chloride of iron shows it to  possess the same structure as 
“ dross,” i.e. well-defined crystals of FeZn, in a matrix of zinc.

* R R  12-18.
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T h e o r y  o f  t h e  M e c h a n i s m  o f  F l u x i n g  i n  G a l v a n i z i n g .

If a strip of mild steel is cleaned with emery paper and dipped into 
molten zinc, no coating will be obtained, since there is sufficient oxide 
on the steel surface to prevent wetting of the steel by the zinc. If a 
zinc-ammonium chloride flux be used, the steel will be wetted and a 
coating produced. It is suggested that this flux (which has been shown 
to turn iron oxide and metallic iron to chloride) replaces the oxygen 
atoms on the steel surface by cldorino atoms. It has also been shown, 
however, that molten zinc decomposes iron chloride, so that when the 
“ fluxed ” surface enters the molten zinc the chlorine is removed as 
zinc chloride leaving the steel surface free to  alloy with the zinc. This 
mechanism is not in conflict with the idea usually held that the flux 
enables clean metal to come in contact with clean metal, but merely 
shows the steps of the process. The experimental data indicate that, 
until the flux is actually displaced by the zinc, it  is combined with the 
surface of the steel, and that the zinc itself must play its part in pro
ducing the “ clean ” steel surface by breaking up the compound formed.

This explanation is supported by the fact that, whilst acid potassium  
sulphate will dissolve iron oxide and solid iron even more readily than 
zinc-ammonium chloride to give a water-soluble compound (presumably 
iron sulphate), molten zinc is incapable of reducing the iron from such a 
flux, and mild steel cannot be galvanized when acid potassium sulphate 
is used as a flux.

D i s c u s s i o n  o f  t h e  G e n e r a l  A p p l ic a t io n  o f  t h e  T h e o r y .

The fact that tin  is capable of decomposing iron chloride 8 means 
that a similar mechanism holds for fluxing in tinplate manufacture, and 
suggests that it might hold generally where a solid metal is being wetted  
by a liquid metal in the presence of a molten salt or flux. A wide 
range of cases was accordingly investigated with respect to the reduc
tion by a molten metal of the fluxed oxides of iron, copper, and nickel 
and as regards the wetting of iron, copper, and nickel by the molten 
metal using the fluxes in question. The results obtained are given in 
Table X , a positive sign under the heading “ Result of Chemical Test ” 
indicating that reduction did occur, and a similar sign under the heading 
“ Result of Dipping Test ” indicating that a hot-dipped coating could be 
obtained with that particular combination of metals and flux. Negative 
signs have precisely the opposite significance. With the 34 combinations 
tested, the signs for each are invariably the same in the two columns, a 
negative sign never accompanying a positive, thus providing ample con
firmation of the general applicability of the mechanism of fluxing de-
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scribed above. It is particularly interesting to note that similar reactions 
occur in tinning and soft-soldering using such materials as resin and
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T a b l e  X .—Showing Relationship between Fluxing and Coating Formation.

Result of Result of
Solid Metal. Liquid Metal. F lur. Chemical Dipping

Teat. Test.

Mild Steel (Fo) Bi chlorido — —
Sn tt + +
Pb tt + +
Cd tt + +
Zn tt + +
Sb 9* + +
Al tt + +

Copper (Cu) Bi tt — —
Sn ft + +
Pb >» + +
Cd tt + +
Zn M + +
Sb ft + +

Nickel (Ni) Bi t f — —
Sn if + +
Cd tr + +
Zn ft t +
Sb rt + +

Mild Steel (Fe) Pb-Sn solder resin + +
glycerine + +
lactio acid + +

Sn resin + +
glycerine 
lactic acid

+
+

+
+

Copper (Cu) Pb-Sn solder resin + +
glycerine + +
lactic acid + +

Sn resin +
+

+
+

lactic acid + +
Mild Steel (Fe) Sn palm oil + +
Mild Steel (Fe) Brazing-solder

(Brass) borax + +
Mild Steel Zn acid potassium — —

Mild Steel (Fe) Zn
sulphate 

zinc bromide + +

(Total number of combinations, 34.)

glycerine as fluxes, as occur in galvanizing using the more active chloride 
fluxes, the difference between the fluxes being merely one of degree of 
intensity of chemical activity.*

* Xt is possible, in special cases, th a t the “ flux ” may do no more than remove 
oxide, leaving the solid surface clean "without the formation of a compound between 
flux and metal *çvhich must be decomposed by the liquid metal, as for example in 
the use of hydrogen in the soldering of steel "with copper, but where molten salts 
are used for fluxing the mechanism described above must hold.

VOL. XLXX. M
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It may be concluded that, using a liquid flux, “ dressing ” will 
always accompany the formation of a hot-dipped coating, even though, 
as appears to be generally the case, the alloy layer formed by interaction 
of liquid metal and the solid metal being coated is perfectly adherent to 
the work. Within limits, however, dressing can be controlled; for 
example, by preventing the pickling salts being carried into the flux, by  
reducing the activity of the flux to the minimum necessary for perfect 
wetting, and by the addition of special substances to the molten metal or 
flux (see for example Lorenz 9). Dross in the galvanizing process can 
also sometimes arise to a small extent from the breaking up of the FeZn- 
layer which forms the base of the coating by the evolution, at galvanizing 
temperatures, of hydrogen which has been occluded in the pickling 
operation.

S p e c i a l  C a s e s  o f  C o a t in g  b y  H o t - D i p p i n g .

Cadmium Coatings.

G. de Lattre 10 has discussed the advantages of cadmium over 
zinc for the production of hot-dipped rust-resisting coatings on steel, 
and considers that, since steel is not attacked by molten cadmium, 
dressing will not occur. The inactivity of steel in molten cadmium 
has been confirmed by the author,1 Ageew and Zam otorin11 and 
Isaac and Tammann.12 I t  is quite clear, therefore, that molten cadmium 
and solid iron do not give a “ dross,” but it is possible that reaction with 
the flux may do so.

Preliminary experiments having shown that iron definitely entered 
iron-free cadmium melted in contact with ferric chloride, some cadmium  
was heated with a large excess of ferric chloride and a little zinc am
monium chloride in a silica basin. After cooling, the flux (which now 
contained cadmium) was removed by washing with hot water, the 
basin was cleaned, and the button of metal remelted and poured into 
a hard-glass tube. A small quantity of metal remained in the basin 
and was not properly melted until a red heat had been reached. It was 
then added to the rest in the glass tube, the whole melted and well 
shaken before being allowed to solidify slowly in the hot tube, which 
was held undisturbed in a vertical position.

The bottom of the rod so obtained contained 0-006 per cent, of iron, 
and micro-examination showed the presence of a new constituent, 
mainly along the grain boundaries. The top of the rod contained 
5-3 per cent, of iron and a fairly large amount of grey constituent.

A  similar experiment with cadmium-zinc eutectic gave a still more 
distinct dross segregation at the top (5-08 per cent, iron), the bottom  
being almost iron free (0-0088 per cent. iron). After heating a small
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quantity of cadmium for about 15 minutes with a large quantity of 
ferric chloride in a hard-glass tube, the solidified metal was washed 
and remelted twice. It was then granulated by pouring into water 
and heated for some tim e at a good red heat under a NaCl-KCl flux, in 
order to boil off the excess cadmium. To obtain still further concen
tration the metal was again heated under a flux to a good red heat, 
and two small pieces of metal were obtained. These pieces could be 
hammered quite thin and were distinctly magnetic, and one piecc, weigh
ing 0-05 grm., when examined under the microscope showed about 10 
per cent, of cadmium (white) and about 90 per cent, of grey constituent, 
which was massive in character, as is shown in Fig. 1 (Plate X X X II), 
at a magnification of 1000. The whole 0-05 grm. was dissolved for 
analysis, and 17-8 per cent, iron and 81-2 per cent, cadmium were found. 
Since these total 98 per cent., the grey constituent must be metallic. 
If it  is FeCd2, the 17-8 per cent, iron will be combined with 71-6 per cent , 
cadmium leaving 10-6 per cent, cadmium free, thus agreeing with the 
distribution found under the microscope. The microscopic and 
analytical tests made in the earlier experiments indicated that the 
compound is, to all intents and purposes, insoluble in molten cadmium.

When properly fluxed mild steel is immersed in molten cadmium 
reaction immediately takes place, FeCd2 being formed on the steel 
surface. Since, however, cadmium is insoluble in the compound, the 
cadmium cannot difluse to attack the underlying steel and the reaction 
ceases at once. A similar state of affairs holds for solid magnesium  
and molten tin .13 Drossing accompanies the formation of the coating 
due to reaction between the molten cadmium and the iron salts contained 
in the flux, and the resulting compound, being infusible at the working 
temperature and lighter than cadmium, rises to the top of the metal 
bath.

Hot-Dipping in Pure Lead.

Since, according to Isaac and Tammann,12 lead and iron have no 
affinity for each other, it  is generally considered that a “ bonding ” 
agent, e.g. tin, must be added to  the lead bath (see, for example, Raw- 
don 14). An attempt was made to  produce a lap-joint with mild steel, 
using ammonium chloride as the flux, and pure lead as the solder. On 
breaking the joint, fracture occurred through the lead, the separated 
halves being lead-coated. Spectroscopic analysis of the lead used in 
this and the following experiments showed it to  be very pure.

A continuous coating of this lead was obtained on mild steel by 
hot-dipping using zinc-ammonium chloride as the flux. The formation 
of the coating was slow, two dips of about 2 minutes each being necessary.
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Micro-examination of a button of lead which had been melted in 
contact with ferric chloride showed the presence of a constituent 
which was harder than the lead and white in colour. A piece chipped 
off the top of the button contained 0-15 per cent, of iron. The white 
constituent was segregated to  the top of the button and its appearance 
is shown in Fig. 2 (Plate X X X II). The reduction of iron from the flux 
by molten lead is very slow and this is the reason why a longer tim e is 
necessary to  form a lead coating than to  form a zinc or cadmium coating.

By considerably increasing the tim e of heating and tlie quantity of 
ferric chloride used, followed by liquation, an alloy rich in iron was 
obtained. A small piece (0-75 grm.) was chipped off the top and ham
mered fairly thin. Micro-examination of both sides showed about 
20 per cent, of free lead, the rest being the hard white constituent. 
This sample was very magnetic and was all dissolved for analysis, 
9-22 per cent, iron and 90-62 per cent, lead being found. Since these 
total 99-82 per cent, the mixture is metallic. If the iron is present as 
the compound FePb, the 9-22 per cent, iron will hold 68-26 per cent, 
lead in combination, leaving 22-52 per cent, free, thus agreeing with the 
distribution found under the microscope.

The formation of a lead coating by hot-dipping is thus quite normal, 
a lead-iron compound (FePb2) serving to  cement the lead and the steel 
together. The observed inactivity of molten lead with respect to  solid 
steel is due to the insolubility of lead in the compound which acts as an 
insulating skin. The slowness of formation of the coating is due, not 
to the low affinity of iron for lead, but to  the slowness of removal of th e  
chlorine layer from the fluxed surface by the molten lead. Additions, 
such .as tin, to  the lead, speed up this reaction and so make it easier to 
obtain a coating.

The Tinning or Soldering of “ Alum inium -Bronze’’

Cases do exist, however, where wetting of the compound first 
formed is incomplete, giving an unsatisfactory coating, as for example 
in the tinning of “ aluminium-bronze.”

If a strip of “ aluminium-bronze ” (8 per cent, aluminium) is rubbed 
clean with emery paper, and a small piece of tin, together with zinc- 
ammonium chloride, is then placed upon it, and the whole heated, it 
will be found that the tin  m elts and flows in the normal way to form a 
shallow pool. Almost at once, the edges of the pool recede, leaving a 
dirty-white coloured area all round the still molten tin, the whole still 
being covered with molten flux. This recession after wetting has oc
curred takes place independently of the composition of the flux used 
and does not occur with copper as the basis metal.
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A strip of bronze was heated for some minutes in molten tin at about 
300° C. and, after cooling, the melt was sectioned and polished, when a 
layer of bright interfacial alloy between the tin  and the bronze was 
clearly visible to the naked eye. A sufficient thickness of this alloy 
was produced on an accurately machincd bronze rod so that turnings of 
it could be obtained for analysis. The alloy contained

Per ccnt.
. 4 6 4  
. 49-0 
. 3-9
. 0-025

The iron was derived from the “ bronze ” in which it was present as an 
impurity. The aluminium in this tin  alloy is 8 per cent, of the copper 
content, showing that the solid has reacted as a whole with the tin. 
From the work of Edwards and Andrews 15 it appears that this alloy 
is a solid solution of tin  and aluminium in Cu3Sn, thus differing from the 
alloy formed in the soldering of copper (Cu3Sn with tin  in solid solution) 
in that it  contains aluminium.

By maintaining a deep pool of molten tin  on a piece of “ aluminium- 
bronze ” strip and then grinding down, a specimen was obtained in 
which the greater part of the surface was “ bronze,” with a large area 
of tin and an area of tin  alloy (“ compound ”). Repeated attempts 
were made to tin  the compound, but all of them  failed. It is this lack 
of complete wetting of the interfacial alloy by tin  which makes it 
impossible to  obtain satisfactory lap joints with “ aluminium-bronze.” 
If the pool of molten tin is deep enough, the mere weight of the molten 
metal is sufficient to  keep it pressed out to the edge of the fluxed area. 
The fact that the interfacial alloy grows readily to visible thickness 
shows that tin  dissolves in and diffuses through it, making it more 
difficult to understand why tin should only partially wet it.

S u m m a r y  a n d  Co n c l u s io n s .

Quantitative data on the sources of iron salts in galvanizing flux 
have been presented, and it has been shown how these lead to the 
formation of “ dross.”

A theory of the action of fluxes in hot-dipping processes has been 
advanced and evidence offered in support. It has been concluded that 
contamination of the liquid metal (“ drossing ”) is a normal accom
paniment of hot-dipping processes, and methods for controlling it  have 
been indicated.

The coating of steel with cadmium and lead by hot-dipping has been

Tin
Copper .
Aluminium
Iron
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brought in line with tinning and galvanizing by the discovery that these 
metals can form compounds, FeCd2 and FePb2, with iron. These 
compounds are both magnetic, have high melting points, and are lighter 
than cadmium and lead respectively, so that the drosses rise to  the sur
face of the liquid baths. In both cases the molten metal is insoluble in 
the compound, so that its formation on the surface of the steel being 
dipped effectively shields it from further attack.

The action of molten tin  on an 8 per cent. “ aluminium-bronze ” 
has been shown to  result in the formation, on the bronze surface, of a 
solid solution of tin  and aluminium in Cu3Sn, which is only partially 
wetted by molten tin, making it impossible to solder the “ bronze ” 
successfully.
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D ISC U SSIO N .

P r o f e s s o r  E . S. H u t t o n , * D.Sc. (V ice-Prcsident): I  feel tlia t this is a 
paper which is very suitable for discussion a t  a  jo in t session of the two In s ti
tutes, because if ever there was a  field on which the ferrous and non-ferrous 
metals are brought intim ately in  contact i t  is surely in the caso of coated 
metals such as galvanized steel and tinplate. In  this caso the non-ferrous 
partner is the “ top dog,”  and i t  is really on th a t account th a t the British 
Non-Ferrous Metals Research Association ventured to  in itia te  some researches 
in this field of galvanized products.

I  think th a t th e ' general impression is th a t the production of galvanized 
products is essentially a  ferrous industry, bu t w hilst adm itting th a t some of 
the most im portant metallurgical considerations are concerned w ith  the base 
metal, we feel there is ample scope for further study w ith regard to  the coating 
itself. Consequently tho Research Association has started  a  num ber of 
investigations, the report which the author has given being one of several. 
Other work has been concerned no t only w ith the process of galvanizing but, 
more recently, w ith the products of galvanizing, and work is in progress a t  
Cambridge on the testing of galvanized coatings and on tho behaviour of tanks, 
tubes, and other products in connection w ith hot-water corrosion—work of 
very great practical importance.

I  hope th a t the present paper will a ttra c t attention , so th a t we may have 
some constructive criticism, because the thesis which the author presents 
really goes a  very great deal further than  may a t  first sight seem to be the case, 
and a whole field of interest in  regard to the soldering and jointing of metals 
is more or less directly affected by his conclusions. Any new knowledge we 
can gain w ith regard to  the mechanism of fluxing in hot-dipping, soldering, 
or brazing is likely to  be extremely im portant both to  the scientific metallurgist 
and in particular to  the practical craftsm an in the application of these methods. 
I  th ink  th a t the paper deserves very serious study from th a t  poin t of view, and 
I hope th a t some of the bold statem ents which the au thor has made and the 
conclusions th a t he has reached will be subjected to  constructive criticism by 
the members of both the Iron and Steel In s titu te  and the. In s titu te  of Metals.

Lieut.-Commander G. K . R ylands,!  R .N. (ret.) (M em ber): I  can only 
discuss th is paper from the severely practical point of view. I t  m ust be of 
very great assistance to  industry when an association liko the B ritish Non- 
Ferrous Metals Research Association and a very able investigator like the 
author give us this help and this lead on various galvanizing problems, bu t I 
think th a t the author takes ra ther a pessimistic view regarding the coating of 
m etals; he more or less informs us th a t the production of dross is inevitable.

I  am  inclined to  question th a t view. I  believe th a t if suitable precautions 
are taken, and the process is kep t under proper control, the  am ount of dross 
produced in  wire galvanizing—of which alone I  speak—should be practically 
negligible over many months of working. I t  seems th a t in some of these 
tables the author has rather overlooked the practical aspect. • For instance, 
in Tables I I I  and IV  he refers to  heating times and tem peratures which are 
altogether outside any practical experience. He refers, for instance, to  a 
tem perature of drying of from 150° C. So far as wire galvanizing is concerned, 
the tem perature of drying would never exceed the boiling point of the flux, 
and the tim e of drying will never be in excess of a few seconds; I  cannot say 
offhand how m any seconds, bu t I  th ink  th a t 5 seconds would be a very liberal 
estim ate. I  do no t see w hat is the implication of this “  maximum tem perature

* Professor of Metallurgy, The University, Cambridge, 
t  General Works Manager, Rylands Brothers, Ltd., Warrington,
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a t  which any'given flux can be ' dried-oii ’ consistent w ith  a  perfect coating.” 
I  do n o t see the object of finding it. In  our experience the minimum tem 
perature th a t can be worked with, consistent w ith proper drying and proper 
cleanliness of surface, is always the ono required.

I  fail to  understand w hat is m eant by “ a concentrated zinc chlorido 
solution.” T hat sounds vague; i t  sounds as if i t  wcro a very strong solution, 
and I  personally should hesitate myself, in ordinary wire galvanizing, to 
work w ith anything greater than  a 5 per cent, zinc chlorido solution.

In  Table V reference is m ade to  a  “  satu rated  zinc chloride solution.” 
T hat suggests to  me, as a purely practical man, w ithout extensive scientific 
training, a sort of nasty, treacly mass which i t  would bo q.uite impossible to  use 
for any reasonable form of galvanizing.

Coming to  the theory and mechanism of fluxing and galvanizing, the author 
makes the general statem ent th a t “  If  a strip  of mild steel is cleaned w ith emery 
paper and dipped into molten zinc, no coating will be obtained.” He makes 
th a t  statem ent generally and w ithout qualification, b u t I  suggest th a t i t  is 
purely a  m atter of tim e. If  a  strip  of mild steel cleaned w ith emery paper be 
dipped into zinc and  loft long enough, a definite coating will be obtained, and 
if it  is left still longer the steel will depart altogether ! If  the au thor’s general 
sta tem ent were true, i t  would be very useful for the  industry, because we 
should be able to  clean the inside of our galvanizing baths w ith emery paper 
and then presumably they  would last for ever ! I  only wish th a t th a t were 
the case.

T hat brings us to  the whole crux of th is m atter. Our experience does seem 
to indicate th a t the principal source of the formation of dross in galvanizing 
is no t the wire itself or the flux or anything else on th e  wire, b u t the mass of 
iron of which the bath  is constructed, and the rollers, &c. which are immersed 
in  the zinc, m any of which are revolving and causing a  certain turbulencc, 
which undoubtedly increases the ra te  of solution. T hat is the real source of 
the largest volume of dross which is formed in a  well-controlled galvanizing 
process.

Mr. W. R .  L y s a g h t ,* C.B.E., J .P . : Professor H u tton  said th a t we m ay 
regard galvanized iron as partly  ferrous and partly  non-ferrous. In  m y young 
days the ferrous represented 85 per cent, and the non-ferrous 15 per cent., bu t 
to-day owing to  competition and so on, in  some cases th e  ferrous is 95 per 
cent, and the non-ferrous 5 per cent. They have got to  th a t now, I  believe, in 
Jap an  1

Mr. D a n ie l s  (in  reply): I  am glad th a t one speaker has taken to  heart 
Dr. H u tton ’s desire for criticism. Mr. Rylands seems to consider th a t dross in 
a well-conducted galvanizing operation should be negligible, or practically 
negligible. I  have tried  to  show, by  studying very carefully the various 
factors entering into the galvanizing operation, th a t dross can be reduced very 
considerably. I  have illustrated the various sources of dross and shown how' 
they  can be c9ntrolled, and th a t each tim e one of these sources is cu t ou t the 
to ta l am ount of dross can be reduced. I  feel, however, th a t the evidence 
shows th a t the flux itself is a  source of dross which cannot be entirely elimin
ated. D uring the last few days I  have carried ou t some experiments, using a 
flux which has practically no action on steel bu t which does ac t quite definitely 
as a  flux; i t  will clean the m aterial and enable i t  to  be galvanized w ith  a 
perfectly continuous coating. The dross in th a t case was cu t down to  about 
O'fti grm. p e rm .2 of sheet surface, w hilst the lowest am ount of dross quoted in  
Table "V is 0-36 per m .2 of sheet surface. I t  has therefore been cu t down very

* Chairman andManagingDirector, John Lysaght,Ltd., Bristol and Newport, Mon.
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considerably compared w ith the zino chloride solution, b u t i t  has still not 
disappeared completely.

Mr. L y s a o h t  : H o w  m any pounds to the ton is that ?

i\[r. D a n i e l s  : I  cannot say offhand.

Mr. L y s a o h t  : T h a t  is the on ly  th ing m ost galvanizers aro interested in.

Mr. D a n ie l s  : The question of heating times and  tem peratures was
investigated because I  have seen articles in galvanizing works left open over a  
coke fire for 20 m inutes while th e  galvanizer wras doing something to  his bath. 
In  wire galvanizing, where things are carried ou t much more efficiently, the 
flux m ay be dried off a t  110° C. and only for a few seconds, b u t there are cases 
where the tim e has been very much longer than  tha t, and I  was convinced 
th a t tim e and tem perature would have a very bad effect on the flux. The 
point was therefore investigated to  show exactly w hat the conditions were.

Tho m aximum tem perature of preheating of 100° C. seems to be unneces
sarily low. If  the flux can stand  further heating, and tho article bo heated 
further after dipping in  the flux solution, there is the advantage of putting  tho 
articles into the zinc bath  a t  a  tem perature nearer th a t of the zinc, and cutting 
down the heat inpu t into the zinc ba th  which would be necessary if th e  articles 
were cold.

Tho zinc chloride solution called “  concentrated ” was saturated  a t  room 
tem perature.

Mr. R ylands’ method of galvanizing w ithout a flux, merely by rubbing with 
emery paper, does no t seem to be a very practical proposition.

W ith regard to  the po t itself forming dross, i t  has been shown * th a t if tho 
tem perature of tho zinc in  contact w ith  tho steel surface never rises above 
480° C., the dross compound FeZn, which is formed as a  result of tho reaction 
between the steel and the zinc never leaves the zinc surface and cannot form 
dross a t  the bottom  of the galvanizing kettle. I  have sta ted  in th is paper th a t 
under normal conditions the reaction between zinc and steel cannot form dross. 
I  m aintain th a t th a t is quite true, and the abnorm al conditions are such as 
aro very rarely m et w ith in galvanizing practice. One is the addition of 
1 per cent, of cadmium to  the zinc bath, and no practical galvanizer would 
think of doing th a t ;  another is tho use of steel containing various alloy 
elements—for instance, nickel-chromium steel gives a considerable am ount 
of dross when acted on by molten zinc, and I  know of a  case where a  lo t of 
dross was formed from the steel surface by the action of zinc on a  steel which 
was full of slag and rich in phosphorus and sulphur.

* E. J . Daniels, J . Inst. Metals, 1931, 46, S1-9G.
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THE DISTORTION OF WIRES ON PASSING 
THROUGH A DRAW PLATE *

By P r o f e s s o r  G. I. TAYLOR, F.R.S., t  and H. QUINNEY,} M.A., M e m b e r .

S y n o p s is .
Composite coppcr wires Jth  in. in diameter, each consisting of two 

wires of semi-circular section, were pulled through various draw-plates. 
Photographs are reproduced showing the distortion of the cross-sections. 
Theso aro treated in a quantitative manner, measurements of the ratio of 
distortion to increaso in length being found for various reductions in area 
and anglo of taper. The principal results a re : (1) When an annealed 
wiro is drawn through successive holes in a draw-plate, each of 3° taper, 
so tha t it  suffers equal proportional reductions in area a t each draught, 
the distortion of the cross-section rapidly diminishes until (in the example 
of Figs. 1-6) it  has ceased to be measurable after four draughts. (2) For 
any given reduction in area the distortion increases as the angle of taper 
increases. (3) When the reduction in area is small and the angle of taper 
largo so th a t the length of wiro in contact with the drawhole is small 
compared with its diameter, the distortion of the central part is inde
pendent of the anglo of taper, but tho distortion in the outer part increases 
as tho anglo of taper increases. (4) For a given reduction in area and 
angle of taper the distortion in tho outer part of the wire is greater when 
tho drawing is done in two stages than when the whole operation is done in 
one draught. Tho distortion in the central portion is the same in the two 
cases. (5) The fact tha t the distortion of tho outer part of tho wire 
varies so much with the angle of taper of tho draw-hole, whilst the 
inner part is little affected, seems to explain why different X-ray analysts 
obtain consistent results for the structure of the inner parts of drawn wire, 
but widely divergent results for tho outer layers.

I n  some recent papers § and discussions on the mechanics of wire
drawing, attention was directed to the distortion suffered by planes of 
particles initially at right angles to the axis of a wire as they pass 
through the die. It has been suggested to the authors by Mr. W. E. 
Allans that members of the Institute of Metals might be interested in 
some photographs which they took rather more than a year ago and which 
illustrate this distortion. The authors’ experiments were made with 
annealed copper wire of semi-circular cross-section and £ in. in diameter. 
The flat face was polished and engraved with fine scratches running

* Manuscript received March 17, 1932. Presented a t the Annual Autumn 
Meeting, London, September 14, 1932.

t  Yarrow Research Professor of the Royal Society, 
i  Engineering Laboratory, Cambridge.
§ (a) Allans and Cartwright, ./. I?ist. Metals, 1931, 46, 293-303. (b Francis 

and Thomson, J . Inst. Metals, 1931, 46, 313-337.
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parallel and perpendicular to the axis of the wire over a lengt h of some 
20 or 30 diameters. The wire was then bent double in the middle so 
that the flat polished faces were in contact. It was then fded suffi
ciently conical to enable the bend to be pushed far enough through 
the die for a 3-jaw grip to hold it;. The die was then very care
fully adjusted until the axis of the conical die hole was vertical. The 
chuck, which was constrained to move vertically, was then moved 
downwards at a constant speed. These precautions in regard to  
centring and setting up were found to be necessary in order to ensure 
that the two halves pull through the die in an exactly similar manner. 
Small errors in setting up the die and chuck resulted in unsymmetrical 
distortion as revealed by the scratches or by a residual curvature of 
the wire after drawing.

It is evident that the division of the wire into two halves * should 
not affect the stresses or strains which occur during the process of 
wire-drawing, because, owing to symmetry, the stress exerted across 
any axial plane must be entirely normal to the surface, so that the 
stresses in a split wire should be identical with those in a solid wire. 
The same considerations do not, of course, apply to rods or wires built 
up of concentric tubes.

In the first series of experiments the wire was fixed to the slide rest 
of a lathe, and transverse scratches were made by means of a weighted 
razor blade of such a depth that they were just visible after passing 
through five successive draw-holes, so that the length increased 3-7 
times. The diameter of the wire was initially 0-1235 in., and the 
diameters after passing through the five holes were 0-1140 in., 0-0978 
in., 0-0842 in., 0-0720 in., and 0-0640 in. The dies used were of the 
type used in commerce, and were kindly presented to the authors by 
Mr. W . E . Alkins; their angle of taper was approximately 3° [i.e. the

* This method has been used by Siebel, and it was the appearance of his paper 
just after the present authors had completed the work here described that made 
it seem unnecessary for them to publish their results. The fact, however, tha t 
their results were obtained with ¿-in. wires drawn through ordinary die holes, 
whilst Siebel used large rods, and the fact tha t they have analyzed their photo
graphs and given quantitative interpretations of them, have made them reconsider 
their original decision not to publish them. Some of the photographs are not 
technically so good as Sicbel’s. This is duo chiefly to the small size of tho wire 
as compared with Sicbel’s, and to  the fact tha t the present authors’ method of 
annealing produced grains which were too large a fraction of the diameter of the 
wire. E. feie bei, “  ]3io Formänderung bei technischen Formgebungsverfahren,” 
Natnrwiss., 1931, 19, 515.

Note added May 26, 1932—The photographs referred to above are reproduced 
in Professor Körber’s lecture to tho Institute on May 11, 1932 (J ■ Inst. Metals, 
1932, 48, 317). Readers may therefore comparo the two sets, and will see tha t 
there is good qualitative agreement between them. The more quantitative 
interpretation of the present authors’ photographs which are given in tho following 
pages may bo regarded as an extension of the work described by Professor Körber.
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angle between the surface of tlie die and the axis of symmetry), but 
they were not exactly conical.

The successive appearances of the scratches are shown in Figs. 1-6 
(Plate X X X III). It will be seen that they resemble parabolas. The 
actual forms of the transverse scratches were obtained by measure
ment of enlarged photographs. They are shown in Fig. 7, which 
contains 5 curves drawn to scale. No. 1 is the form after one draught, 
No. 2 after 2 draughts, etc.

The curves show that, in addition to the longitudinal extension and 
lateral compression, there is a shearing strain parallel to the axis which 
increases to a maximum value at the surface. Figs. 2-6 (Plate X X X III)  
enable the amount of shearing strain to be compared with the extension 
at each stage. The shearing strain is the small angle through which a 
transverse line initially straight is bent during the passage through 
the die.

If x v  x2 . . .  xs are the heights of the centres of the curves of 
Figs. 2, 3 . . .  6 above their bases, and d0, dv  d2 . . .  db the initial 
diameter and the diameters of the wire after the first, second . . . fifth 
draughts, the measured values of xn and dn (i.e. the values of x and d 
after the «th  draught) are given in the second and third columns of 
Table I. If en is the ratio of the length of wire after the nth  draught 
to its initial length, then, if there is no appreciable change in density, 

/0 T 2 3 5 \2e„ =  y—2— J > and the values of are given in column 4.

Assuming as a rough approximation that the curves of Figs. 2-6  
arc parabolas, the maximum shearing strain occurs at the surface of 
the wire, and in the case of the first draught it is

dsx =  i x j d 1 ........................................(1)

To obtain dsn, the amount of shearing strain which occurs during 
the nth draught, it is necessary to remember that after the first draught

T a b l e  I.

1. 2. 3. 4. 6. G. 7. 8. Draught.

n. tin- x ti‘ ®n/£n-1* dj„.
fen

(— - 1) 'e« -i >

0 01235 0 1-00
1 0-1140 0-0046 1-17 1 17 0-0040 0-16 Ô-9 firs t
2 0-0978 0-0111 1-59 1-36 0-0049 0-20 0-5 second
3 0-0842 0-0174 2-15 1-35 0-0024 o - n 0-3 th ird
4 0-0720 0-024 2-94 1-37 o-oo 0 0 fou rtli
5 0-0G40 0-029 3-72 1-27 0 0 fifth
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the scratched transverse line is no longer straight at the beginning of 
the operation. Even if no further shearing strain occurred during 
subsequent draughts, the parabolas would become higher and narrower, 
owing to the lateral contractions and longitudinal extension of the 
wire. To allow for this effect, the geometry of the system shows that 
one must use the expression

ds„ =  4 [ Xn ~  Xn~}(‘"/frf-O-l  . . . .  (2)
I J

This is, of course, identical with expression (1) for the first draught, 
because when n — 1, zn- 1 =  0. The values of these shearing strains 
dsn have been calculated from the figures of columns 2, 3, and 4 of 
Table I. They are given in column 6 of the same table.

It is clear that at any given stage of the proceedings the shearing 
strain might be expected to increase with the amount of extension.

The percentage extension during the nth draught is 100(— ----- l ) .
'en -1 '

The quantity ( — ----- 1 ), which is the ratio of the extension of the

wire during the nth draught to the length of the wire before the nth 
draught, may be called the proportional extension, occurring during 
the nth draught.

The quantity which expresses the ratio of the maximum shearing
ds

strain to this extension is evidently  --— - .  The values of this

(—"O'\e„_ ! /
have been calculated, and they are given in column 8, Table I.

1

• ds
It will be seen that in the first draught------- -—  =  0-9, in the second

En -1
draught it is 0-5, in the third it is 0-3; in the fourth and fifth it is 
too small to be measurable. These experiments show, therefore, that 
in drawing copper wire through these dies it was only in the first three 
draughts, whilst the metal was rapidly hardening, that the distortion 
was appreciable. During the fourth and fifth draughts no further 
measurable * distortion occurred, the longitudinal extension and lateral 
contraction being uniform across the section.

A first glance at Figs. 5 and 6 (Plate X X X III) would suggest that 
the distortion is increasing, because the fourth parabola is higher and 
narrower than the third, and the fifth is higher and narrower than the 
fourth; but the figures in columns 2 and 3 of Table I  show that these

* i.e. m easu rab le  b v  th e  som ew h at insensitive m ethods here described .
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changes in shape are merely due to  the lateral contraction and longi
tudinal extension, for in the absence of shearing strain the height of a

parabola would increase in the ratio . I t will be seen from

column 3 that — =  =  1-38, whilst from column 5 — =  1-35. For
x3 0-0174 e3

/v 0*20 e
the fifth draught — =  —tt-t =  1-21, whilst — =  1-27. Thus in these two °  0-24 e4

draughts so that the whole measurable distortion was an
£ n -l E» - i

extension without additional shear.

O b s e r v a t io n s  w it h  M o r e  R a p id l y  T a p e r in g  D ie  H o l e s .

The dies with which the series of observations already described 
were made had only a small taper of about 3°. W ith a view to finding 
out whether a more rapid contraction of the die hole would increase 
the distortion of cross-sections, three dies were prepared, all designed 
to  draw down from 0-127 in. to  0-1075 in. The first was one of Mr. 
Alkins’ dies with taper 3°, the second had a taper of 15°, and the third 
had a taper of 30°, and in order to observe the actual distortions 
occurring everywhere during the process of drawing, the specimens 
were ruled with four longitudinal and a large number of transverse 
scratches. The split wire was then drawn through the plate until the 
middle of the draw plate was approximately in the middle of the 
engraved area. The draught was then stopped and the specimen was 
drawn out backwards, special precautions again being taken to ensure 
that this operation was carried out symmetrically.

With this technique the distortions occurring within the draw plate 
could be observed, but before any reliable results could be obtained it 
was necessary to improve on the methods of engraving used in the 
first series of experiments. To this end an engraving machine was 
made with an accurate feed screw of 0-5 mm. pitch, and of the quality 
used in first-class optical instruments. The engraving tool was a 
safety-razor blade which had been broken across the middle. I t  was 
mounted on a pivoted holder so that its cutting edge was at 45° to the 
horizontal plane of the polished surface of the specimen. The weight 
of the holder was held by a long and weak spiral spring, and the depth 
of the cut was controlled by weighting this holder until the knife 
pressed with a known force on the specimen. The pressure used on 
the blade varied from 5 to 50 grm., and the scratch made was invisible 
to the naked eye.

The engraving machine which held the specimen had two perpen-



P l a t e  X X X I I I .

FlG. 2.—First d raugh t: load required to draw 
t hrough die 115 pounds.

Diameter after drawing 0*111 inch. 
Magnification 17*7 diameters.

FlG. 5 .—Fourth d raugh t: load 
required to draw through die 
110 pounds.

Diameter after drawing 0-0720 inch. 
Magnification 17*7 diameters.

FlG. 1.—Original wire as marked. 
Diameter 0*1235 inch. 

Magnification 17*7 diameters.

FIG. *1.—Third draught: load required 
to draw through die 180 pounds.

Diameter after drawing 0*0812 inch.
Magnification 17*7 diameters.

FlG, 3.—Second draugh t: load required to 
draw through die 230 pounds.

Diameter after drawing
Magnification 17*7

F ig. 0.—Fifth draught: load 
required to draw through 
die 58 pounds.
Diameter after drawing 

0*0010 inch.
Magnification 17-7 diameters.

[Toface p.  192.



P l a t e  XXXIV.

F ig. S.—3° taper, x  12*1. F ig. 9.—15° taper, x  12*1.



P l a t e  XXXV.



P l a t e  XXXVI.

FIG. 12.—15° taper, x  12-1. 
2-Stage draught, after second stage.
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dicular movements like a slide rest. The transverse marks were made 
by sliding the specimen by hand under the tool, and, alter engraving 
each line, the feed screw was turned through a given angle so that the 
lines were equidistant. Although the marks could not be seen by the  
naked eye in ordinary lights, they could be illuminated by special 
types of lighting, and enlarged photographs could be taken. Some of 
these are shown in Figs. 8-12 (Plates X X X IV -X X X V I).

Fig. 8 shows the effcct of drawing through a die hole with 3° taper 
from 0-127 in. to 0-107 in., the reduction area being therefore 29 per 
cent. The length of wire on contact with the draw plato was

wire before drawing.
Fig. 9 shows the distortion when the angle of taper is 15°, the 

reduction in area being the same as before— namely, 29 per cent. The 
length of wire in contact with the plate was 0-29d„.

Fig. 10 shows the distortion when the angle of taper is 30°, the 
reduction in area being 33 per cent. In this case the length of wire in 
contact with the plate was L  =  0-14<Z.

Since the reduction in area is nearly the same in all cases, Figs. 
8-10 are comparable.

It will be seen that the distortion of the cross-section increases 
rapidly as the taper increases, and the length of contact consequently 
decreases. In the case of the 30° taper the precautions taken to 
ensure symmetry do not seem to have been very successful, the chord 
joining the ends of the curved transverse line is not perpendicular to  
the axis. In order to compare the distortion of plane sections for 
various angles of taper, the transverse lines in each photograph were 
measured by means of a reading microscope fitted with a stage and 
measuring screw for moving the photograph under the microscope 
in a direction at right angles to that of the motion of the microscope. 
The co-ordinates thus measured of points on any transverse scratch 
were then set out on a diagram as shown in curve I, Fig. 13. In this 
diagram the ordinates represent the displacement of the transverse 
lines parallel to the axis of the wire, whilst the abscissae represent 
distances from the central axis of the wire. The scale of the ordinates 
is increased in the ratio 3 : 1 ,  in order to show up more clearly the 
principal characteristics of the distortion.

It will be seen that curve I, which represents the distortion of the 
cross-section after drawing through the die with 30° taper, is noticeably 
unsymmetrical. In the other cases the asymmetry was scarcely appre
ciable, but in this case there must have been some accidental want of 

VOL. x l i x . N

1 -5d0, where d0 is the diameter of the



symmetry in the drawing of the wire. In order to eliminate as far as 
possible errors due to this cause, and thus make it possible to  compare 
the distortions produced by various draw holes, the curves were shifted

194 Taylor and Quinney : The Distortion of

in the manner represented in Fig. 13, so that they represent, as in curve 
II, the displacement of the transverse section relative to the plane 
through its outer edge.

The curves derived in this way from Figs. 8, 9, and 10 are 
shown as A , B, and C in Fig. 14. It will be seen that with the 3° taper

F
io

. 
13

.
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tho longitudinal displacement of the central portion of the wire relative 
to its outer surface is 0-004 in., with 15° taper it is 0-0115 in., whilst 
with 30° taper it is 0-0205 in.

E f f e c t  o f  L e n g t h  o f  C o n t a c t  b e t w e e n  W i r e  a n d  D r a w  H o l e .

For any given percentage decrease in area of cross-section, the 
length of wire in contact with the draw hole decreases as the angle of 
taper increases. The effect of decreasing the length of contact can be 
investigated independently of the effect of increasing the angle of 
taper, by comparing the distortion produced by drawing a wire through 
a hole of given taper in one single stage with the distortion produced 
by drawing in two stages to the same final diameter using the same 
angle of taper. The second stage would, of course, be a draught through 
the same hole that was used for the single stage draught. A plate 
was accordingly mado with a draw hole of 15° taper and minimum  
diameter 0-120 in. This is intermediate between the initial diameter 
of the wire 0-127 in. and the final diameter 0-107 in.

If the wire remains unchanged in diameter until it first touches the 
draw plate, and then ceases to  decrease as it leaves the region of contact, 
the length of the wire in contact with the plate is

L =  \  or L — d1 [ ¿ i  ~  ^ -1 . . .  (3)2 tan a 1 L2a1 tan a J

where a is the angle of taper and d v  d2 are the diameters before and 
after passing through the draw plate. Using this formula with <x =  15°, 
a decrease in diameter from 0-127 in. to 0-120 in. corresponds with 
length of contact O-lOt^, whilst a decrease from 0-120 to 0-107 corre
sponds with a length of contact 0-19cZ. The single stage reduction, 
however, corresponds with L  =  O-lOij -f- 0-19^  =  0-29^.

The distortion during the reduction from 0-127 in. to  0-120 in. is 
shown in Fig. 11 (Plate X X X V ), whilst the distortion during the second 
stage from 0-120 in. to 0-107 in. is shown in Fig. 12 (Plate X X XV I). 
The measured co-ordinates of the transverse lines are shown in curves D 
and E  in Fig. 14. Comparing curve B,  which represents the distortion 
when the wire is reduced in area by 29 per cent, in one draught, with 
curve E,  which represents the distortion occurring when the same 
reduction in area is carried out in two stages, it will be seen that the 
total distortion is considerably less in the former case than it is in the 
latter. Thus reducing the length of contact increases the amount of 
distortion for a given reduction in area and the same angle of taper. 
If, for instance, a draw plate were constructed containing a very large 
number of holes, each of slightly less diameter than its predecessor, but



Wires on Passing through a Draw Plate 197

all having the same angle of taper, this result would lead orie to expect 
that the distortion of the cross-section would be greater if the wire 
were drawn through every hole than if it were drawn through every 
other hole.

V a r i a t i o n  i n  D i s t o r t io n  f r o m  t h e  C e n t r e  t o  t h e  S u r f a c e  o f

t h e  W i r e .

In comparing the three curves B, C, E,  Fig. 14, it will be seen that, 
although they stand up from their bases to very different heights, they  
are nearly parallel curves in the middle part of the wire. The differ
ences between them are confined to the outer part of the wire. Curve
A,  however, is flatter than B, 0,  or E  throughout its length. This 
can be seen more clearly by displacing the curves parallel to  the axis 
of the wire until their vertices coincide. This has been done in Fig. 15, 
and it will be seen that the curves B  and E  are very nearly coincident 
over three-fifths of their diameter. The curve C is slightly steeper 
than B o x  E m  the central part, but it  must be remembered that the  
final diameter was slightly smaller in the case of the 30° taper than in 
the case of the 15° taper. Making due allowance for this, it  will be 
seen that when L,  the length of wire in contact with the die, is a 
fraction (less than one-third) of its diameter, the distortion of the 
central three-fifths of the wire depends only on the total reduction in 
area, being independent of the actual value of L  or of the angle of 
taper of the die. On the other hand, when L  =  l-5c/0, as in the case 
of curve A,  the distortion in the central part is considerably less than 
for curves B, C, and E,  where L  =  0-29r/0, 0-14cZ0, 0-19c£0, and 0-10cZc.

Comparing curves B  and E,  a decrease in L  from O29<70 for B  to  
0-l(W0 and 0-19tZ0 for E  corresponds with an increase in the amount of 
distortion in the outer part of the wire. This might be expected, for 
the regions of greatest stress must be concentrated near the part of 
the wire where there is contact with the die hole, so that a decrease in 
L  may be expected to correspond with an increase in concentration of 
shearing stress in the outer parts of the wire and a consequent increase 
in distortion there. On the other hand, the stress distribution in the 
central part of the wire would scarcely be expected to depend much 
on the exact length of the region of contact, so that the fact that the 
distortion in the central part of the wire is the same in the three cases
B, C, and E  is also quite understandable.

T h e  S t r u c t u r e  o f  D r a w n  W i r e .

The structure of drawn wire has been examined by several 
investigators by means of X-rays, but the results are not in good
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agreement. Schmid * found that there is a considerable degree of 
preferred orientation throughout the wire, but in the central part the 
orientation is more pronounced than in the outer part. W. A. W ood,f 

* Z. Metailhmde, 1928, 20, 375. f  Phil. Mag., 1931, [vii], 11, 611.
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on the other hand, found preferred orientation only in the central part 
of the wire in a region extending out to less than half the radius. In 
the rest of the wire, comprising four-fifths of its total area of cross- 
section, he found practically no preferred orientation of the crystal 
axes. Unfortunately, none of the workers with X-rays has given 
precise descriptions of the exact conditions of drawing. Comparison 
of the four curves of Fig. 15 which represent the distortions of plane 
cross-sections under varying conditions of drawing for one given reduc
tion in area, namely 29 per cent., shows that enormous variations in 
the distortion of the outer layers are likely to occur as the conditions 
of drawing are varied. On the other hand, the distortion in the central 
portion of the wire, out to half its radius, is not nearly so sensitive to  
the conditions of drawing, and in any case the distortion there is 
small, so that the agreement between various X-ray workers as to the 
structure of the central parts of the wire and their disagreement as to  
the structure of the outer part may be due entirely to differences in 
the manner in which their wires were drawn. It is perhaps significant 
that the part of the wires B, C, E  for which the distortion was 
unaffected by varying the value of L, extended from the middle to a 
radius of 0-03 in., i.e. to 0-6 of the total radius of the wire. The area 
over which W. A. Wood found preferred orientation stretched out 
from the centre to a distance of 0-4 times the radius.

In conclusion, the authors wish to express their thanks to Lord 
Rutherford and Professor Inglis for permission to carry out this work 
in their laboratories in Cambridge.

D ISC U SSIO N .
P r o f e s s o r  F . C. T h o m p s o n ,*  D.Met. (Member) : The honour of initiating 

this discussion should have been in the hands of Mr. Alkins, for i t  is perfectly 
clear th a t if i t  had no t been for the m aterial th a t ho supplied and for his 
encouragement to  the authors the In s titu te  would no t have received this paper.

The authors have more or less apologized for presenting the paper, in view 
of the similar work brought forward by Professor Kôrber. I  am, I  think, 
voicing the opinion of all those interested in  the production of wire or in the 
investigation of tho wire-drawing process when I  say th a t I  see no justification 
for th a t apology.

Tho first of the two points which I  th ink w orthy of discussion relates to 
the authors’ very interesting observations on the effect of drawing down the 
wire in two stages, as d istinct from one. In  the first place, they have shown 
th a t drawn down in two stages the distortion is greater than  if it  is done in one. 
T hat can be more or less correlated w ith tho observation th a t Francis and I  
made recently, th a t the work done to  effect a  given am ount of reduction in  two 
stages, is greater than  in one. Lubrication losses, of course, come in, bu t even

* Professor of Metallurgy, The University, Manchester.



allowing for them , more work has to bo done in effecting tho reduction in two 
stages. T hat is in agreement w ith tho observation tho authors have made.

Tho wire-drawing proccss is, however, obviously extremely complex, and 
when the authors a ttem p t an  explanation merely on the lines of the length of 
contact between the m etal and tho die in  each pass, I  feel th a t there is 
justification for considering an alternative.

W hat have the authors done ? In  one ease (Fig. A) they have taken the
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wire down in a  single pass, and in  the other divided the die and separated 
the two parta by a distance L . From  their point of view, L  has no 
influence. If  the distance between the first and the second draw is then made 
infinitely small,* so far aa the authors’ argum ent goes they  should still get the 
result they have obtained, which seems highly improbable. As a  m atter of fact, 
there is a  very obvious reason why the length L  should m atter. I f  the material 
is drawn down, i t  is hea ted ; i t  is allowed to  w ait, i t  cools down, w ith  the result 
th a t when the second pass is taken one is no t dealing w ith  tho m aterial in a 
condition identical w ith th a t which left the die first. Further, i t  is well known 
th a t very rap id  ageing changes occur, which means th a t again the m aterial for 
tho second draw is no t th a t which originated a t  the first. I  cannot help 
feeling th a t there is a  probability th a t the results which the authors have 
obtained in  contrasting tho single w ith the double draw are to  bo accounted 
for, in a large measure a t  any rate, by the change of tem perature and the 
ageing effects between the first and second pass. I t  would, therefore, be 
extremely valuable if they  would give us exact details of the tim e th a t 
elapsed between taking tho first and the second passes. Even, however, if

th a t tim e was very small, the 
changes mentioned are likely to 
explain a  large am ount of the differ
ence th a t the authors have observed.

The other point is th is : the 
authors believe th a t the “ wave 
f ro n t” after drawing becomes a t  
any ra te  roughly parabolic. W ith 
regard to  the centre I  am in agree
m ent, b u t I  believe th a t near the 
surface the eurvo is something like 
th a t shown in Fig. B. For this there 
is evidence from several directions. 
T hat is im portant, no t only theore

tically, bu t also in connection w ith the troubles which occur in  the difficult
"  casting ” problems when the coil ties itself in knots.

DIRECTION  OF M O VE M EN T  OF W IRE

F ig. B.

* I.e. to all intents and purposes a single die is used.
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Mr. W. E . A l k t n s ,* M.Sc. (M em ber): I  am pleased to  havo been instru

mental, in a  very m inor degree, in  securing the presentation of this interesting 
paper to  the Institu te . The work described differs, in my opinion, quite 
sufficiently from th a t of Siebel, brought before the In s titu te  this year by 
Professor K orber in his admirable May Lecture, fully to  justify the authors 
and the In stitu te  of Metals in publishing it. I  feel th a t  we owe a debt of' 
gratitude both to  Professor Taylor and Mr. Quinney and to  the Institu te .

I  cannot usefully say much on the paper. I  m ay refer to one small m atter, 
no t by way of criticism, b u t as a warning. On p. 192 the authors describe the 
drawing of the wire in  various dies, and then the drawing of the specimen out 
backwards. I  have never found i t  possible to  draw a  wire ou t backwards 
w ithout affecting the drawn p a rt to  some degree. I  th ink  th a t the ends of 
the transverse scratches in Figs. 8 and 9 (Plate X X X IV ) m ay show the effect 
of the withdrawing of the wire. The fact th a t these wires were so drawn 
back should be borne in mind in studying the photographs.

The difficulty of drawing back any wire is presumably due to  the fact th a t 
during drawing the portion ju s t drawn undergoes elastic stretching under the 
drawing stress, contracting slightly in length when the la tte r is removed, and 
a t the same tim e increasing in  diam eter until i t  is ju s t too big to  pass back 
through the die.

The conclusion on pp. 191 and 192 of the paper th a t the whole measurable 
distortion of transverse planes takes place during the early draughts, while 
the m etal is rapidly hardening, and th a t afterwards the changes in shape arc 
due merely to  lateral contraction and longitudinal extension, so th a t  the later 
apparent distortion is an extension w ithout additional shear, is clearly 
im portant when i t  is remembered th a t enormous quantities of wire are drawrn 
on continuous machines, undergoing m any successive draughts, all of which 
are in the same direction.

This brings me to w hat m ust be m y final point—the usual request for more : 
i t  is very distressing to  hear th a t the apparatus has been dismantled. I  should 
like the authors to  examine the effect of reversing th e  direction of drawing 
after each draught, because methods of drawing which involve such reversal 
of direction are also of great practical im portance.

Dr. H. O’N eill , !  M.Met. (M em ber): I  had no t intended to discuss the 
paper, b u t there are twro points which come to mind and seem to confirm parts 
of the authors’ work. The first is th a t if one takes hardness tests } along the 
cross-section of increasingly drawn wires, the curve of hardness against 
diametrical position follows very closely, I  th ink, the curves of displacement 
which the authors have given in Fig. 7. Secondly, if one measures the ra te  of 
hardening or the ra te  of cold-working by some such thing as the Meyer «-index, 
one finds during progressive working that- the n-index decreases rapidly up to  
about 20 or 30 per cent, reduction of area, b u t after th a t i t  seems to  reach 
its limiting value of 2-0 and falls no further.§ T h a t appears to bear ou t the 
findings of th e  au thors as regards a lim iting  condition of d istortion during 
drawing.

Lieut.-Commander G. K . B y l a n d s ,|| R .N . (ret.) (M em ber): There is ju s t 
one poin t in  connection w ith  parabolic curvature to  which Professor Thompson 
referred. I  notice th a t  the authors do sta te  th a t the die, although approxi
mately conical, was no t absolutely conical, b u t slightly curved. If  there were

* Head of Research Department, Thomas Bolton and Sons, Ltd., Oakamoor.
t  Senior Lecturer, Department of Metallurgy, The University, Manchester.
X Proc. Inst. Mech. Eng., 1928, II , 865.
§ J. Inst. Metals, 1926, 85, 231 ; 1931, 46, 273.
|| General Works Manager, Rylands Brothers, Ltd., Warrington.
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a curve near the entrance it  is quite conceivable th a t an effect might be 
produced like the one to  which Professor Thompson has directed attention. 
Irrespective of other factors, the curved die would give th a t kind of shape to  the 
transverse scratches described across the section of the wire.

Is it  quite righ t to use tho same angle of taper for each d raft ? Ought it  
no t to  be varied so th a t the length of contact w ith the bearing is the same for 
tho two successive draughts ? If the angle of the die were varied between the 
two draughts, entirely different forms might be obtained for the successive 
curves.

H ave tho authors made any investigations as to the best taper of hole to 
be used ? Is  the best taper of hole necessarily the taper which gives the 
minimum drawing pull ? There seems to  be a  certain am ount of doubt about 
tha t. I  have carried out experiments to  get minimum pulls, aud have found 
th a t low pulls can be obtained w ith  extraordinary tapers and extraordinary 
shapes of hole, which do no t work in practice. I t  is very difficult to  explain. 
I  have also found th a t there is a  succession of minima in  plotting pulls against 
the taper of the “ hole.” As the taper varies from stra igh t to  steep the 
drawing pull passes through a succession of minima, giving a sort of wave 
curve. I  have found the period of the minima is usually fairly even, bu t I 
can conceive of no explanation, and certainly some of tho steeper dies and 
straightcr dies are quito impossible to  use in practice.

Professor T a y l o r  (in reply) : W ith regard to  Professor Thompson’s re 
marks, I  fear there m ay be a little  misunderstanding. I  do no t th ink  th a t 
there is any reason to  suppose th a t if a single die were taken and separated 
in to  two parts, tho wire being reduced in one operation by pulling through 
both dies, one would get the same result as by drawing in two operations 
through each die separately. The stresses would be quite different in the 
two cases.

I  cannot speak as to the actual reason for the differences between tho 
effects of different angles of taper. Professor Thompson may be perfectly 
righ t when he says th a t it  m ay be due to  tem perature. On the other hand the 
rise of tem perature in these wire drawings is never very great. One knows 
th a t i t  cannot be greater than  a few degrees.

As for Professor Thompson’s second point, in which he said th a t we 
described the transverse m arks as parabolas, we only mention parabolas in 
connection w ith our first set of wire drawings— th a t is to say those w ith very 
small tapers. In  th is case the curves were very approxim ately parabolas.

The distorted transverse lines in our second set of measurements which 
were made w ith larger tapers were no t parabolas. If reference is made to  the 
curves shown in Fig. 15, i t  will be seen th a t those for different tapers nearly 
coincide in the middle, bu t differ a t  the extremities. If  they  were parabolas 
and coincided in the middle they would coincide all the way across the sections.

W ith regard to  the question of the little  bend back in the parabola form— 
referred to  by Mr. Alkins as well as by Professor Thompson—if the illus
trations in the paper are examined, this will be seen m ost clearly in Fig. 9 
(Plate X X X IV ). I t  occurs a t  the point where tho wire is actually passing 
through tho die. I t  does no t seem to  extend into the p a rt where the wire 
has left the die, although if i t  does Mr. Alkins’s explanation m ay account 
for it.

I  have only to say th a t I  have noted Mr. Alkins’s suggestion th a t i t  would 
be interesting to  carry ou t the reversal of wire-drawing for the second draught, 
and th a t if we have tim e I  hope th a t we shall carry i t  out. We will also bear 
in mind the suggestions of the other speakers, b u t I  am not really in a position 
to  reply to  them , because my knowledge of the technical side of wire-drawing is 
no t extensive.
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MOULD MATERIALS FOR NON-FERROUS 
STRIP INGOT CASTING.*

By G. L. BAII,EY,t M.Sc., M e m b e r .

(C o m m u n i c a t io n  f r o m  t h e  R e s e a r c h  D e p a r t m e n t , W o o l w ic h .)

S y n o p s is .

Grey cast-iron is the material most generally used for moulds for tho 
casting of non-ferrous strip ingots. Cast-iron moulds are subject to two 
particular defects : (a) gas evolution from the face of tho mould when 
this is overheated during pouring (“ blowing ’’) ; and (b) transverso crack
ing of the working faces. The conditions producing “ blowing ” have 
been studied and the gas has been found to originate in a reaction between 
tho carbon of the iron and a superficial oxide film.

Transverse cracking of the cast-iron mould surface is due to stresses 
resulting from a high-temperature gradient in tho mould wall immediately 
after casting. Mild steel moulds, which are free from “ blowing ” and 
cracking, arc liable to serious distortion resulting from such stresses.

Copper is considered the most satisfactory material for strip ingot 
moulds. Its high thermal conductivity prevents serious temperature 
gradients and consequent distortion. For high melting-point materials 
copper moulds are water-cooled with advantage, but for alloys such as 
brass they can be used under certain conditions without any special 
cooling.

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

T h e  work to be described in tliis paper formed a portion of a compre
hensive research on the casting of 70 : 30 brass strip ingots which has 
been in progress for some years in the Research Department, Woolwich, 
for the British Non-Ferrous Metals Research Association.

The experimental work in this section of the research was carried out 
almost entirely in the years 1927 and 1928, and enabled certain general 
conclusions to be drawn as to the characteristics desirable in a mould 
material for this type of work. More fundamental work on the heat 
transfer across the metal-mould interface was planned but has not yet 
been carried out.

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

Early records of the casting of brass strip ingots indicate that the 
moulds originally used were of stone. The weakness of this material

* Manuscript received May 19, 1932. Presented a t the Annual Autumn Meet
ing, London, September 13, 1932.

f  Development Officer, British Non-Ferrous Metals Research Association; 
formerly of the Research Department, Woolwich.
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led to its replacement by grey cast-iron, which has been in almost uni
versal use for many years. Cast-iron offers the great advantages of 
durability, cheapness, and ease of casting to shape with a smooth surface; 
the average life of good quality moulds is stated to be 2000 to 2500 
heats. The readiness with which cracks are formed on the inner working 
faces of the mould, frequently at an early stage of its life, and certain 
other properties indicate that cast-iron is not an ideal mould 
material.

L ittle scientific work has been carried out on ingot moulds and the 
most suitable materials for their construction. Some attention has, 
however, been paid in recent years to the use, particularly for brass, of 
water-cooled copper-faced moulds, and to the behaviour of cast-iron 
moulds for steel casting.

Matuschka * has studied the thermal changes during the cooling of 
a steel ingot in the mould and has determined the temperature at 
different positions in the wall of a mould of commercial size. The 
fourth report of the Heterogeneity Committee of the Iron and Steel 
Institute, published in 1932, includes work on the thermal properties of 
ingot mould irons by Pearce and Morgan and by Donaldson.

In recent years a copper-faced water-cooled mould has been intro
duced and widely adopted for brass ingot casting.f In this mould a 
copper plate about 0-75 in. in thickness is provided with a jacket 
through which a continuous supply of water is run. I t  is claimed that 
such moulds have a long life, and facilitate production, since they can 
be rapidly filled and evacuated.

Rohn f  has also used, with considerable success, copper-faced water- 
cooled moulds of special design, for the casting of nickel alloys of high 
melting point, and claims a long life for these moulds even when surface 
dressings are entirely dispensed with.

Roth § has discussed in general terms the application of water- 
cooled moulds to brass casting. He made some measurements of the 
temperature gradient within the ingot using a water-cooled billet mould, 
and within the ingot and mould wall with cast-iron moulds.

Erichsen || has more recently developed water-cooled moulds with 
Invar plates, which have been successfully used for brass casting.^

* Matuschka, Arch. EisenhUltenwesen, 1929, 7, 405 ; and J . Iron Steel Inst.,
1931, 124, 361.

f  Junker, Z. J letalllcunde, 1926, 18, 312; MelallwirUchaft, 1930, 9, 406.
j  Kohn, Z. Metallkunde, 1927, 19, 473-478.
§ Dr.-Ing. Dissertation, Aachen, 1929.
|| British Patents Nos. 358,697, October 1931; and 299,850, May 1929.
If The British Non-Ferrous Metals Research Association has made a special 

study of these developments, and has prepared translations and reports thereon 
for its members.
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S c o p e  o f  P r e s e n t  W o r k .

The present work comprises a detailed study of the cause and avoid
ance of certain types of defect which are encountered in brass strip 
ingots when cast-iron moulds are used, and an examination of the 
properties of a variety of alternative mould materials.

At the outset information was sought as to the moulds used and 
service obtained by a considerable number of manufacturers in this 
country. Cast-iron moulds were found to be almost universal, but in 
addition to their liability to cracking they are subject to another dis
advantage— the evolution of gas from the mould face where the dressing 
is too thin or on account of local overheating, and the consequent 
formation of an ingot surface defect commonly termed “ blowing.” 
An example of this defect in an ingot of 70 : 30 brass is illustrated in 
Fig. 1 (Plate X X X V II). This gas evolution occurs in particular at the 
point of impingement of the stream on the mould face, and while not 
generally serious in casting brasses by the ordinary methods, it  is more 
common with high-temperature alloys, such as nickel-brasses and cupro
nickel. The general commercial practice of dressing the mould heavily 
with a volatile carbonaceous dressing prevents this local overheating to  
a great extent, but during this research the disadvantages, from other 
points of view, of heavy volatile mould dressings have been demonstrated. 
Alternative casting methods which were developed, however, increased 
the severity of the conditions at the mould surface and intensified this 
“ blowing ” effect.

A careful investigation of the origin of this gas evolution from cast- 
iron and other mould materials was therefore undertaken. The 
liability of cast-iron to cracking, and of other suggested materials to 
distortion was also examined in detail. Finally, the influence of mould 
materials on the structure and soundness of the cast ingot also came 
under consideration. I t  should be emphasized that throughout this 
work the mould materials were examined with special reference to the 
casting of 1-in. thick strip ingots of 70 : 30 brass, but it is considered 
■that many of the conclusions arrived at are directly applicable to the 
casting of other materials.

I.— T h e  O c c u r r e n c e  a n d  C a u s e  o f  “ B l o w in g  ”  o f  C a s t - I r o n

M o u l d s .

In the course of earlier experimental work, the following 
tentative conclusions had been drawn concerning the occurrence of 
“ blowing ” :—

(1) Grey cast-iron and semi-steel are liable to evolve gases, while
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dead mild steel under ordinary conditions of service does not show 
this property.

(2) Gas evolution occurs only where the mould surface is over
heated either by impingement of the stream of metal or the use 
of an initially high mould temperature.

I t  was found that even when using thin mould coatings small ingots 
could be produced satisfactorily in cast-iron moulds if the stream of 
metal was central and the mould vertical, but where the stream was 
allowed to impinge on the mould face localized “ blowing ” usually 
occurred. When casting long ingots the avoidance of impact of the 
stream on the mould face was more difficult and in general rapid pouring 
with a heavier flow of metal greatly increased the extent of blowing.

Standard Small Scale Test of Mould Materials for Liability 
to “ Blowing.”

In order to obtain a rapid test of the “ blowing ” tendencies of mould 
materials the small-scale apparatus shown in Fig. 2 was devised. An 
electrically-heated carborundum cruciblc, arranged for bottom-pouring, 
was supported at a fixed height above a base plate which carried a slab 
(4 in. x  4 in. X 0-5 in.) of the mould material to be tested. A wire- 
wound heater recessed in the base plate, provided control of the tempera
ture of the mould material. A machined block of 70 : 30 brass weighing 
180 grm. was melted, heated to 1050° C., and poured in a smooth stream  
on to the plate of mould material. A disc of brass about 3 in. in diam
eter was obtained, the under surface of which showed characteristic 
“ blowing ” if the mould material wras one liable to produce this defect 
(see Fig. 3, Plate X X X V III). Measurement of the volume of the 
cavities in the underside of the disc by filling with wax gave a roughly 
quantitative comparison of the blowing tendencies of different materials.

Examination of Typical Samples of Commercial Mould Materials.
Information concerning the quality of the cast-iron normally used 

for commercial ingot moulds was obtained by the examination of 
samples of worn-out ingot moulds obtained from the works of sixteen  
members of the British Non-Ferrous Metals Research Association.

T a b l e  I.— Range of Composition of Commercial Cast-Iron Ingot 
Moulds.

Per Cent.
Graphitic carbon . 2 5 to  3'1
Combined carbon 
Silicon . 
Manganeso 
Sulphur . 
Phosphorus

nil to 0’8 
1-5 to  4-0 
0-3 to  1-0 
0-04 to  0-13 
0-14 to 1-2



Analysis showed that the compositions of these specimens varied be
tween wide limits (see Table I) while the specific gravities covered the 
range 6-80 to 7-15.
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The samples supplied had been in service for periods varying from
4 months to 10 years before failure— generally by cracking— but the 
information given was not sufficiently detailed to permit any cor
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relation of life with composition. Where the size of the sample per
mitted, plates bearing the original inner surface of the mould were 
tested for “ blowing ” in the small-scale apparatus. Seven plates, of 
widely differing compositions, tested in this manner showed small 
differences in the volume of gases evolved. I t  would appear that 
variations in the “ blowing ” of commercial grey iron moulds are due 
more to varying conditions of pouring than to differences in the structure 
and composition of the iron.

Effect of Amount and Distribution of Graphite on “ Blowing ”
Tendencies.

The cast-irons tested were all of similar open grain, and porosity of 
the surface layers due to loss of graphite suggested itself as a possible 
cause of the gas evolution on heating. Preliminary trials of plates of 
non-porous materials such as mild steel, copper, “ aluminium-bronze,” 
Nichrome, and Acheson graphite all showed freedom from “ blowing.”

Experiments were therefore made to examine the behaviour of irons 
of widely different structures. Small plates were prepared of open- 
grain grey-irons, white iron, and irons of intermediate or “ m ottled ” 
structure. At the same time tests were made of “ perlit ” iron and also 
of “ Blackheart ” malleable cast-iron—the latter after machining, giving 
a surface layer of pearlitic structure.

In each case the under surface of the brass disc was “ blown,” the 
volume of the cavities being from 0-15 to 0-25 c.c. The variations 
obtained were of the same order as the differences in the results of 
duplicate tests on tho same slabs, and are explained by later results. It 
was apparent from these tests, however, that the amount and state of 
division of the graphite in the surface layer of a cast-iron mould did not 
influence its behaviour as regards “ blowing.”

Possible Reactions Causing Gas Evolution.
The probability that the gases are evolved from the liquid brass, or 

from a reaction between the brass and the mould face is small in view  
of the absence of “ blowing ” with mild steel and graphite moulds. 
That dissolved gases could be evolved rapidly and in considerable 
amounts from the mould material on heating at atmospheric pressure 
also appeared unlikely.

The possibility that gas could be formed by a reaction in the surface 
of the cast-iron, involving a superficial oxide film and the carbon of the 
iron, was then considered. The surface of the cast-irons previously 
tested were oxidized in varying degrees, and the reduction of this oxide 
by carbon when the mould surface was heated to a high temperature 
would be expected to result in considerable evolution of oxides of carbon.
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F ig . 1 . - 7 0 :3 0  Brass Ingot Cast in  Grey Iron Mould, Showing 
E xtensive  “ B low ing” Defects, x  5 .
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Fir.. 3.— U nder Surface of Small Brass Disc 
Poured on C ast-Iron Plate, Showing “ Blow
ing .”  X |.

Fir,. 4.— Surface Layer of Decarburizcd W hite 
Iron P la te , x  100.

F ig . 5.— Original S truc tu re  of Grey Cast-Iron 
Cylinder, x  250.



P l a t e  XXXIX.

F ig .  6 .— Centre o f  Grey Iron Cylinder after 
T reatm ents in Vacuo, Showing Deposition 
of G raphite, x  250.

F ig .  7.— Edge of Cylinder shown in Fig. 6, 
Showing D ecarburization of P carlite . X 250.

F ig .  8.— Structure of N on-Pearlitic C ast-Iron 
x  100.



F ic . 16.— Inn er Face of Grey C ast-Iron  Ingo t Mould 
after A pproxim ately 100 H eats, x  J.

P l a t e  X I

F ig . 10.— Mild Steel Ingot Mould after 6 H eats.
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1:1
F ig . 17.— Structure of 70 : 30 Brass Ingot Cast in  Grey Iron Mould Coated with Lam p

black.



P l a t ę  X L I I .

F ig . 18.— S tructure of 70 : 30 Brass Ingot Cast in W ater-Cooled Copper Mould Coated
w ith Lam pblack.
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To test this hypothesis experiments were made to determine :—

(а) the influence of varying degrees of surface oxidation of ferrous 
materials of varying carbon content;

(б) the temperature necessary for the surface reaction;
(c) the temperature attained by the mould face during pouring.

The Influence of the Degree of Oxidation and Carburization on 
Liability to “ Blowing.”

Small-scale tests were made of the effect of varying degrees of 
oxidation on a variety of ferrous alloys of different carbon contents. 
The results obtained are shown in Table II.

T a b l e  II.— The Influence of Different Degrees of Oxidation and Car
bon Content on the “ Blomng ” of Iron-Carbon Alloys.

Plate. Treatment 
of Plate.

Temperature 
of Testing,

•o.
Degree of 
Oxidation.

Volume of 
Gas Holes in 
Brass Disc. 

O.c.

Groy cast-iron machined 100 nil 0-17
320 blue 0-29
650 black 0-65

Mild steel 0-1% C . machined ZOO brown 001
400 deep blue 0-01
700 black nil

High-carbon steel 1% C . machined 100 nil nil
and ground 100 pale straw 0-04

350 straw 0-10
350 deep blue 0-20

White cast-iron as cast 350 straw 0-09
350 deep blue 0-14

The white iron plate used for these tests was subsequently packed in 
iron oxide and annealed at 950° C. for 7 hrs. The surface layer after 
this treatment showed considerable decarburization (see K g . 4, Plate 
X X XV III) and on re-testing gave only 0-03 c.c. of gas.

These results confirm the suggestion that “ blowing ” is due to a 
reaction between oxide and carbon in the surface layer of the ingot 
mould. "Where the carbon content of the surface layer of the mould 
material was high, the amount of gas evolved varied, in each case, in 
the same direction as the degree of oxidation. In the case of mild steel, 
which gave a mere trace of gas at ordinary temperatures, the absence of 
“ blowing ” at 700° C. was probably due to the thick layer of surface 
oxide. When for other reasons an ingot of the dimensions 12 in. X 6 in. 
X 1 in. was cast in a mild-steel mould at an initial temperature of 700° C., 

v o l . x l i x . o
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the longer time of solidification permitted sufficient gas evolution at the 
steel-oxide face to cause some of the superficial oxide on the mould to 
be pressed into the ingot surface.

The Temperature Necessary for the Surface Reaction.
In order to determine the reaction temperature between oxide and 

carbide, samples of grey and white iron were heated in  vacuo after various 
treatments and the volumes of gas evolved at different temperatures 
were measured. The specimen was heated in a silica tube in an electric 
furnace, with a thermocouple in contact with the specimen. The end 
of the tube was connected through drying towers and a mercury 
manometer to a vacuum pump. The specimen was inserted in the cold 
and the apparatus evacuated. Heating was then commenced and the 
volume of gas in the apparatus measured by the increase in pressure 
recorded. This gave the approximate volume, at room temperature, of 
the gas evolved, as the hot furnace tube comprised only a small propor
tion of the total volume of the apparatus.

Annealings of Grey Cast-Iron.
Two cylinders each 4 in. long X 0-75 in. in diameter were cut from 

a 1-in. diameter sand-cast bar of grey iron containing :
Pur cent.

Graphito carbon . . . . .  2-85
Combined carbon . . . .  0'55
Silicon . . . . . .  2'25
Manganese . . . . . 0'54
Sulphur . . . . . .  O'Ol
Phosphorus ■ . . . . 0'02

The first cylinder, “ A,” in the “ as machined ” condition was heated 
to 800° C. in 2-5 hrs. Evolution of gas commenced at 700° C. and 
became rapid at 750° to 800° C. After maintaining at 800° C. for 2 hrs. 
evolution practically ceased, when 95 c.c. of gas had been evolved.

After several heats in  vacuo a satisfactory blank was obtained. 
Removal of the specimen to a desiccator for several days resulted in the 
evolution of 48 c.c. of gas on reheating— again between 700° and 800° C. 
Removal of the specimen from the tube and exposure to air for some 
hours was always followed by a gas evolution on reheating, while no 
gas was evolved after standing in vacuo.

The specimen was then allowed to remain for some hours in the cold 
in the furnace tube in different gas atmospheres before reheating. 
Cylinder nitrogen (partially purified with alkaline pyrogallol), air, and 
oxygen were tested in turn, each gas being dried. The volumes of gas 
evolved by the specimen after each treatment are shown in Table III.

The second cylinder, “ B ,” from the same cast-iron was subjected
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T a b l e  III.— Gas Evolved from  Grey Cast-Iron Cylinder “ A  ” on 
Annealing in  Vacuo After Various Treatments.

Treatment of Sample.
Gas Evolved on 
Annealing for 2 
hrs. at 800° 0. 

C.c.

As cast and machined . . . . . . . 95
In  vacuo for 18 hrs. . . . . . . . . 23
In air in desiccator for several days . . . . . 48
In  vacuo for IS hrs. . . . . . . . . 2
In dry air in fumaco tube for 48 hrs. in the cold . 20
In  vacuo for 18 hrs. . . . . . . . . nil
In partially purified nitrogen in furnace tube for 19 hrs. in the

7

In dry air in fumaco tube for 4G hrs. in the cold . 18
In dry oxygen in fumaco tube for 18 hrs. in the cold 20

to similar treatments in different atmospheres. Purified nitrogen, air, 
and oxygen were in this case admitted when the cooling specimen was 
at 400° C., and were left in contact with the cast-iron for 18 hrs. in each 
case. The results obtained are shown in Table IV.

T a b l e  IV.— Gas Evolved from  Grey Cast-Iron Cylinder “ B .”

Treatment of Sample.
Gas Evolved on 
Annealing for 2 
hrs. at 800° O. 

C.c.

As cast, machined and superficially oxidized 101
In  vacuo for 18 hrs. . . . . . . . . 13
In air in desiccator for several days . . . . . 51
In  vacuo for GO hrs. . . . . . . . . 10
In dry air in fumaco tube a t 400° C. and for 18 hrs. in the cold 
In puro nitrogen in furnaco tube a t 400° C. and for 18 hrs. in 

the cold . . . . . . . . .
In dry oxygen in furnace tube a t 400° C. and for 18 hrs. in the

28

6

c o l d .......................................................................................... 51

It is apparent from these results that the “ blowing ” of gTey cast- 
iron which has been exposed to the atmosphere after the extraction of 
dissolved gases in  vacuo is connected with the absorption of oxygen by 
the specimen.

White iron cylinders subjected to similar treatments gave ofE 
appreciable volumes of gas, again at 700°-800° C., only when oxidation 
between annealings was permitted.

Influence of Annealings in  Vacuo on the Structure and Composition of
the Iron.

The original pearlite-graphite structure of the grey-iron bar “ A ” 
is shown in Fig. 5 (Plate X X X V III). After the various annealings
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in  vacuo there was found to be a considerable deposition of graphite 
from the carbide throughout the bar, giving a structure in the central 
areas of graphite plus pearlite and ferrite (see Fig. 6, Plate X X X IX ). 
In the surface layers, however, no pearlite was visible, the structure 
being entirely ferrite plus graphite (see Fig. 7, Plate X X X IX ).

Analysis of the bar after the treatment was carried out both on the 
surface layer from which 0-01 in. was turned and on drillings from tho 
centre of the bar.

Centre of Bar. Surface Layer.

Graphitic carbon, % 3-01 2-90
Combined carbon, % 0-43 010

Comparing these figures with the original analysis of the material, it 
is apparent that throughout the thickness of the bar an additional 0-15 
per cent, of graphite had been deposited from the combined carbon. No 
diminution of total carbon had occurred in the centre of the bar but the 
outer surface layer was decarburized by approximately 0-30 per cent, 
at the expense, apparently, of the combined carbon only.

To supplement these results other cylinders from the same grey 
cast-iron were annealed: ( 1 ) 5  heatings to 800° C. under constant 
vacuum and (2) 5 heatings to 800° C. with intermediate oxidation. 
Micro-examination of the first of these bars showed some deposition of 
graphite from the carbide, and considerable residual pearlite, the 
structure being uniform throughout the section. The structure of the 
central portion of the second bar was similar to that of the first, but in 
this case the surface layers were free from pearlite.

Summary of Results of Vacuum Annealings of Cast-Irons.
The following facts are apparent from the above experiments :
(1) On exposure to the atmosphere, a cast-iron absorbs oxygen which 

causes evolution of gases on heating.
(2) This gas evolution commences at 700° C. and becomes rapid at 

750° to 800° C.
(3) Gas evolution is accompanied by the decarburization of the 

pearlite in the surface layer of the iron.

Behaviour of Non-Pearlitic Iron.
In view of the fact that pearlite appears to be the main constituent 

reacting with superficial oxide, tests were made of a small plate of non- 
pearlitic iron, prepared by cooling a high-silicon iron slowly from 900° 
C. The structure of the plate was almost entirely ferrite and graphite 
(Fig. 8, Plate X X X IX ). The volume of gas evolved on testing was
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0-04 c.c. on the first cast and 0-08 c.c. on the second. These amounts are 
much less than those obtained from normal grey irons, but are sufficient 
to indicate a small effect due to the presence of graphite— due either to 
reaction with oxide where contact with the graphite flakes is sufficiently 
good or to the retention of air in the mould surface, particularly where 
graphite is mechanically removed from the surface layers.

The Temperature Attained by the Mould Face during Pouring.
In experiments described in a later section of this report, measure

ments were made of the temperature gradients in the walls of a grey 
cast-iron ingot mould during and immedi
ately after pouring a 12 in. X 6 in. X 1 in. 
ingot of 70: 30 brass. Two series of measure
ments were made, one in which the stream  
of metal did not touch the mould face and 
a second in which the stream struck the 
portion of the mould carrying thermo
couples. In each case the temperature of 
the inner face of the mould reached a 
maximum in 12 seconds after pouring.
Extrapolation of the curves obtained (Fig.
9) showed that these maximum surface 
temperatures were approximately 520° C. 
and 800° C. respectively, indicating that 
the mould surface is sufficiently overheated 
by impingement of the molten stream to 
permit a rapid evolution of gas due to the 
reaction discussed above.

Discussion of Results.
Examination of various possible causes 

of the “ blowing ” of cast-iron ingot moulds 
has indicated that this occurs only when
pearlitic irons are superficially oxidized. turo Gradient in Cast.Iron
Graphite alone produces only a small Mould Wall,
amount of “ blowing,” but this phe
nomenon is liable to occur with a wide variety of ferrous alloys in 
which the content of combined carbon is high.

The presence of an oxide film on the surface of a cast-iron 
ingot mould is very difficult to avoid entirely. In ordinary works 
practice the thickness and nature of the usual type of mould dressing 
provide some protection against oxidation and against local overheating

Fro. 9.—Maximum Tempera-
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during pouring, but a thin mould dressing is relatively ineffective in this 
direction. In the small-scale experiments described, cast-iron was 
found to oxidize sufficiently on free exposure to air at atmospheric 
temperatures to produce “ blowing ” on reheating, and experimental 
trials of cast-iron ingot moulds under conditions designed to minimize 
oxidation failed to reduce “ blowing ” to any great extent. Freedom  
from “ blowing ” could be secured by the application to the mould 
surface of a thick metallic coating, but such coatings showed the dis
advantage of flaking or blistering with continued use owing to the differ
ence between the coefficients of thermal expansion of the coating and the 
basis metal. I t  appears, therefore, that a remedy for this defect must 
be sought in the use of a carbide-free mould material.

I I . — T h e  P r o p e r t i e s  o f  M o u l d  M a t e r i a l s  A f f e c t i n g  t h e i r  

P e r m a n e n c e .

Reference has already been made to the fact that steel containing 
only 0-1 per cent, carbon proved free, under normal conditions, from the 
liability to “  blowing ” to which cast-iron is subject, and preliminary 
trials were therefore made of steel ingot moulds. I t  was found that such 
moulds warped so rapidly and seriously as to become useless after 
several casts. Fig. 10 (Plate XL) shows the nature and amount of the 
distortion of a 24-in. long strip ingot mould of mild steel (0-1 per cent, 
carbon) after only 6 heats had been poured in it.

The change of form produced in a mass of material such as an ingot 
mould by non-uniform heating and cooling, is due to thermal stresses 
arisingfrom variable changesin volume through thesection. Otherfactors 
being equal, the thermal stresses and resulting distortion are higher the 
greater the variation in temperature in the specimen. Measurements 
were made of the changes in temperature at different points throughout 
the wall of the ingot mould during and subsequent to the casting of the 
ingot. From these data the temperature gradients at any stage could 
be obtained. Several materials were so tested, and the properties 
required for the avoidance of warping were deduced. Confirmatory 
tests were made using a small-scale mould and these were finally ex
tended to the casting of brass in larger moulds of promising materials.

The Temperature Gradients in  the Wall of a M ild Steel Ingot Mould 
During and After Pouring.

Measurements were made of the variations in temperature of 
thermocouples set into the wall of a mild steel mould at distances of 
-jV in., J in., and J in. from the inner surface. The mould used was of 
the usual type for 12 in. x  6 in. X 1 in. ingots, with walls 1 | in. thick,
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and ¿-in. diameter holes were drilled for the thermocouples near the 
centre of one face. To ensure rapidity in recording, platinum /platinum - 
rhodium thermocouple wires of only 0-2 mm. diameter were used with 
the bare welded junction in contact with the bottom of the hole. The 
mould, preheated to 100° C. and dressed with lampblack, was filled with 
70 : 30 brass by pouring at 1100° C. in a time of 10 seconds. Readings 
of the temperatures of the thermocouples were taken simultaneously 
at 5-second intervals.

The time-temperature curves obtained for the three positions are 
shown in Fig. 11. From these results curves were plotted showing the

Fia. I I .—Temperature Variations in Wall of Mild Steel Ingot Mould.

temperature gradients in the mould wall at various intervals of time 
after pouring (Fig. 12).

The Thermal Stresses in  a M ild Steel Mould.
The rapid changes in temperature of the inner surface layer cause 

large and rapidly changing stresses in this portion of the mould wall. 
The inner face expands rapidly during the 10 seconds immediately after 
pouring. The mould tends to open at top and bottom to accommodate 
this increase in length, but is held by the clamps and by the rigidity of 
the thick mass of cold metal at the back. In the hot layers of the 
mould a severe compressive stress is thus set up which is largely relieved 
by plastic flow.

After 10 seconds from the completion of pouring the conduction of 
heat through the mould wall exceeds the rate at which heat is supplied to
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the inner face by the ingot. The inner surface layers then cool somewhat 
while the main body of the mould is heating up. The stresses at this 
point are reversed and a tensile stress is set up on the inner face and a 
compressive stress in the outer layers. In the initial stages some stress 
may be relieved by permanent extension of the inner face, but as tem 
perature gradient diminishes considerable stresses are set up below the

elastic lim it and the mould wall reaches 
an approximately uniform temperature 
with a tensile stress on the inner surface 
and compressive stress on the outer.

These stresses are largely relieved by 
warping, the mould becoming concave 
on the inner face and convex on the 
outer as shown in Fig. 10 (Plate XL).

Temperature Gradients in  Moulds 
of Grey Cast-Iron and Copper.

I Measurements were made by the
«■ same methods to determine the tem-

. . .
io° perature variations in the walls of a

q mould (12 in. X 6 in. X 1 in.) of cast-
I iron, which shows little warping under
g ingot mould conditions, and of copper,

l0i a material which is now being employed
s for water-cooled moulds. The thick-
o

a ness of the wall of the cast-iron mould
was 1J in. and of the copper 1 in.

The temperature gradients in the 
F ig . 12.— T em p era tu re  G rad ien ts  mould wall at various intervals of time

in Mild Steel Mould Wall. after pouring are shown in Figs. 13
and 14. Curves showing the variations 

in temperature in the wall of the cast-iron mould were similar to 
those shown in Fig. 13, and those for the copper mould are shown in 
Fig. 15. The maximum temperature reached by the inner face of 
the cast-iron mould was about 100° C. below that for mild steel. This 
temperature is probably affected by slight variations in the dis
tance of the stream of metal from the mould face. To ascertain the 
maximum temperature to which the cast-iron mould face can be heated 
by the stream of metal, a second experiment was carried out in which 
the stream of 70 : 30 brass was allowed to impinge fully on the portion 
of the mould wall on which measurements were being made. The 
approximate maximum temperature gradient produced under these
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conditions in cast-iron is sliown in K g. 9 together with the curve of the 
average gradient reproduced from Fig. 13,

C A S T  IRON

O /S T A /V C E  F P O M  W A S  E f t  F A C E ,  //VC//
l/2

D IS T A N C E  F R O M  /A /A /E #  F A C E ,  tA JC H

F i g .  13. F i g .  14.
Temperaturo Gradients in Cast-Iron and Copper Mould Walls.

F ig . 15.—Temperature Variations in Wall of Copper Ingot Mould.

Thermal Stresses in  Moulds of Grey Cast-Iron and Copper.
The thermal stresses set up in the wall of a grey cast-iron mould are 

of the same order as those in a steel mould, and the absence of warping
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is due to the different mechanical properties of the cast-iron. The 
initial expansion of the inner layers causes a small permanent deforma
tion by compression, followed by a reversal of stress on cooling down as 
in the case of mild steel. The tensile stress set up in the inner surface 
causes transverse cracks to appear at comparatively low stresses owing 
to the weakness and lack of ductility of the material. The presence 
of these cracks prevents warping, further stresses being relieved by a 
slight opening of the transverse cracks, producing a condition of 
the inner surface familiar to users of such moulds (see Fig. 16, 
Plate XL).

In the case of the copper mould the maximum temperature difference 
within the wall occurred during the first 20 seconds of heating up but 
did not reach 100° C. There was no fall in temperature of the inner 
face while the back heated up, the mould attaining an approximately 
uniform maximum temperature.

Under these conditions the thermal stresses set up within the wall 
would be small, and the entire absence of elasticity in annealed copper 
enables them to be relieved by plastic flow.

Properties Necessary for the Avoidance of Warping in Ductile Material.

From a consideration of the foregoing results the following proper
ties would appear to be necessary in a mould material to minimize 
distortion : (a) a high thermal conductivity, to reduce thermal stresses;
(b) a high elastic limit, especially at raised temperatures, to minimize 
plastic deformation, or (c) a negligibly low elastic limit, to permit the 
entire relief of stresses by plastic deformation.

Since in ferrous metals the thermal conductivity is low a material 
of this typo satisfactory for moulds should have a high yield-point. 
Nickel-chromium-molybdenum steel heat-treated to give about 55 
tons/in.2 yield-point at ordinary temperatures would appear to be a 
promising ferrous material in view of its high yield-point over the 
range of temperatures in which warping occurs. A t the other extreme 
copper is outstanding as a metal possessing high thermal conduc
tiv ity  and a low elastic limit, offering a combination of two desirable 
properties.

Small-scale tests using moulds built up of loose plates were made 
for preliminary trials under particularly severe conditions of various 
materials selected on these considerations. 70 : 30 brass was cast into 
these moulds, and mild steel, included for comparative purposes, was 
found to warp considerably in either thick or thin sections after a single 
heat. Copper plates showed negligible distortion after 13 heats, while 
heat-treated nickel-chromium-molybdenum steel warped only slightly
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after 25 heats. A pure aluminium plate was tested in view of its 
intermediate thermal conductivity between steels and copper, and was 
actually found to warp only slightly after 5 heats. This material, 
however, was unsuitable for casting brass owing to a slight tendency 
to fusion at the point of impact of the stream.

Testing of Ingot Moulds of Selected Materials.

Copper and heat-treated nickel-chromium-molybdenum steel having 
proved comparatively free from warping in the small-scale tests, moulds 
of these metals were constructed to give brass ingots 24 in. X  6 in. X  H  in. 
of 70 lb. weight. The copper mould was built up from plates of rolled 
electrolytic copper 1-5 in. thick. Using a heavy stream of metal 
(70: 30 brass) the alloy steel mould was found to show a tendency to 
weld on to the ingot— which tendency was only overcome by aluminizing 
the inner surface. The copper mould was not subject to this difficulty. 
In each case a considerable number of ingots was cast in these moulds 
without any serious distortion. This success of the special steel and 
copper moulds provided an interesting confirmation of the earlier 
conclusions which had been reached, but from the economic point of 
view the copper alone constitutes a practicable proposition, as the 
aluminized and heat-treated special steel mould is somewhat costly.

Discussion of Results.

Determinations of the temperature gradients in the walls of ingot 
moulds for casting 70 : 30 brass strips have shown that with ferrous 
materials, the inner surface of the mould is heated rapidly to a high 
temperature immediately after pouring.

About 10 seconds after the completion of pouring, i.e. approximately 
the stage of complete solidification of the ingots dealt with in this work, 
the temperature of the surface layer falls again while the main body of 
the mould becomes hotter. A similar maximum temperature, rapidly 
attained and maintained for a short space of time, has been observed 
in ingot mould walls by other workers. The Heterogeneity Committee 
of the Iron and Steel Institute in its Fourth Report shows that the 
inner face of the mould in which a 38-cwt. steel ingot was cast attained 
a maximum temperature 7-10 minutes after casting. Matuschka 
similarly gives evidence of a small peak in the temperature of the inner 
layers of the mould wall some 2-3  minutes after pouring. The explana
tion of this peak accepted by these workers is that it corresponds to  
the point at which the ingot shrinks away from the mould face, and the 
sudden change in the direction of the curves in the present work may 
be due to the same cause.
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In few observations of previous workers are the rapid rise and fall 
of the temperature of the inner surface layer of a cast-iron mould shown 
so clearly as in the present work. This is considered to be due to the 
fact that measurements have not been made sufficiently closely to the 
inner face of the mould. Roth, for instance, measuring the variations 
in temperature in iron moulds when casting brass, obtained slight 
evidence of this change in direction of the heating curves in only one 
instance, as his measurements were made no nearer than 5 mm. to  
the inner face of the mould.

The rapid fluctuations in temperature of the mould wall cause 
considerable stresses to be set up, which result in serious distortion of 
mild steels and transverse cracking of the inner faces of cast-iron. 
Such distortion can be largely overcome in materials of low thermal 
conductivity by the use of alloys of high yield-point, but such a pro
cedure is uneconomic for strip casting.

Copper as a mould material has been found to give successful 
results— its high thermal conductivity prevents the formation of steep 
temperature gradients and serious thermal stresses are therefore 
avoided. When pouring 70 : 30 brass at 1100° C. into a solid copper 
mould with walls equal in thickness to that of the cast strip, the max
imum temperature recorded in the mould wall was of the order of 400° C. 
This is of importance in considering the question of the welding of the 
ingot on to the mould. W ith ferrous alloys increasing the thickness 
of the wall does not afiect the initial temperature of the inner face 
and will not therefore diminish welding tendencies. W ith copper, 
however, the uniformity of the temperature throughout the mould 
wall means that, under the conditions of these experiments, conduction 
of heat through the mould keeps pace with the rate of heat input. 
Increasing the thickness of the mould wall therefore would be expected, 
other things being equal, to decrease the maximum temperature 
attained. These experiments with copper moulds have been made 
with a vertical stream of brass. Pouring in such a manner that the 
stream impinges on the mould wall m ay be expected to cause a higher 
local temperature and with alloys of higher melting point may cause 
adhesion to the solid copper mould.

Water-cooling of a copper mould is also successful in preventing 
adhesion, the effect being to maintain the temperature throughout 
at a comparatively low level. I t  is clear that, from the point of view  
of maintaining a low temperature on the inner face of the mould, 
water cooling can be advantageously applied only to a material of high 
thermal conductivity such as copper, and would be of little use if 
applied to steel.
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I I I . — T h e  I n f l u e n c e  o f  t h e  M o u l d  M a t e r ia l  o n  t h e  P r o p e r t ie s  
o f  t h e  Ca s t  I n g o t .

Ingots of 70: 30 brass were poured under standard conditions in 
each of tlic following moulds and examined for surface quality, struc
ture, and soundness :

Size of Ingot. 
In.

Mould
Walls.

Thickncss,
In.

Grey cast-iron . . . . 12 X 6 X 1 i ł
Water-cooled copper 12 X 6 X 1 i
Heat-treated Ni-Cr-Mo steel . 24 X 6 X H n
Solid copper . . . . 24 X G X H n

Both inert and volatile (graphite and oil) mould dressings were 
used, other conditions of pouring being the same. In each casting the 
m etal was poured at 1100° C. in a single stream giving a rate of rise 
of metal in the mould of 1-2 to 1-5 in. per second. The mould was 
pre-heated to 80°-100° C. and was used vertically.

Ingot Surface.
Little variation was observed in the surface qualities of the ingots 

with different moulds apart from small amounts of blowing from the 
cast-iron mould when using inert dressings. Where mould dressings 
were thin the surface chill with the copper moulds was somewhat 
greater than with the others, resulting in fine laps on the ingot surfaces. 
These, however, were avoided when a moderately thick mould coating 
was used.

Soundness.
Density determinations were made on representative whole 12 in. X  

6 in. X  1 in. ingots and on longitudinal half sections of each large ingot. 
The results calculated to percentage cavities in the whole ingot are 
given in Table V.

T a b l e  V.—Influence of Mould Material on Soundness of 
70 : 30 Brass Ingots.

Ingot Mould. Size of Ingot. 
In.

Percentage Cavities in 
Whoie Ingot.

Non-Volatile
Dressing.

Volatile
Dressing.

Grey cast-iron 12 x  6 X 1 0-38 0'31
Water-cooled copper . do. 0-27 0-29

Ni-Cr-Mo steel . 24 X 6 X 1* 0-63 . . .

Solid copper do. 0-69 ...



222 Bailey : Mould Materials for

The figures show little variation for any one size of ingot except 
that the water-cooled copper mould castings are slightly sounder than 
castings of the same size in the cast-iron moulds.

Ingot Structure.
The structure of ingots cast in the different moulds under com

parative conditions varied but little. Where an inert mould dressing 
was used, the crystals were mainly columnar with only a small central 
zone of equiaxed structure. In the small ingots the water-cooled 
copper mould appeared to increase somewhat the length of the columnar 
crystals (cf. Figs. 17 and 18, Plates X L I and X LII), but little difference 
was observable between the structures of the large ingots cast in solid 
copper or alloy steel moulds. The use of a volatile mould dressing pro
duced an altogether different structure with all types of ingot mould— the 
ingots consisting almost entirely of fine equiaxed crystals. This effect, 
which has been previously noted by Genders,* is due to the turbulence 
set up during the initial period of solidification by the volatilization  
of the dressing, and is of far greater magnitude than the differences 
due to the material of the mould.

Reviewing these results it would appear that, from the point of 
view of ingot surface, moulds of solid copper, water-cooled copper, and 
alloy steel, give brass of higher quality than moulds of cast-iron. None 
of these alternative materials showed liability to produce defects in the 
ingot by “ b low ing” or warping. The effect of the mould material 
on the ingot structure was slight, water-cooled copper producing only 
a slight increase in columnar crystallization compared with cast-iron.

Effect o f 'Nature of Mould on the Speed of Solidification 
of the Ingot.

In connection with this work it is of interest to refer briefly to some 
small-scale measurements that were made on the speed of solidification 
of 70 : 30 brass in small moulds of different ty p e s .| The ingots used 
were (a) a small truncated cone 4 in. long x  2 in. in diameter at the top, 
and (b) a cylinder 6 in. long X 1-5 in. in diameter. In each case 
measurements of the solidification period of the centre of the ingot 
were made using moulds of different materials and wall thicknesses. 
Some typical results are given in Table VI.

Measurements were also made of the effect of the initial tempera
ture of the thick-walled steel mould on the solidification period. The 
results are shown in Fig. 19.

* J. Inst. Metals, 1930, 43, 187.
t  “ The Influence of Dissolved Gases on the Soundness of 70 : 30 Brass Ingots,” 

J . Inst. Metals, 1928, 39, 191.



Non-Ferrous Strip Ingot Casting 223

T a b l e  V I .—Solidification Speed of 70 : 30 Brass Ingots Poured 
in  Different Moulds.

Mould. Dressing.
Mould

Temperature.
°0.

Solidification
Period.

Seconds.

Conical Ingots.
Thick cast-iron lampblack 150 17
Thick copper do. 125- 14
Thick steel . do. 180 15

do. oxidized 180 16
Thin cast-iron lampblack 260 22
Dry sand nil 100 153

Cylindrical Ingots.
Thick copper lampblack 120 16
Thin cast-iron do. 120 22
Thick steel . oxidized 810 145
Dry sand nil 120 310

The results obtained with these small castings provide a guide to 
the influence of the mould on the solidification of small brass ingots 
which is helpful in considering the major results obtained with strip 
ingot moulds.

Fia. 19.—Variation of Solidification Period with Mould Temperature.

That the use of a copper mould does not give a greatly increased 
speed of solidification as compared with cast-iron is in agreement with 
the small influence on ingot quality noted in considering the larger 
strip moulds. I t  is evident that heat transfer from metal to mould 
is dependent on other factors than thermal conductivity of the mould, 
such as the interference offered by the discontinuity at the m etal- 
mould interface.

Decreasing the thickness of mould wall in cast-iron moulds from an
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area ratio of 4 :1 to 1: 1 also had little effect on the time of solidification. 
Cast-iron moulds ordinarily used in brass strip casting are of the order 
of 1*5 in. in thickness, but this thickness is necessary, as thin-walled 
moulds quickly deteriorate in use. Any increase in thickness beyond 
about \  in. may be regarded almost entirely as having the purpose of 
increasing the life of the mould. Variation of the temperature of the 
mould within the practicable lim its similarly has no noticeable effect 
on the solidification period of the ingot. I t  is interesting to note in 
this connection that Courty * investigating the “ flowability ” of alu
minium alloys in a m etal spiral mould found that variations in the 
temperature of the mould had little effect on the length of spiral until 
the melting point of the m etal was approached. His curve for length  
of sp iral: mould temperature was similar in type to that shown in 
Fig. 19.

I t  must be emphasized that these remarks apply solely to ingots 
of about 1 in. in thickness, cast in moulds of the usual size, and that 
when considering ingots of appreciably different type or size great 
care m ust be employed in utilizing these results.

Ge n e r a l  Su m m a r y  a n d  Co n c l u s io n s .

Grey cast-iron has long been regarded as the most suitable available 
material for moulds for non-ferrous strip ingot casting, and it  has not 
been generally realized that while cast-iron possesses many advantages, 
it  is capable of introducing ingot defects, the source of which has fre
quently remained unexplained or has been attributed to other causes. 
When the face of a cast-iron mould is unduly heated during casting, 
either by the use of a high initial mould temperature or by prolonged 
impingement of the stream of metal, the surface of the ingot may show 
groups of roughly circular holes penetrating to a considerable depth. 
It has been shown that this effect, commonly termed “ blowing,” is 
due entirely to the evolution from the mould surface of gases produced 
mainly by a reaction between the combined carbon in the iron and the 
film of oxide in the mould surface. This reaction has been found to 
occur readily above 700° C., a temperature frequently reached by some 
portions of the face of an iron mould immediately after casting. Blow
ing may also be produced to a slight extent by reaction of the graphite 
of the cast-iron with oxide or by the expansion of air either absorbed 
by the graphite, or in cavities in the metal. Other ferrous alloys, 
such as steels of high carbon content, may evolve gases in a manner 
similar to that of cast-iron owing to the same oxide-carbide reaction. 
While surface protections such as refractory washes or electrodeposited

* Compt. raid., 1930, 190, 936.
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coatings are capable of avoiding the production of “ blowing,” such 
measures are not a sufficiently permanent remedy for general adoption 
in practice.

It would appear, therefore, that to eliminate the risk of “ blowing,” 
a mould material is required containing very little carbon, and from 
this point of view, low carbon steel and certain non-ferrous metals 
have proved suitable materials for moulds.

A further source of defects in brass ingots made in moulds of cast- 
iron is the transverse cracking which inevitably occurs on the face of 
the mould at a certain stage, frequently early, in its life. The cracks 
eventually develop to an extent entailing the scrapping of the mould. 
This is due to the stresses arising from the repeated unequal heating 
and cooling of the mould and probably occurs more readily in low 
quality cast-iron of high phosphorus content than in high quality 
haematite irons and “ semi-steel ” or other special close-grained irons.

Mild steel, while not possessing the disadvantages of “ blowing ” 
and cracking, has been found to be unsuitable as a mould material, 
since, after brief use, the mould becomes permanently deformed. 
This effect is due to thermal stresses arising from a steep temperature 
gradient in the wall and is therefore similar in origin to the cracking 
of cast-iron moulds. . With a material of high thermal conductivity 
such as copper, the temperature gradient through the mould wall 
during casting remains relatively small, and warping is not found to 
occur to any appreciable extent. No other metal possesses more 
favourable properties in this respect than copper except pure silver. 
Aluminium, while having a fairly high thermal conductivity, has too 
low a melting point to be suitable for brass casting moulds. For the 
casting of metals of low melting point, however, such as alloys of alum
inium and of zinc, aluminium may be a satisfactory material for moulds.

The successful use of copper for non-ferrous ingot casting moulds 
will depend on the provision of means for preventing the mould from 
rising in temperature during casting to a point involving risk of the 
welding on of the ingot. Accordingly the mould may be one of small 
thickness, water-cooled on the outer faces, or may be of solid copper 
of adequately large section. For brass a solid mould is satisfactory—  
a copper mould giving a brass ingot 24 in. x  6 in. X l i  in. dimensions 
should have a minimum wall thickness of 1-5 in. For alloys of high 
melting point water-cooled moulds are necessary— in some cases special 
design of the mould is essential to avoid adhesion (cf. Rohn). I t  has 
been confirmed experimentally that in a copper mould the rate of 
solidification of a brass ingot of thin section and its consequent struc
ture and properties are not appreciably affected whatever method is 

VOL. x l i x .  p
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adopted for the absorption of heat conducted from the mould faces; 
water-cooling may therefore be considered to have little relation to 
the quality of the ingot, its function being to prevent over-heating of 
the mould and to facilitate rapid production.

Ingot moulds free from warping can be made from a material having 
a sufficiently high elastic lim it (at both low and raised temperatures) to  
avoid plastic deformation under the thermal stresses induced during 
casting. Experimental trials have shown that a mould of nickel- 
chromium-molybdenum steel, suitably heat-treated, is satisfactory in 
this respect, but is subject to other disadvantages and is somewhat 
costly.

From all points of view, therefore, it  is considered that copper is 
the most suitable material for brass strip ingot moulds, either as a solid 
mould of slightly greater thickness than the cast-iron moulds at present 
in use, or as a thinner water-cooled mould. The use of copper moulds 
obviates the surface difficulties associated with cast-iron, while aSecting 
the structure and soundness of the ingots but little.
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D ISC U SSIO N .

D r. W. R o s e n h a is t,* F.Inst.M et., F.R.S. (Past-P rcsiden t): I  have read 
th is paper w ith great interest, and  I  have also had  the advantage of having 
seen something of the progress of the research and of some of its  other ram i
fications. I  th ink th a t the results which have been obtained are exceedingly 
interesting and are likely to  prove of practical im portance.

W hether or not, so far as strip  ingot casting is concerned, the use of copper 
moulds is the only or the best solution rem ains to  be seen, because there are 
certain difficulties; the cost of the moulds in works where there have to  be a  
great m any of them  is a  serious item  w ith norm al prices for copper.

The m ost interesting feature of these results is, perhaps, the au thor’s 
explanation of the  warping of ordinary steel moulds and the non-warping of 
cast iron, owing to  internal cracking. This is a  plausible explanation, b u t i t  
seems alm ost too easy to  he accepted as the whole s to ry ; if i t  really is the 
whole story, then  i t  seems to  me there are mechanical ways of overcoming the 
trouble. F o r instance—I  do no t suggest th is as a  practical solution, bu t i t  
indicates the direction in  which we m ay look for it—if we made, on th e  inside 
of a  steel plate used for a mould, a  num ber of saw-cuts, or, in  o ther words, 
robbed the inner face of tensile strength  in  th a t or some other way, then  surely 
such a  p late m ust behave like a  cast-iron m ould cracked on the inside, and

* London.
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could scarcely warp. I t  m ay be objected th a t  a  mould so treated  would bo 
spoilt, b u t i t  m ight bo feasible to  fill those cracks w ith suitable material, either 
once and for all (with copper, for instance) or provisionally (with some form 
of dressing which did not cause trouble in  the metal). Thero would be many 
advantages if th a t made i t  possible to  use steel moulds.

One of the troubles w ith a  mould made of a soft m aterial like copper is th a t it  
m ust either be made vory thick and heavy, to  render i t  sufficiently strong and 
rigid to  stand  the handling theso things generally receive, or else one m ust bo 
prepared for the occurrence of mechanical distortion. I  know of one instance 
where a  mould, usually made of cast iron, was made instead of a  special 
alloy iron which is ductile. I t  d id  no t warp, bu t i t  was bent in  handling; the 
ordinary methods of taking the mould apart and pu tting  i t  together were 
too vigorous for a  ductile material. T h a t perhaps applies more to  copper 
than  i t  would to  steel.

The other question which in terested me concerns tlio “ blowing ”  pheno
menon and the suggestion—probably a  sound one—th a t i t  is due to  the reaction 
between an  oxide film on the molten m etal entering the mould and the carbon 
of tho mould itself. I t  seems to  me, if th a t  were the m ost serious trouble 
there would be two ways of overcoming it. One, which I  believe the author 
and his friends have attem pted, is to  prevent oxidation and the form ation of 
th a t surface oxide film ; and  I  th ink  th a t  considerable success can be obtained 
in  th a t way. The other is to  remove tho carbon from the surface of the m ould ; 
in  o ther words, to  use a  m aterial the surface of which has been decarburized. 
I  should like to  see th e  results of experim ents made w ith  cast-iron moulds the 
inner faces of which had been deliberately decarburized by suitable annealing. 
In  th a t way th e  “ blowing ” troublo m ight perhaps be overcome ft) a  large 
extent.

This whole question of mould m aterials, mould design, and mould uso is of 
fundam ental im portance, and  I  th ink th a t the im portance extends to  the fields 
of both ferrous and non-ferrous metallurgy. I  have heard in  th is room, on 
more th an  one occasion, the problem of the steel ingot mould discussed and 
referred to  as difficult and no t entirely  solved. On the other hand, I  know 
very well th a t tho moulds used for the m ajority  of non-ferrous m etals are 
regarded a t  tho present tim e as being far from finally satisfactory. I  feel th a t 
the work which the author has described and  tho results th a t he has obtained 
will assist us to  make improvements, perhaps in both  fields.

Professor R . S. H u t t o n ,* D.Sc. (Vice-President): I  th ink  th a t i t  is
particularly fitting th a t J lr. Bailey’s paper should bo presented a t  a  joint 
session of the Iron  and Steel In s titu te  and tho In s titu te  of Metals, because 
those in  the steel industry  who wish to  know w hat is the practice of the non- 
ferrous industry  w ith regard to  casting ingots will no doubt tu rn  to  th e  excellent 
book by Mr. H arry  Brearloy, who had some ra ther scathing rem arks to  make 
on the casting of ingots of brass and other non-ferrous metals. I  th ink  th a t 
tho work described in the present paper shows th a t those in  the non-ferrous 
metal industry  are thinking very seriously about their problems, because this 
particular investigation—which, as tho au thor points out, is p art of a  very 
extensive programme—was in itiated  a t  tho express wish of the members of 
the brass ingot casting section of tho B ritish Non-Ferrous Metals Research 
Association.

Tho au thor has pointed out very clearly th a t two of the m ajor problems 
are reactions a t  the interface between the ingot mould and the casting and th a t 
of the therm al conditions of the mould wall and the solidifying metal. On 
th a t point I  camiot help feeling—and I  th ink  th a t tho au thor shares this

* Professor of Metallurgy, The University, Cambridge.
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feeling w ith mo—th a t this work, so far as i t  has gone, has by no means closed 
the book, and th a t we need to  know a very great deal more about these therm al 
conditions. The somewhat useful b u t still prim itive method of merely relying 
on tlio intrinsic conductivity of copper, cast iron, or w hatever the mould 
m aterial m ay be, does no t give us anything like the complete control we desire 
to have and which we m ust have if we are to  secure the best conditions.

In  th a t connection I  th ink th a t we ought to rem ember th a t a  great deal of 
m ost interesting work has been carried out in Germany by Dr. Rohn, and 
more recently by the Yercinigte Aluminiumwerke A. G., in which the ingots 
are cast w ith very complete control of the withdrawal of heat, and the very 
interesting results which Dr. Rohn has already published, and others which 
will no doubt bo published in due course, are most encouraging to  us in  this 
country.

The author has referred to copper moulds. I  do not know w hether he 
refers in  this paper to the sort of coppcr which should be used, bu t i t  is ra ther 
im portant th a t those who are using coppcr for mould purposes should realize 
the need for seeing th a t they  get the best liigh-conductivity copper. In  this 
country we are ap t to  employ engineering copper, therefore i t  m ay bo specified 
as a mould m aterial; b u t i t  should be noted th a t the conductivity of the 
B ritish Standard copper is only about 50 per cent, of th a t of liigh-conductivity 
copper.

Dr.-phil. W. J . P. R o h n * (M ember): As this problem is of very special 
in terest to  the members of both Institu tes , perhaps I  m ay be allowed to  say a  
few worths w ith regard to  the suggestions made by Dr. Rosenhain. Some years 
ago we tried  to  follow his ideas by saw-cutting the inner surface of steel moulds. 
If  the saw-cuts are very close to  each other, the method is a  success; but, as 
Dr. Rosenhain points out, tlio saw-cuts m ust be filled w ith some m aterial to 
prevent the liquid metal entering these small slots, and, if these slots are filled 
w ith some non-metallic material, i t  im mediately leads to  the development of 
the “ blowing ” which has been described in  detail by the author in th is paper. 
Even if the slots are filled w ith  metallic strips, however, small spaces are usually 
left for a  little  air, and very often these are afterw ards filled w ith  d ir t or some
thing similar, which also leads to  “ blowing.”  Our experience, therefore, seems 
to  show, I  regret to  say, th a t this way of improving steel moulds is no t very 
suitable.

On the other hand, an ingot mould made of pure copper is certainly a  fairly 
expensive proposition. If the mould is made so th a t there is a  surrounding 
made of steel or cast iron, and  if i t  is provided w ith certain guides for leading the 
cooling w ater in  the right way, then one can use simply a  very th in  wall of 
coppcr for the mould itself. We have found it  very suitable, in  our experi
m ents, to  have a  wall thickness of only about 0-25 in. I f  a  mould is constructed 
in  th is way, even the first outlay on i t  is less than  is usually required for a 
grey iron mould, and even w ith  m aterials such as nickel or steel wo find th a t 
such moulds arc suitable for more th an  three or four thousand castings w ith 
ono copper tube. Moreover, to  replace the copper lining of such a  mould is 
a  question of only a  few sliillings. In  addition, since all the outer p a rt of it  
is made of steel or cast iron a  very strong type of mould is produced. In  this 
way, therefore, I  tliink th a t even the objection th a t copper moulds are usually 
too weak for the rough treatm en t they  undergo in metallurgical work may 
be met.

Mr. A. J . G. S m o u t  f  (Member of C ouncil): I  am  naturally  interested in

* Director, Heraeus Vacuumsclimelze A.G., Hanau a. Main, Germany.
t Delegate Director and Production Manager, I.C.I. Metals, Ltd., Birmingham.
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the au thor’s conclusion th a t copper is considered to  be the most suitable 
m aterial for moulds for non-ferrous strip  ingot casting, for modern works 
practice is definitely turning in  th a t direction. I  believe th a t the iron mould 
will become, or ra ther is, as obsolete as the old stone mould of the eighteenth 
century. Beal progress will be made only by getting right away from iron of 
all types, and the brass trade will do well to  tu rn  its  a tten tion  entirely  to 
copper moulds.

A t the present tim e one of the largest works in th is country is casting 
several hundreds of tons per week of both brass and copper from copper 
moulds, so one m ay rest assured th a t the m atter is now quite ou t of the experi
m ental stage. Twenty-five years ago, when I  first came into contact w ith the 
industry, copper refiners were already beginning to  realize the advantage of 
the high therm al conductivity properties of copper, and were oven then casting 
their cakes on copper bo tto m s; to-day they  are casting copper more and more 
extensively on copper bottoms and in  copper moulds.

A considerable tim e elapsed before the brass strip  casters took a loaf from 
the copper refiners’ book, and i t  was no t until about eight years ago th a t we 
in  tliis country—I  th ink  th a t m y own company introduced the first mould— 
began to  experim ent w ith copper moulds for brass strip  casting, and we have 
been so satisfied w ith th is experience th a t we are now turning over to  them  
entirely. We have tried  the au thor’s white cast-iron mould, bu t find it  too 
soft for practical purposes, although it  m ust be adm itted  th a t, perhaps because 
we were already very strongly in  favour of copper, i t  was no t given as pro
longed a  tria l as i t  m ight otherwise have been given.

Reference has been made to  one or two interesting points in conncetion 
with copper moulds. I  do not th ink th a t there need be for one m om ent any 
fear of distortion, such difficulties can be entirely overcome by proper 
mould design, and need no t cause the slightest worry. If the moulds are 
cooled properly there will be no trouble in th a t direction.

Professor H u tton  has mentioned an im portan t point—namely, the quality 
of the copper used, which m ust have high therm al conductivity properties. 
If, in addition, the copper is capable of being welded, the mould will have a 
much longer life ; I  therefore strongly urge th a t th is factor be borne in mind. 
We have patched up many moulds successfully and increased their life con
siderably by resorting to  simple methods of welding.

Reference has also been made to the rough treatm ent which moulds receive 
and the need to  take th is into account. W ith this I  cannot agree. Non- 
ferrous metallurgy is changing rapidly in this coun try ; we are getting away 
from “ sledge-hammer ” methods and changing over to  engineering technique. 
The water-cooled copper-lined moulds of to-day are no t subjected to  rough 
treatm ent, and there is no reason why they  should be. Cranes are available, 
and cranes m ust bo used. Our work-people m ust be trained, and the managerial 
staff, whom we represent, m ust see th a t the old sledge-hammer methods are 
scrapped and rigidly stam ped out. We certainly m ust no t design down to 
those methods. T hat is a  sta tem en t which, I  suggest, no t only applies to  
moulds, bu t which the non-ferrous industry as a  whole should keep always 
in the forefront.

Finally, as a  member of the industry  engaged in production, I  wish most 
sincerely to  pay a tribu te  to  the au thor and to  his co-workers a t  Woolwich for 
the excellent work which has been done over a  num ber of years, under the 
ajgis of the British Non-Ferrous Metals Research Association, in connection 
w ith methods of strip  ingot casting. The brass industry has learned a  great 
deal from these researches, and I  should like to acknowledge th a t fact publicly. 
I  am afraid th a t there is a  tendency to  th ink  th a t although m any researches 
are conducted and papers published before the Institu te  and elsewhere, nothing 
is done in the w orks; th a t definitely is no t so. Obviously we cannot broadcast
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w hat is done, bu t I  wish most emphatically to say th a t this work is appreciated 
by those of us who are, as i t  were, in “ tho firing lin e ” and up against pro
duction problems. Such work gives us a  new viewpoint and, w hat is more 
im portant, a  fresh inspiration, and an urge to  get ou t of the ru t.

Dr. C. H . D e s o h ,* F.R.S. (V ice-President): The author has m entioned 
th a t comparatively little  has been done in connection w ith th e  cxact determ ina
tion of tho tem perature gradient w ithin the mould wall, a  m atte r of great 
im portance in tho designing of moulds. As th is is a  jo in t meeting of our two 
Institu tes, it  is worth while to  point ou t th a t much more has been done in this 
m atte r on the steel side, particularly in Germany. The author referred to  the 
work of the H eterogeneity Committee and made a  reference to  one paper read 
by Matusehka in  Germany. Since th a t first paper the German workers havo 
carried the subject much further, and have made exact determ inations of the 
tem peraturo gradient w ithin mould walls of different m aterials, including 
copper oven for tho purpose of casting steel ingots.

I t  is very interesting to  hear from Mr. Sm out how far this has been carried 
in industry. So far as laboratory work is concerned, we make frequent use of 
water-cooled copper moulds to  obtain clean ingots for experim ental work.

Mr. W. R . B a r c l a y ,f  O.B.E. (V ice-President): There are ju s t one or two 
points to  which I  desiro to  refer in connection w ith th is paper. In  the first 
place, I  wish m ost cordially to  support the sta tem ent tha t, so far as tho future 
is concerned, the greater promise is undoubtedly w ith the copper mould. Tho 
experience we have had in casting nickel alloys from copper moulds is extremely 
encouraging. One of the real difficulties w ith the ordinary hem atite iron mould 
is th a t the “ blow ing” cffccts are even more pronounced when th e  mould is 
new than  when i t  is slightly worn. I  was led some years ago to  a  study  of the 
behaviour of coppcr moulds mainly by th a t very serious difficulty, particularly 
w ith tho casting of ordinary nickel-brasses w ith a  nickel content of up to  25 
or 30 per cent.

Tho behaviour of the ordinary cast-iron-mould is th a t during the first day’s 
work one gets an enormous num ber—relatively—of surface cracks, sometimes 
so serious th a t the mould is useless. For some years I  tried  the method of 
taking moulds ou t of service a t  frequent intervals and pu tting  them  under a 
simple milling type of grinding machine, using a  carborundum tool to  get the 
surface as smooth as possible, and then  pu tting  them  back into service. T hat 
m et w ith some success in  so far as i t  lengthened the life of the moulds, b u t it  
was by  no means the success we have had w ith water-cooled copper moulds. 
I t  m ight be of interest if I  say th a t no t only are such moulds used for brass and 
nickel-brass, bu t in a t  least one works similar moulds are regularly used for the 
casting of pure nickel itself, which involves a  tem perature in  the region of 
1S50°-1600° C.

Finally, I  should like to  support tho very p ithy  rem arks of D r. Rohn w ith 
regard to  cost. I  am  sure th a t anyone who has had experience w ith  water- 
cooled copper moulds will agree th a t they really do work out definitely cheaper 
th an  tho ordinary cast-iron moulds, when consideration is given to  their 
enormously increased life.

Dr. R o s e n h a in  : I  should like, if I  may, to  make one explanatory rem ark. 
W hat I  had to  say about copper moulds did no t refer to  water-cooled moulds, 
bu t to  solid moulds, which is quite a  different m atter.

* Superintendent, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.

f Consulting Metallurgist, The Mond Nickel Co., Ltd., London.
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Dr. J .  C. H u d s o n  * (M ember): The au thor has published some interesting 
curves showing the tem perature gradient in the walls of mild steel and cast- 
iron moulds. I t  is ftbvious th a t  the problom is no t solely one of therm al 
conductivity; but, on the other hand, I  am  not suro th a t these curves for 0-1 
carbon steei and cast iron represent the best results th a t could be obtained 
w ith regard to  therm al conductivity from ferrous materials. I  should estimato 
th a t, taking into consideration the manganese and  other elements present in 
0-1 carbon steel, the iron content will bo about 99-5 per cent. I t  should be 
possible, by using ingot iron and choosing the m etal from the outer rim  of the 
ingot, to  provide a  commercial m aterial w ith an  iron content of 99’9 per cent, 
or even higher, and I  would suggest to  the author th a t i t  m ight be of interest 
to  try  some experiments on a mould of th is m aterial, because i t  m ight be found 
to  have a  ra ther b e tte r therm al conductivity than  mild steel or cast iron.

[Note Added since the Meeting.
The various data  given in tho In ternational Critical Tables are ra ther 

conflicting, especially as the therm al conductivity varies w ith the tem perature. 
I  am  indebted to  th e  Armco In ternational Corporation for th e  following data  
calculated from a  report of the U.S. Bureau of Standards :

Thermal Conductivity a t Room Temperature in B.T.U. per hr. per ft.2 
per in. thickness per ° P . of Temperature Difference:—

Ingot iron . . . . .  4G4
Mild steel . . . . . .  40G
Cast iron . . . . . .  377

I t  will be seen th a t the da ta  refer to  room tem perature. I t  m ust bo adm itted  
th a t the order m ay be reversed a t  mould tem peratures, and, further, th a t the 
difference in  the therm al conductivity of the three m aterials is small compared 
w ith th a t between any one of them  and copper. Tho practical step  is clearly 
to  try  out an  actual ingot iron mould.]

C O R R E SPO N D E N C E .

T h e  A u t h o r  (in  reply to the discussion at the meeting) : The information 
which has been given by Mr. Sm out and Mr. Barclay as to  their practical 
experience w ith copper as a mould m aterial is particularly valuable, and 
Mr. Sm out’s appreciative rem arks concerning tho value to  industry  of research 
work of th is typo are extremely encouraging to  investigators.

Dr. Rosenhain made some interesting suggestions as to  possible methods 
for treating  steel moulds in  order to  prevent tho warping trouble. One 
would have anticipated th a t tho m ethod of saw cutting  the internal faces 
would perhaps give rise to  some difficulties w ith the Ailing m aterial, and 
the evidence of Dr. Holm appears conclusive in  confirming the reality  of this 
difficulty from his practical experience of an identical method.

Tho second practical suggestion p u t forward by Dr. Rosenhain th a t 
“  blowing ” of cast iron m ay be largely reduced by  a  suitable decarburizing 
anneal has been tried  w ith considerable, b u t no t complete, success. The 
results of these experiments were om itted from tho paper because of con
siderations of space. A machined grey cast-iron p late similar to  th a t referred 
to  in  Table I I ,  was annealed a t  950° C. for 7 hrs. in  oxide and tho surface 
largely decarburized. On re-testing on the small-scale apparatus, the volume 
of gas evolved was only 0-06 o.c. This is a  considerable im provement, b u t

* Investigator, Corrosion Committee, Iron and Stee Institute and National 
Federation of Iron and Steel Manufacturers, Birmingham.
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i t  was found impossible to  eliminate the “ blow ing” entirely, presumably 
owing to  some porosity associated w ith the graphite, and i t  was felt, therefore, 
th a t  further investigation was scarcely justified. The'non-pearlitic iron to 
which Mr. Smout refers as having been too soft for practical purposes was 
included w ith a  view to confirm or otherwise our theories as to  the influence 
of pearlite, and was no t p u t forward as a  suggested m aterial for use as an 
actual mould.

Dr. J .  C. Hudson has suggested th a t I  have not been fair to ferrous 
materials, in  th a t I  have tried only alloys w ith a  comparatively low con
ductivity, and no t a pure ingot iron. The figures for conductivity which ho 
quotes show quite clearly, to  m y mind, such a  small im provem ent in the 
conductivity of the ingot iron th a t practical trials of such a m aterial would 
obviously no t be worth while. In  any case, one m ust remember th a t therm al 
conductivity and mould distortion are no t the only considerations affecting 
tho suitability of a  mould m aterial. I  have referred to the difficulties of 
adhesion of brass to  a special alloy steel mould, and  th is would apply likewise 
to  ingot iron.

Professor H utton  mentioned two points which I  should like, in  conclusion, 
to  emphasize. F irst, the fact th a t high-conductivity copper should be 
employed is of considerable importance, and it  is a  defect in the paper th a t 
th is po in t is no t more emphasized. Secondly, I  agree w ith him entirely as 
to  the finality or otherwise of th is work. There is obviously a  great deal more 
to  be done, and I  would no t for one mom ent suggest th a t anything approaching 
the last word on the m atter has been said in th is paper.

Mr. I. E . G o r s h k o v , Met.Eng.* (Member) : Mr. Bailey’s very interesting 
paper deals inter alia w ith the problems of formation of “ blowing ”  in non- 
ferrous strip  ingots and w ith the behaviour of the moulds during casting. 
Similar questions were touched on in  our study carried out in 1927-28, the 
results of which were published early in 1932.|

Mr. Bailey associates the origin of “ blowing ” w ith a  reaction between 
the carbon of the cast iron and oxides, whereas in our practice th e  occurrence 
of “  blowing ” was often observed when both cast-iron and copper moulds 
were used. Single observations, as well as a num ber of special experiments, 
have made us come to  the conclusion th a t the above-mentioned reaction plays 
a  secondary role.

The am ounts of tho gas adsorbed, the rate  of its escapc when heated, the 
speed of rise of the level of the metal during casting, properties of coating, 
&c., seem to be of greater importance in  connection w ith the occurrence of 
“  blowing.”

By regulating the rate of rise of the level of the metal, w ith tho coating 
chosen and other conditions of casting being constant, it  is possible, w ithout 
particular difficulty, to obtain sound ingots when casting even into cast-iron 
moulds. Many more difficulties are brought about on account of the liability 
of the la tter to  cracking on their inner surfaces. The coating m atter, or 
simply air, accumulate in  these cracks and give rise to  “  blowing ” (see 
Fig. A, P late X L III).

The tendency of the moulds to  deform readily when heated on one side 
only involves during casting a  selective cooling of the middle portion of the 
ingot which causes the formation of an undershrinkage cavity  and the re 
tention of various oxide, slag, and gas inclusions in  the lower p a rt of tho

* Assistant Professor a t the Metallurgical Institute and Chief Research Engineer 
on Casting and Working of Non-Ferrous Metals and Alloys, The Light Metals 
Institu te, Leningrad, U.S.S.R.

t  “  Moulds for Casting Non-Ferrous Ingots ’’ (in Russian), Meiallurq (The 
Metallurgist), 1932, (1), 67-83.
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ingot. The upw ard exit of these inclusions is prevented by a previously 
crystallized metal “ bridge,” which is formed in the middle portion of the 
ingot. A photograph of such a  shrinkage cavity  has been given by Genders * 
for an ingot fixed in a state when a continuous “ bridge ” had no t y e t been 
formed. (Fig. B, P late X L III.)

As is generally known, the deformation of the ingot moulds during casting 
can bo reduced by the use of alloys having low coefficients of therm al expan
sion, as well as by rational design of the moulds.

I  regret th a t these two questions have no t been considered by the author. 
I t  would be of great in terest if some light could be cast on the question of 
the tem perature gradients for moulds made of Invar. I  should also like to 
have the author’s considered opinion as to  the design of the moulds for the 
production of sound strip  ingots in the best way. As, however, this question 
is outside the scope of Mr. Bailey’s present work, I  hope th a t he will be able 
to  express his opinion about i t  a t  a  later date.

H err O t t o  J u n k e r  f  (M em ber): As a  m anufacturer of moulds I  should 
like to  say how much I  appreciate the comprehensive and profound research 
described in  this paper. I t  will be most helpful in  fighting the still numerous 
and widespread prejudices as to  the effect of mould materials and mould 
construction on castings.

Speaking especially w ith regard to  brass, the research has been carried out 
exclusively w ith small ingot sizes and weights, which m ay perhaps still bo 
considered as the present standard  of B ritish and  American ingots. On the 
Continent the brass ingot of 700-1400 lb. weight and 3-4 in. in  thickness has 
become standard, and there is also a  growing tendency to  adopt these heavier 
weights in  G reat B ritain  and America, mostly in  connection w ith the hot- 
rolling process. For these heavier ingots and for mass production the use of a 
water-cooled thin-walled copper-lined mould appears to  be indispensable, for the 
following practical reasons :

(1) W ith  uncooled copper moulds there is always the danger of warping of 
a  split mould, if used for very long, th in  ingots (as known in the U.S.A.) or for 
the standard  700-1400 lb. Continental brass ingot. This would be a  serious 
drawback in a  mass production foundry, requiring a  high state  of reliability 
for every p a rt of the outfit.

(2) For larger casting units, uncooled copper moulds would get too warm 
to bo used in  the norm al intervals of casting from the induction melting 
furnace. The tem perature of 400° C. as indicated in Fig. 15 would bo pro
hibitive for the usual types of dressing grease. I t  would no t even be possible 
to  use one mould per furnace, no t to  speak of the custom of using one mould 
per 2 or 3 furnaces, which is quite usual w ith water-cooled eopper-lincd moulds. 
An outstanding advantage of the cooled mould, e.g. to give the foundrymen 
freedom from heat radiation, would also be lost.

(3) For larger easting units solid copper moulds would be of considerable 
weight, which would make them  difficult to  handle.

(4) The danger of welding on to  a  wall of solid coppcr is no t to  be under
rated  even for brass. The tem perature of a solid copper mould depends on 
the proportion, weight of hot-m etal : weight of mould, which has practical 
limits for large casting units.

(5) I t  is much easier for the foundrym an always to  m aintain exactly the 
same conditions for every casting w ith a water-cooled thin-walled mould than 
witli a  solid copper mould.

Theso are some practical conclusions which are no t contradictory to  Mr.

* J . Inst. Metals, 192G, 35, Fig. 10, Plate X XX III.
•f Otto Junker G.m.b.H., Lammersdorf, Germany.
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Bailey’s conclusions, b u t which have been arrived a t  in  accordance w ith his 
statem ents, which I  can confirm so far as m y own experience goes.

W ith regard to  the casting of steel in water-cooled thin-walled copper 
moulds, I  would cite the publications of Ortel,* and  Hessenbruch and Botten- 
berg.f

Mr. J .  G. P eauce } (Member) : This paper is an interesting example of the 
value of direct a ttack  on a  problem created by new demands on m aterial made 
by a long-established process. Tho demonstration th a t “ blow ing” arises 
from a carbido-oxido reaction is of particular interest, and appears quite 
sound. I t  is confirmed in a  general way in, and indeed m ight have been pre
dicted from, tho malleable annealing process. I t  does not, however, explain 
the com parative im m unity of white iron from “ blowing,”  for i t  is probable 
th a t tho white iron tested (Table I I )  was about half pearlite, although the 
analysis is no t given.

Tho B ritish Cast Iron Research Association, knowing th a t the present invest
igation was in  progress, has no t risked duplication by working on moulds for 
non-ferrous ingots. I t  appears, however, th a t justice has scarcely been done to 
tho possibilities of cast-iron moulds. Tho m aterial has various advantages 
referred to  in tho paper, and attem pts to produce an improved cast iron might 
have yielded results much more satisfactory than  those obtained from the 
types of ingot mould being made prior to  1927. This suggestion is strengthened 
by tho disadvantage of greatly increased cost of copper and the complication 
in  a melting shop of w ater cooling. Furtherm ore, i t  is clear th a t the copper 
m ould has little  influence on the structure and soundness of the ingots or on the 
tim e of solidification.

From  other considerations i t  has been obvious for some tim e to  the B ritish  
Cast Iron Research Association th a t ingot moulds should have a  structure as 
uniform and homogeneous as possible, such, for instance, as is offered by an 
all-pearlitic structure. In  view of the small amounts of “ blowing ” arising 
from a  forrite/coarse-graphite iron such as is shown in Fig. S, a  logical exten
sion of the au thor’s argum ent would suggest the desirability of try ing a  ferrite/ 
finc-graphito iron. The heat-resisting iron doveloped by tho B ritish Cast 
Iron  Research Association known as S ilal|| has this structure, although for 
ingot mould purposes i t  would bo desirable to  obtain a similar structure w ith  
a  lower silicon content than  is used in  commercially made Silal. This m aterial 
is wholly ferrite/fine-graphite. I t  has practically no elastic properties, bu t 
a  further development of this, known as Nicrosilal,§ has an  appreciable 
measure of ductility  in the cold. This iron is austenitic, and would be likely 
to  obviate troubles experienced due to  tho presence of carbide and to  the presence 
of a pearlitic constitutional chango point. The therm al conductivity of these 
irons is slightly less than  th a t of ordinary grey iron, b u t the resistance offered 
to  breakdown duo to  heat would probably more than  offset this disadvantage.

Tho author mentions th a t  information a t  his disposal did no t perm it 
correlation of life w ith composition. I t  is well known th a t there is no cor
relation between mould life and composition for ingot moulds, and this explains 
the range of compositions used in  ingot mould practice.

The A u th o r  (in reply) : W ith  H err Junker’s rem arks I  am , in  general, in

* Stahl u. Eisen, 1929, 49, 696-700.
Mitt. K .-W . Inst. Eisenforschuvg, 1931, 13, 205-213.

* Director, British Cast-Iron Research Association, Birmingham.
|| Norbury and Morgan, “ Tho Effect of Carbon and Silicon on tho Growth and 

Scaling of Grey Cast Iron,” J . Iron Steel Inst., 1931, 123, 413.
§ Norbuiy and Morgan, “ Mckel-Chromium-Silicon Cast Irons,” J . Iron Steel 

Inst., 1932,125, 393-424.
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agreement. I  have, however, ra ther deliberately avoided in  th is paper a 
consideration of the relative m erits of solid and -water-cooled moulds. I  
have been endeavouring ra ther to  investigate the actual properties of par
ticular m etals w ith a  view to their application to  the m anufacture of ingot 
moulds. I  have avoided discussion as to  methods of application, no t because 
I  do no t realize the im portance of th is question, b u t because each particular 
case needs consideration on its  merits, and the question is ra ther a mechanical 
than  a metallurgical one.

I  was interested to  read Mr. Pearce’s communication, realizing fully th a t 
i t  is wise to  examine now m aterials as they  are p u t forward. Through the 
courtesy of the B ritish Cast Iron Research Association, I  have, since present
ing the paper, had  the opportunity  of testing the “  blowing ” characteristics 
of some small samples of the special irons to  which he refers. Nicrosilal is 
promising, b u t even if i t  proves satisfactory in  th is respect, the  tem perature 
gradients in  such materials will be a t  least as serious as w ith ordinary grey 
iron, and th is m ay still have an  adverse influence on their suitability. This 
m atter again, however, is one we shall be glad to  investigate. I  can scarcely 
agree w ith Mr. Pearce’s rem ark th a t m y figures in Table I I  show the com
parative im m unity of w hite iron from “ blowing.” Certainly under equivalent 
conditions the volume of gas holes in  the brass disc was for the white iron 
only about half th a t  for grey iron, b u t th is method of measurement is adm ittedly 
rough, and the am ount of gas evolved from the white iron was considerable 
and serious from the point of view in question.

I  am interested in  Mr. Gorshkov’s rem arks, and agree w ith  him  up to  
the point th a t  the reaction I  suggest is no t th e  sole cause of “ blowing.” I  
do consider i t  the  prim ary cause, bu t feel quite certain, w ith Mr. Gorshkov, 
th a t  cavities in  the ingot surface such as cracks, &c., which are full of gas 
beforo casting, will produce a  similar defect. The question of the design of 
moulds is quite outside the scope of the present work. The use of materials 
such as Invar does no t appear to  me to  be promising. The therm al conduc
tiv ity  of Invar is extremely low, and the higher tem perature gradients would 
to  a  great ex ten t neutralise possible advantages resulting from its  low coefficient 
of therm al expansion. In  any case, Invar has a low coefficient of expansion 
only a t  low tem peratures—above about 400° C. its expansion is actually 
somewhat greater th an  th a t of grey cast irons.
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THE P R O P E R T IE S  OF COMMERCIAL 
VARIETIES OF COPPER AT HIGH TEM
PERATURES.*

By T. G. BAMFORD.f M.Sc., M e m b er .

S y n o psis .

Certain properties of five typical commercial varieties of copper 
have been investigated a t elevated temperatures. I t  is shown that 
although thero is a decline in resistance to alternating stresses, a t 200°- 
300° C., there is no brittle range of temperature in copper. Of the 
varieties tested deoxidized nickel-copper has tho best resistance to 
alternating stresses and has exceptionally good properties in this respect 
a t 560° C.

W h i l s t  much work has been published dealing with the tensile pro
perties of copper at elevated temperatures,1' 2> 3>4< 5 little infor
mation is available regarding the impact strength, the resistance to  
alternating stresses, and the hardness 6 at high temperatures of com
mercial coppers of known composition. These properties are, however, 
of importance not only as influencing the service value of the metal, 
but also as affecting its susceptibility to damage when being handled 
in the mill. I t  has been stated that there is a black brittle range in 
copper. Instances were quoted to the author of copper tubes which 
after annealing had broken up if hammered when cooling through a 
black heat. If a particular variety of copper develops brittleness when 
cooling through a range of temperature, then a low impact strength 
would be anticipated at this temperature. If plastic deformation at 
a certain temperature be productive of brittleness, then it seems likely 
that alternating stresses exceeding the elastic limit would cause fracture 
within a short space of time. I t  was decided, therefore, in the present 
research to carry out alternating stress tests up to temperatures as 
high as might be permitted by the behaviour of the metal. Izod 
impact tests of copper frequently result in bent but unfractured test- 
pieces, making it difficult to compare the amount of energy absorbed 
in breaking coppers at various temperatures. The Charpy test was

* Manuscript received May 18, 1932. Presented a t the Annual Autumn 
Meeting, London, September 14, 1932.

t  Principal, County Technical College, Wednesbury.
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used instead of the Izod test. Hardness measurements were taken 
on the Herbert Pendulum hardness testing machine. It was not found 
possible to obtain consistent values at temperatures much above 325° C., 
but as this is stated by Hudson, Ball, and Bucknall 7 to be the maximum  
surface temperature attained by staylieads in the locomotive firebox, 
it  was thought that the information obtained would be of value.

E x p e r i m e n t a l  W o r k :.

The metal tested was all supplied in the form of rods 0-700 in. in 
diameter, made as described in a previous paper,8 except that lot B 
was extruded to -f in. and lots A, C, D, and E to J in. All lots were 
drawn cold to 0-73 in., annealed at 600° C. for 20 minutes, and then 
drawn cold to 0-70 in. in diameter. The analyses are given in Table I. 
The microstructures were quite normal in each ease.

T a b l e  I .— Analyses of the Copper Rods used in the Research.

Variety of Copper 
Tested. Lot.

Arsenic.
Per
cent.

Nickel.
Per

cent.

Oiygcn.
Per
cent.

Phos
phorus.

Por
cent.

Iron.
Per
cent.

Bis
muth.
Per
cent.

Lead.
Per
cent.

Tin.
Per

cent.

Deoxidized
non-arscnical A nil nil 0-004 004 trace nil trace nil

Deoxidized
arsenical B 0*43 0-05 0-002 0-04 nil nil o-oi nil

Nickel-copper
Tough-pitch

C trace 1*72 0010 003 trace 0*0005 trace nil

arsenical D 0*46 0-02 0-060 nil nil 0-0005 0-04 nil
Tough-pitch
non-arsenical Jil nil nil 0-063 nil trace 0-0005 trace nil

Alternating Stress Tests.

The alternating stress tests were carried out on the Amsler rotary 
bend testing machine, a photograph of which is shown in Fig. 12 
of the previous paper.8 The test-pieces were, however, lengthened so 
that the load actcd at a distance of 5-375 in. from the section of fracture 
where the diameter was 0-517 in. A small silica tube electrical furnace 
4 in. long was used for heating the test-bars, the temperature of which 
was measured by means of a platinum/platinum-rhodium thermo
couple attached very loosely to them by means of fine iron hair wires, 
so that the bars could rotate freely without damaging the couple. Using 
a constant voltage of electricity from large accumulators, it  was possible 
to maintain temperatures which varied less than i  10° C. throughout 
any test.

The large ball races of the machine were lubricated by a gravity
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oil feed and tlio test-bars were gripped in special spring grips made of 
high-speed steel.

Preliminary tests were carried out at room temperature and also 
at high temperatures in order to selcct for each variety of copper a 
suitable stress which could be used over the range of temperature 
investigated. Details of the preliminary experiments at 20° C. are 
given in Table II.

T a b le  II .— Wohler Tests Carried Out on the Amsler Machine at
20° C.

Speed of Revolution of Bars, 1700 r.p.m. Test-Bara 10 in. long, turned over a 
length of 4 in. to  a  Diameter of 0’517 in.

Lot A. Lot B. Lot 0. Lot D. L o tE .

Stress. 
Tons/ 
in.«.

Revolu
tions to 

Fracture, 
x 10*.

Stress.
Tons/
in.».

Revolu
tions to 

Fracture, 
x 10*.

Stress.
Tons/
in.2.

devolu
tions to 

Fracture. 
X 10*.

Stress. 
Tons / 
in.*.

Revolu
tions to 

Fracture. 
X 10*.

Stress.
Tons/
in.*.

Revolu
tions to 

Fracture. 
X 10».

7*81
7*03
6*86
6*64
6*64
6-57

234
531
771

1,895
1,455
4,308

7-03
7-03
0-04

2,104
2,170
6,404

8-02
7-81
7-81

769
2,442
3,673

7*03
7-03
6'64
6*64

2.540
2.540 
9,761 
9,200

7*81
0-42
5'G4
5-25

1,407
3,073
4,913

10,190

The results of the constant stress tests at higher temperatures are 
given in Table III  and are plotted in Fig. 1.

The author was appointed to another post while the research was 
in progress, and this section of the work had to be discontinued before 
sufficient results could be obtained to enable general conclusions to 
be reached regarding the behaviour of copper throughout the entire 
range of temperature under investigation. I t  is with some diffidence 
that the curves are plotted, as it is realized that more evidence must 
be obtained before it can be decided how far their shape may be re
garded as characteristic of the particular varieties tested. It is felt, 
however, that sufficient evidence has been obtained to enable certain 
conclusions of importance to be reached from them, and as no similar 
work has been published elsewhere, it was thought desirable that they  
should be included in the paper. They provide qualitative data re
garding the resistance to rapidly applied alternating stresses, but do 
not, of course, necessarily indicate the relative changes in the fatigue 
lim its of the materials.

The stresses used in the tests are of equal values in the case of the 
two non-arsenical coppers ; they are of equal but higher values in the 
case of the two arsenical varieties. For Lot C a still greater stress
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T a b le  III .— Wohler Tests Carried Out on the Amsler Machine at 
High Temperatures at Constant Stresses for Each Lot.

Lot A. Lot B. LotO. Lot D. Lot E.

Stress G-57 Stress 7-03 Stress 7-81 Stress 7-03 Stress G-57
tons/in.*. tons/in.*. tons/in.*. tons/in.1. tons/in.*

Tempe Revolu Tempe Revolu Tempe Révolu Tempe Revolu Tempe Revolu
rature. tions to rature. tions to rature. tions to rature. tions to rature. tions to

° C. Fracture. • 0. Fracture. 0 0. Fracture. • 0. Fracture. “ C. Fracture.
X 10s. x 10>. x  10’. x 10’. X 10J.

20 4367 20 2104 20 3673 20 2340 20
115 842 180 1225 130 357 190 1814 125 657
130 566 230 786 130 501 250 648 180 472
130 456 250 647 140 379 300 283 225 177
130 454 280 332 ISO 3037 350 673 255 324

190 892
130 458 310 367 210 231 400 660 310 149
170 594 375 403 250 321 470 202 470 227
180 203 470* 60 290 642 550 440 550 118
250 521 510 390 340 1732 600 35
275 739 380 1270
340 2408 480 314
360 1100 480 316

530 1059
3S0 740 540 2045

550 2600
470 315 560 9600
540 232 620 230
580 248
615 112

* Sec p . 241.

L O T  A L O T  B. L O T  C L O T  D. L O T  E.
StresS±6-57.Tons/in2±7-03 +  7 - 8 1  ± 7 - 0 3  ± 6 - 5 7

M I L L I O N S  O F  R E V E R S A L S  T O  F R A C T U R E  

F i g . 1.— Wohler Tests a t High Temperatures.



P l a t e  X L I V .

F i g . 2.— (a) Deoxi.lizcd Non-Arser.ical-Copper a t  180° C. (6) Nickel-Copper a t 
210° C. (r) Nickel-Copper a t  4S0° C. (d) N ickel-Copper a t 530° C.

b

d

F ig . 3.— Tough-Pitch Arsenical-Copper a t  600° C. (e) Stress, 6-64 tons/in .'.
(/) Stress, 6-25 tons/in .1. (g) S tress, 5-47 tons/in .’. (h) S tress, 4-69 tons/in.*. 

F ractu red  Surfaces of T est-B ars used in Am sler M achine. X 2.

[ To face p. 2 (0.
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was used. These stresses are, of course, in all cases in excess of the 
endurance limits, and will exceed these lim its by amounts which differ 
from lot to lot. It is, however, a characteristic feature of all the curves 
that in the neighbourhood of 200°-300° C. the number of revolutions 
to fracture is much less than at room temperature. I t  can therefore 
be regarded as established that, in this temperature range, under 
stresses exceeding the endurance limit, commercial copper develops 
a reduced resistance to alternating stresses.

Lot C shows a marked recovery at higher temperatures, and with 
the exception of the single point at 340° C. obtained with the A series 
the nickel-copper at all temperatures above 300° C. shows more revolu
tions to fracture than do the other varieties. As the stress applied 
to the C bars is some 10 per cent, greater than that used in the B and 
D tests, and is nearly 20 per cent, greater than that applied to the A 
and E series, it  may be concluded that at all temperatures above 300° 
C. the nickel-copper is more capable of withstanding alternating 
stresses than are the other varieties tested.

At 560° C. the nickel-copper withstands 9,600,000 revolutions to 
fracture. This compares with 3,673,000 revolutions at room tempera
tures. A Lot C test at 550° C. withstood 2,600,000 revolutions, which 
is a greater number than that obtaining with any other variety at any 
temperature above atmospheric.

In the neighbourhood of 560° C., clearly, nickel-copper is remarkably 
resistant to alternating stresses.

At the highest temperature at which each variety of copper was 
tested difficulty was experienced in preserving continuous smooth 
running. In certain cases the bars developed a tendency to oscillate 
violently for short periods. In one case— that of Lot B tested at 
470° C.— the bar bent over considerably, but apparently was able to 
yield readily to the stress reversals, as it  ran quite smoothly until 
fracture occurred.

Violent oscillation was particularly noticeable with Lot D, tested  
at 600° C. A  series of tests was run at this temperature at successively 
reduced stresses. The results are detailed in Table IV. They serve 
to show that, under the reduccd but still quite reasonably high stress 
of 4-69 tons/in.2, smooth running is possible and the metal has very  
considerable resistance to alternating stresses.

The various coppers used in the research were examined under the 
microscope both before and after etching. The results revealed were 
normal, and arc not, therefore, reproduced. After fracture in the 
Amsler machine no change in general structure was noticed in rods 
the fractured surfaces of which were polished and etched. The fractured 

v o l . x l i x . Q
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T a b l e  IV .— Wohler Tests at 600° C. on Lot D.

Rtrosa.
Tons/in.*.

Number of 
Revolutions.

Remarks

7-03 35,000 B a r shook  bad ly  before break ing .
664 177,200
G'25 155,000 >» »» >> >> *> 

B a r  broke a f te r  s te ad y  runn ing .5-47 410,000
5-08 235,500 B a r developed periodical v ib ra tio n a ry  periods.
4-on 442,400 B a r unbro k en , b u t ra n  stead ily .
4-09 1,085,300 B a r b roke a f te r  s te a d y  runn ing .

surfaces themselves, however, differed considerably according to the 
temperature of test.

There is a quite definite correlation between the deductions which 
follow from an examination of the curves shown in Fig. 1 and of the 
surfaces of the broken test-bars.

A temperature of minimum endurance is evidenced by the existence 
of torn-out pieces of metal in the centre of the bars. This point is 
illustrated in Fig. 2, a, b, c (Plate XLIV). At 530° C. the curve is well 
past the minimum point (Fig. 1, Lot C), and the character of the fracture 
shows a marked change. The smoother central area and fine radial 
cracks characteristic of the bars tested at 20° C. are again discernible. 
The “ tough-pitcli ” arsenical-copper, Lot D, tested at 600° C. under 
a stress of 6-64 tons/in.2, is very badly torn indeed— (Fig. 3 e, Plate 
XLIV), but as the testing load is decreased the fracture becomes smoother. 
The bar tested at 600° C. under a stress of 4-69 tons/in.2 broke with a 
fracture (Fig. 3 h) again more closely resembling the normal fatigue 
fracture.

Charpy Tests.

The test-pieces, which were of the standard size for the smaller 
machine which was available for this research, were heated in an electric 
furnace to slightly above the temperature required for the test. They 
were then placed on the anvil and their temperature was noted at the 
time of fracture. The temperature was determined by the use of a 
fine Chromel-Alumel thermocouple inserted in the slot of the test- 
pieces which were covered with asbestos sleeves, to reduce chilling 
effect from the anvil. The results obtained are plotted in Fig. 4.

No decline in impact strength corresponding with the reduction in 
resistance to alternating stresses takes place at temperatures below 
300° C. Except in case of Lot A— deoxidized non-arsenical copper—  
which has the highest impact value at room temperature, the strength 
rises sharply to maxima points in the neighbourhood of 300° C.
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In all cases tlie Charpy figure decreases, rapidly for about 100° G. 
in the region commencing at 300°-350° C., and remains thereafter 
substantially constant until 600° C., subsequently falling to less than 
30 ft.-lb., above this temperature. The two “ tough-pitch ” varieties

F ig . 4.—Charpy Tests a t High Temperatures.

Lots D and E are both weaker throughout the entire range of tempera
ture than the three deoxidized lots, and Lot D— “ tough-pitch ” arsenical 
copper—has very low impact strength at all temperatures above 
350° C.

Hardness Tests.

The tests were carried out on the Herbert Pendulum hardness 
tester described by Sandifer in a recent paper.0 The 1-nun. steel ball 
was used, the oscillations with the diamond proving unsuitable by 
reason of the softness of the metal tested. In every case the standard 
time test was taken, and the values given represent the time for ten  
swings of the pendulum. The machine was standardized on glass, 
which is assumed to have the value 100—readings on glass being taken 
after every test on the copper. In this way, in each lot tested, the 
upper limit of temperature for which reliable figures could be obtained, 
was found. The formation of oxide scale was the chief factor which 
interfered with the value of tests above about 350° C., although the 
softening of the ball began to evidence itself above this temperature. 
The values obtained are plotted in Fig. 5. The total time taken in
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heating the specimen during a test was about 90 minutes. After re
cooling, check hardness determinations were taken. In all cases the 
specimens returned to the hardness figures prevailing before testing.

L O T  A  L O T  B L O T  C L O T  D L O T  E

Fio. 5.—Herbert Pendulum Hardness Tests.

Co n c lu sio n s .

The following conclusions are reached regarding the properties of 
typical varieties of copper tested at high temperatures :

(1) There is no evidence of the existence of a black brittle range 
below 600° C.

(2) The impact strength as shown by the Charpy test, develops 
maximum values in the region 200°-340° C., after which it declines 
sharply.

Except in the case of the “ tough-pitch ” arsenical-copper, which 
is weak at all temperatures above 400° C., quite good impact strength 
is, however, maintained at all temperatures up to 600° C.

(3) Under alternating stresses exceeding the endurance limit 
generally speaking the nickel-copper has the greatest, and the “ tough 
pitch ” non-arsenical copper the least, endurance. There is in all cases 
a lowering of endurance in the region of 200°-300° C. The nickel-copper 
shows a marked recovery at higher temperatures, and is much superior to 
other varieties in this respect at all temperatures tested above 300° C. 
It shows an exceptionally high resistance to such stresses at 560° C.

(4) The “ tough-pitch ” non-arsenical copper is, throughout the 
temperature range investigated, much softer than the other varieties 
of copper. The hardness of the deoxidized non-arsenical-copper first
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increases with rise of temperature and between 50° C. and 150° C. it 
is harder than any one of the other varieties.
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C O R R E SPO N D E N C E .

D r . F. J o h n s o n *  (M ember): I  have read Mr. Bamford’s paper w ith much 
in terest and appreciation. I  wish to  congratulate the au thor on having made 
complete analyses of the materials examined in tho research. The determ ina
tion of the oxygen content is particularly im portant. I  should be glad if the 
author would cite the reference in  support of the quoted statem ent th a t 
“ there is a  black b rittle  range in copper.”

I t  would also add to  the value of the paper if he would describe the method 
which he adopted for carrying out alternating tests a t  high tem peratures, and 
also indicate how m any tests were made a t  each tem perature. O ther points 
on which further information would be welcomed arc (a) the  structural appear
ance and distribution of cuprous oxide in the arsenical and non-arsenical 
copper used; (6) the reason for preferring Charpy to  Izod im pact tests, in 
view of tho greater discrim ination claimed for the la tte r ; (c) the variation 
in grain-sizo shown by tho different materials te s ted ; and  (d) the degree of 
segregation, if any, of cuprous oxide in  the materials tested.

The A u t h o r  (in reply) : I  th ank  Dr. Johnson for his courteous and 
helpful contribution. The statem ents regarding a  brittle  range in  copper 
were private ones made to  mo by the late Sir Gerard Muntz and others. I t  
is interesting to  note, however, th a t a t  a  jo in t meeting of tho Manchester 
Metallurgical Society and of the In s titu te  of Metals held in  Manchester on 
October 19, 1932, both Mr. N. S. F . H ubbard and  Sir. C. Davies quoted 
instances of black brittleness in copper. In  those cases no connection could be 
traced between composition and brittleness. Detailed analyses of three lots

* Head of Metallurgy Department, Central Technical College, Birmingham.
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of nickel-copper locomotive tubes found to  be b rittle  in  black-hot flattening 
showed no analytical featuro to  distinguish them  from three others th a t stood 
up satisfactorily to  the test.

Mr. C. A. Davies in his observations a t  M anchester sta ted  th a t  “ ra te  of 
cooling ” was th e  factor which prom oted th is black brittleness. H e had 
noticed th a t , in  a  bundle of annealed sheets, those near the outside, which 
were cooled rapidly, became quite b rittle  a t  a  black heat, w hilst the others 
th a t cooled more slowly were quite normal.

Regarding Dr. Johnson’s second point—the tests were carried ou t by 
means of the  Amsler machine previously described.* The test-bars were, 
however, gripped a t  th e  ends in  a  collet made of tungsten  steel supported a t  
one end of the machine. In  th is w ay i t  was possible to  lengthen the test- 
pieccs and to  provide room for th e  small 4-in. silica tube electric furnace. 
Regarding the num ber of alternating  stress tes ts  a t  each tem perature— 
w hilst the quan tity  of m etal available did n o t perm it of duplication throughout, 
im portant points were generally confirmed often by trip licate tes ts  or by 
successive tests a t  nearby tem peratures. Charpy tests were preferred for 
the reason sta ted  on page 237 of the paper.

W ith  regard to microstructure—the grain-size was quite norm al and 
similar for all the lots. The oxide was rather finer than  usual and very little  
segregation could be detected. In  the non-arsenical “  tough-pitch ” variety  
i t  was rem arkably uniform both in  sizo and distribution.

* J. Inst. Metals, 1925, 33, 1G7.
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THE EFFECT OF DIFFERENT ELEMENTS
ON THE ANNEALING AND GR A IN
GROWTH CHARACTERISTICS OF ALPHA 
BRASS.*

By MAURICE COOK.t M.Sc., Ph.D., M e m b er , and H ERBERT J .
M IL L E R , {  M.Sc., M e m b e r .

S y n o psis .

An examination has been made of the effect of additions of iron, 
phosphorus, manganese, and aluminium separately and of aluminium with 
nickel, and aluminium with silicon, on the annealing characteristics of 
alpha brass by determining diamond pyramid hardness values and making 
grain-size measurements on cold-rolled alloys annealed a t various tempera
tures, while the tensile properties on a number of alloys representative of 
the various scries investigated havo also been studied. Some of the 
elements added havo the effect of increasing the intrinsic hardness of brass 
and of raising the temporaturo of softening and recrystallization, but all 
exert a  retarding influence on the annealing process subsequent to the 
initial softening, the extent of which varies with the naturo and amount 
of the addition. This retarding influence, which markedly affects grain- 
growth as well as the physical properties, is shown as a deflection on curves 
connecting hardness values and tensile properties with annealing temper
ature.

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

T h e  changes which take place in hard-worked metals on heating at 
various temperatures for different periods of time have been the subject 
of a considerable amount of study, and many investigations have been 
published dealing with these changes in a wide variety of alloys. 
Recrystallization and grain-growth phenomena in brasses have been 
studied more especially by C. H. Mathewson and A. Phillips,1 A. Phillips 
and G. C. Gerner,2 W . H. Bassett and C. H. Davies,3 F. G. Smith,4 
C. Upthegrove and W. G. Harbert,6 A. Bass and R. Glocker,® A. W ittne- 
ben,7 F. Ostermann,8 R. Glocker and 0 . Weinbaum,9 and F. Eugène.10 
In these several investigations the effect of the various factors influencing 
the temperature of recrystallization and resulting hardness and grain- 
size has been very comprehensively studied. The annealing or softening

* Manuscript received May 9, 1932. Presented a t tho Annual Autumn 
Meeting, London, September 13, 1932.

t  Senior Research Metallurgist, I.C.I. Metals, Ltd., Witton, Birmingham.
Î  Research Metallurgist, I.C.I. Metals, Ltd., W itton, Birmingham.
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curve of a pure alloy derived from hardness values obtained after 
annealing for some predetermined time at different temperatures is 
comparatively simple and is of a common type for many pure metals 
and homogeneous solid solution alloys. Up to the temperature at 
which recrystallization commences the hardness values change but 
little, although in some cases there appears to bo a slight increase in 
hardness after heating to  temperatures below the recrystallization 
temperature. When recrystallization commences the softening pro
ceeds and the hardness curve falls very steeply, after which it again 
flattens out and the decrease in hardness with increased annealing 
temperature becomes relatively slight.

In the course of investigations, with which the authors have been 
associated over a period of several years, involving a study of the effect 
of additions of different alloying elements to brasses of various types, 
but more especially a-brasses, it has been observed that the simple form 
of softening curve of the straight brasses was appreciably modified by 
many of these additions. Whilst the peculiarities which have been 
noted in this connection have not been exhaustively investigated, they  
appear to be of sufficient interest to  justify description. During the 
course of the investigations different properties and various character
istics of a wide range of alloys have been studied, but the present paper 
deals exclusively with the annealing characteristics of a few only of the 
alloys examined. Alloys containing additions of the following have 
been stud ied:—

(a) Iron.
(b) Phosphorus.
(c) Manganese.
(d) Aluminium.
(e) Aluminium and nickel.
(/)  Aluminium and silicon.

E x p e r i m e n t a l  P r o c e d u r e .

The alloys used were cast in the form of commercial strip ingots, 
cold-rolled in accordance with normal manufacturing operations and 
finished to a final thickness of 0-125 in. by 50 per cent, reduction in 
thickness subsequent to  the last anneal. From strips of this thickness 
small square specimens were cut and annealed in an electric resistance 
muffle for 30-minute periods. After annealing, the specimens were 
withdrawn from the furnace, allowed to cool in air, and their diamond 
pyramid hardnesses determined using a 10-kg. load and the standard 
136° diamond indenting tool. The microstructures of the annealed
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samples were also examined and grain-size values recorded. For 
obtaining data to  show the effect of annealing temperature on tensile 
strength and elongation values larger specimens cut from the same 
strips were used. The compositions of a number of representative 
alloys which have been examined in detail are given in Table I (Appen
dix). The specially added elements produced, to  varying degrees, the 
abnormality in the softening curve which has been referred to, but 
only the results obtained with one element—namely, iron—will be 
described in detail as an example.

E f f e c t  o f  I r o n .

The effect of the addition of iron to 70 : 30 brass was studied on a 
series of six alloys, Nos. F7 to F12, in which the iron content varied 
from 0-01 to 0-49 per cent. The grain-size and hardness of samples of 
different members of this series at a thickness of 0-125 in. and after 
annealing for half-hour periods at various temperatures from 220° up 
to 800° C. are detailed in Table II (Appendix) and illustrated in Fig. 1. 
It will be seen from this figure that as the iron content increases the 
annealing or softening curve progressively differs in form from that 
which characterizes the straight 70 : 30 alloy. Instead of the hardness 
falling away progressively after softening has once commenced, the 
addition of iron results in a breaking of the continuity of this slope, 
producing a bulge which corresponds with a delayed softening. In four 
of the alloys—that is, with an iron content of up to 0-24 per cent.— the 
softening effected by annealing at 800° C. is substantially the same in 
all cases, but with the last member of the series containing 0-49 per cent, 
of iron the hardness reached on this annealing is appreciably higher. It 
will further be noted from Fig. 1 that whilst the addition of iron pro
duces a marked retardation in softening on annealing of 70 : 30 brass, 
the initial softening temperature is not notably altered. In addition 
to the effect on the hardness, the presence of iron retards grain-growth. 
The curves connecting grain-size and annealing temperature for different 
members of the iron series are illustrated in Fig. 1.

In the softening curve for the alloy containing 0-49 per cent, of iron 
(see Fig. 1) a bulge occurs between temperatures of approximately 
400° and 700° C. If from 400° C. the curve were continued normally 
downwards until it met the remaining portion at about 700° C. a 
typically smooth softening curve would result. In  this range of 
temperature the grain-growth of “ straight ” brass is quite progressive. 
On the other hand, in the brass containing iron the grain-size at 400° C. 
is much smaller than in the “ straight ” brass, and moreover when the 
annealing is carried out at 500° C. and 610° C. the extent of grain-growth
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is almost negligible. Afterwards, however, at higher temperatures 
when the curve becomes normal, grain-growth proceeds. This eSect 
of iron, which is typical of the other elements also, on grain-size and 
growth, is shown effectively by a comparison of Figs. 2, 4, 6, and 8,

with Figs. 3, 5, 7, and 9 (Plates XLV and XLVI), which illustrate the 
microstructures of a straight 7 0 : 30 brass and brass containing 0-49 
per cent, of iron after annealing for half-hour periods at 400°, 500°, 
610°, and 700° C. After cold-working and complete annealing 70 : 30 
brass containing this amount of iron appeared microscopically to be a 
homogeneous solid solution.

0 100 200 300 400 500 600 700 BOO
T E M P E R A  TURE, X

Fid. 1.—Annealing and Grain-Growth Curves of Brasses containing Additions
of Iron.
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E ffe c t  o f  Ot h e r  E l em e n t s .

Additions of phosphorus, manganese, aluminium, aluminium plus 
nickel, and aluminium plus silicon, all eflect retardation of the softening

F ig. 10.—Annealing Curves of Brasses containing Additions of 
Various Elements.

F7. Straight 70:30 Brass.
P4. Brass containing 0 0-1% Phosphorus.

M il. Brass containing 9-00% Manganese.
A l. Brass containing 2-45% Aluminium.
A4. Brass containing 1-62% Aluminium and 2-15% Nickel.
A7. Brass containing 2-38% Aluminium and 1-18% Silicon.

and grain-growth and also raise the initial softening temperature. In 
many instances the intrinsic hardness of the alloy is also increased. In
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Tables III-V I (Appendix) are given the results obtained with some 
brasses containing additions of these elements. W ith any of the 
elements considered the effect increases in extent with the amount of 
the addition, as in the case of iron. In Fig. 10 are shown curves of one 
alloy only of each of the series containing the special additions, with 
the exception of iron which has already been shown more fully in Fig. 1, 
illustrating the manner in which these affect the softening.

A point of interest in connection with the phosphorus additions is 
that the data obtained indicate an optimum amount of phosphorus for 
obtaining the maximum retarding effect on softening and grain-growth, 
beyond which further additions operate in the opposite direction. The 
nearest value to this optimum amount in the actual addition made is 
0-04 per cent.

The high-mangancso alloys contain appreciable quantities of iron, 
and the effect which has been observed is therefore due in some measure 
to the presence of iron. It is, however, quite clear that, apart from 
iron, manganese does exert the effect which has been indicated, for 
taking the alloy M10 as an example, which contains in addition to  
4-95 per cent, manganese 0-15 per cent, iron, the retardation of hardness 
is greater than from the presence of 0-15 per cent, iron alone— alloy F10.

E f f e c t  o f  A l l o y i n g  A d d i t i o n s  o n  T e n s i l e  P r o p e r t i e s  a f t e r

A n n e a l i n g .

In order to ascertain whether the deflections observed on the curves 
correlating hardness values with annealing temperatures were to be 
found in other properties, tensile strength and elongation values have 
been determined on some of the alloys after annealing at various 
temperatures between 200° and 800° C. For this purpose six alloys have 
been examined—namely, F7, F l l ,  M i l ,  P4, A l, and A4— and the values 
obtained for hardness, tensile strength, and elongation are given in 
Table YII (p. 260, Appendix). If these data are plotted, it will be noted 
that the deflection which has been observed in the hardness curve due 
to the presence of specially added elements is reflected in the curves 
connecting both tensile strength and elongation values with annealing 
temperature. This is a result which from a consideration of the nature 
of the annealing curves would be expected. In Fig. 11 are shown 
curves connecting tensile strength, elongation, and hardness values with 
annealing for a “ straight ” 70 : 30 brass and a 70 : 30 brass containing 
0-24 per cent. iron. The retarding effect of the iron addition in the 
annealing process is clearly shown by a direct comparison of the two 
series of curves.
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The results which have been obtained do not of themselves indicate 
the cause or causes which have given rise to the effects which have been
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noted. The increase in intrinsic hardness of brass caused by some of 
the additions does not call for any special comment, for this is quite a 
common effect, which is met with in many alloys. The raising of the 
softening temperature is not an uncommon result. The outstanding 
point of interest is the deflection from the normal shape of the annealing

e l o n g a t i o n

300 400 500
T E M P E R A  T U R E ,  'C

F ig . 11.—Tensile and Hardness Values of Straight 7 0 :3 0  Brass (F7) and Brass 
containing 0‘24% Iron ( F l l )  Annealed 30 Minutes a t Different Temperatures.
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curves, whether they relate to hardness or tensile strength, after initial 
softening and recrystallization have commenced. Consideration of 
these curves shows that apart, as already indicated, from possibly 
increased intrinsic hardness and also somewhat raised softening tem 
perature, all the alloys have behaved similarly up to  the point at which 
the softening has commenced. It is at this stage that the apparently 
abnormal departure from the usual softening process occurs. With 
increase in annealing temperature the hardness falls only slightly, and 
in some cases retardation is so pronounced that over a considerable 
temperature range the annealing curves become almost parallel to  
the temperature axis. Subsequent to  this delay or retardation 
the curves generally assume a normal downward trend. It would 
seem from these curves, whether hardness, tensile, or elongation values 
arc considered, that at temperatures a little above that at which soften
ing commences, an opposite effect becomes operative, the magnitude 
of which depends on the kind and amount of addition which has been 
made and also to some extent on the temperature. It would seem 
possible that this may be in effect akin to, if not in some instances 
actually the same as, precipitation hardening, since there is apparently 
no phase change in any of tbe materials examined. The age-harden
ing characteristics of the different series of alloys referred to in the 
present paper have not been studied in detail. In the aluminium-brasses 
containing nickel additions evidences of age-hardening have, however, 
been obtained. In the series of brasses containing phosphorus, iron, 
and manganese additions, no indications of age-hardening have been 
noted, but it is not suggested that these alloys are necessarily incapable 
of exhibiting any ageing effects. It is conceivable, however, that the 
peculiarities which have been noted are not associated with ageing per se, 
but to other causes, the nature of which has not yet been ascertained.

Apart from the question of the cause or causes giving rise to the 
deviations from the normal in the softening curves, the results have a 
directly practical interest, especially in connection with annealing 
operations. In a “ straight ” brass the resulting grain-size and hard
ness values for any fixed time of annealing are functions of the tempera
ture, and it is known that these two values are closely related. One 
result arising out of the deviation of tho softening or annealing curves 
from the normal consequent on the addition of special elements such as 
iron, phosphorus, manganese, aluminium, nickel, and silicon, is that 
of the breaking down of the simple connection between grain-size and 
hardness on annealing.

It is known in a general way that the presence of relatively small 
amounts of such elements as phosphorus and iron in brass, hardens the
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alloy and renders it more difficult to anneal, or, in other words, raises its 
softening temperature. No previous data, however, would appear to  
have been published in which quantitative indications have been given 
of the extent of this effect which is of interest in the commercial annealing 
of brass. Apart therefore from its theoretical aspects, it  is hoped that 
the data will be found to be of use in showing the effect of additions of 
iron, phosphorus, manganese, aluminium, nickel, and silicon on the 
intrinsic hardness, initial softening temperature, the softening curve, 
and grain-growth characteristics of hard-rolled a-brasses.

S u m m a r y .

The effects on the annealing characteristics of 70 : 30 brass of addi
tions of iron, phosphorus, manganese, and aluminium separately and of 
aluminium with nickel and aluminium with silicon have been studied 
with special reference to an abnormality which they produce on the 
softening curves.

These elements have been found to  exert a retarding influence on 
the annealing process subsequent to the initial softening, the extent of 
which varies with the amount and nature of the addition. The effect 
is shown as a deflection in the smooth hardness-annealing temperature 
curve which is characteristic for a “ straight ” brass after the com
mencement of recrystallization. Subsequent to the deflection, tho 
annealing curves of brasses containing the specially added elements 
tend to resume the normal form. The retardation of softening is also 
accompanied by a retardation in grain-growth.

The different elements which have been considered also raise the 
intrinsic hardness of brass, and in m ost cases increase the temperature 
of initial softening on annealing.

The deflections in the softening curves corresponding with delayed or 
retarded softening subsequent to the commencement of recrystallization, 
which have been found to characterize the brasses containing the various 
additions considered, have also been observed in curves connecting 
tensile strength and elongation values with annealing temperatures. 
It is possible that the delayed softening, the extent of which depends 
on the quantity and nature of the addition made to the brass, may, in 
the case of some of the alloys at least, be a manifestation of age-harden
ing properties, but it cannot be assumed that the effect in all the alloys 
examined is necessarily due to the same cause.
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A PPENDIX

T a b l e  I .— Compositions of Brasses Investigated.

Allov
No.'

Copper,
%.

Tin,O//o*
Lead,

%•
Iron,
%.

Manga
nese,
%•

Nickel,
%•

Silicon,
%•

Alumin
ium,
%.

Phos
phorus,

%•

Zino
(diftO,

%•

F7 70-04 001 001 29-94
F8 69-70 o-oi 0-07 30-22
F9 69-62 001 o-ll 30-26
F10 69-70 001 0-15 30-14
F l l 69-69 0-02 0-24 30-05
F12 69-49 002 0-49 3000

PI 69-3S 001 001 003 30-57
P3 69-85 0-01 0-02 0-03 0-ÖÖ8 30-08
P4 69-72 0-01 0-02 003 0-04 30-18
P6 69-25 0-01 002 002 0135 30-56

MS 68-43 001 003 31-53
M9 70-60 o-oi 003 i-05 28-31
M10 69-24 0-02 0-08 0-15 4-95 o-ïo O'02 25-44
MU 6S06 002 0-0G 0-21 900 0-05 22-60
M12 68-70 004 0-21 13-85 0-06 17-14

M8 6S-43 001 003 31-53
A1 77-28 o-oi o-oi 2-45 20-25
A2 77-18 001 001 0-55 1-63 20-62
A3 76-08 0-01 001 110 0*01 2-34 20-45
A4 76-76 0-01 001 2-15 o-oi 1-62 19-44
A5 72-25 0-01 002 517 o-oi 1-71 20-83

MS 6S-43 001 0-03 31-53
A1 77-28 001 001 2-45 20-25
A6 75-00 001 001 0-55 2-38 22-05
A7 77-40 001 001 1-18 2-3S 1902
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S tra igh t 7 0 :3 0  Brass.

F ig . 6.— Annealed J h r. a t  610° C. x  100.

F ig . S.— A nnealed J Ur. a t 700° C. x  100.

70 :30 Brass contain ing  0-49 per cent. Iron.

F ig . 7.— Annealed |  h r. a t  610° C. x  100.

F ig . 9.— A nnealed J hr. a t  700° C. x  100.
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T a b l e  III .—Effect o f Phosphorus Additions on Diamond Pyramid  
Hardness and Grain-Size of Rolled and Annealed Brass.

No. PI. No. P3. No. PI. No. PG.

0-008% Phosphorus. 0-04% Phosphorus. 0-135% Phosphorus.

Condition.

Di
am

on
d 

Py
ra

mi
d 

Ha
rd
ne
ss
 
No

.

Grain-
Size,
m m .

Di
am

on
d 

Py
ra

mi
d 

Ha
rd
ne
ss
 
No

.

Orain- 
Sixe, m m .

Di
am

on
d 

Py
ra
mi

d 
| 

Ha
rd
ne
ss
 
No

.

Grain- 
Size, m m .

2

M
a

G ̂  o c

l a
o

Grain- 
Size, m m .

Hard-rolled 
Annealed a t :

169 173 ... 178 182

200° C. . 174 178 1S3 189
305° C. . 160. 172 178 186
375° C. . 101 105 115 154
420° C. . 91 O'02 98 0-01 108 0-005/0-01 125 0-005
495° C. . 77 0-03 87 0-015 93 0-01 109 o-oi
560° C. . 65 0-04 82 0-02 S6 0-015 92 0-015
620° C. . 60 006 75 0-03 83 0-02 76 0-04
670° C. . 54 009 68 0-04/0-05 73 0-02/0*03 61 0-05/0-06
720° C. . 51 0-14 63 0-06 71 0-03 60 0-08
770° C. . 48 0-21 61 007 70 0-03/0-0 4 59 o-io

T a b l e  IV.— Effect o f Manganese Additions on Diamond Pyram id  
Hardness and Grain-Size of Rolled and Annealed Brass.

Ng. MS. No. M9. No. M10. No. Mil. No. M12.

1-05%
Manganese.

4-95%
Manganese.

9-00%
Manganese.

13-85%
Manganese.

Condition.

Di
am

on
d 

Py
ra

mi
d 

Ha
rd
ne
ss
 
No

. d
e
cTH
55
ja
*3u
O Di

am
on

d 
Py

ra
mi

d 
Ha
rd
ne
ss
 
No

. a
s
aN
53
i
S
o Di

am
on

d 
Py

ra
mi

d 
Ha
rd
ne
ss
 
No

.

Grain-
Size,
m m .

Di
am

on
d 

Py
ra

mi
d 

Ha
rd
ne
ss
 
No

.

Grain- 
Size, m m .

Di
am

on
d 

Py
ra

mi
d 

Ha
rd
ne
ss
 
No

.

Grain- 
Size, m m .

Hard-rolled 
Annealed at:

179 177 187 190 212

200° O. 185 1S3 190 200 215
310° 0. ICG 181 1S7 195 209
380° 0. 92 107 168 179 195
430° O. 79 0-02 90 0-02 131 0-01 140 0-005/0-01 133 0-C05/0-01
490° 0. 74 0-03 82 0-03 109 0-01 119 0-01 127 0-01
530° O. 70 0-03 76 0-03 109 0-01 115 0-01 127 0-01
530° 0. 64 0-04 74 0-04 107 0-01 114 0-01 127 0-01
650° O. 57 0-07 63 0-06 83 0-02 100 0-02 114 0-02
690° O. 54 0-10 60 0-09 71 0-04/0-05 91 0-03 100 0-02/0-03
750° C. 50 0-17 52 0-13 G3 0-08 77 0-05 80 0-03/0-04
800° O. 4S 51 60 75 83
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T a b l e  V I .— Effect of Aluminium and Silicon Additions on Diamond 
Pyramid Hardness and Grain-Size of Rolled and Annealed Brass.

No. MS. No. A l. No. A0. No. A7.

2"15% Aluminium. 2-38% Aluminium, 
0-55% Silicon.

2*38% Aluminium, 
1-18% Silicon.

Condition.

D
ia

m
on

d 
Py

ra
m

id
 

H
ar

dn
es

s 
N

o.

Grain-
Size,
mm.

D
ia

m
on

d 
Py

ra
m

id
 

H
ar

dn
es

s*
 N

o.
Grain-Size,

mm.

D
ia

m
on

d 
Py

ra
m

id
 

H
ar

dn
es

s 
N

o.

Grain- 
Size, mm.

D
ia

m
on

d 
Py

ra
m

id
 

H
ar

dn
es

s 
N

o.

Grain- 
Slzc, mm.

Hard-rolled 
Annealed a t :

179 187 195 212

200° C. . 185 200 215 237
310° C. . 166 197 209 240
380° C. . 92 108 ... 134 145
430° C. . 79 0-02 100 0-015/0-02 114 o-oi 133 o-o i
490° C. . 74 003 91 0-02 109 -0-01 126 0-01
ß30° C. . 70 003 S8 0-02/0-03 99 0-015 119 0015
580° C. . 64 0-04 81 0-03 S8 0-02 10S 0-02
650° C. . 57 0-07 66 004/0-05 77 0-03/0-04 SS 0-04/005
690° C. . 54 o-io 64 0-06 68 005 82 0-04/0-05
750° C. . 50 0-17 69 0-12 61 0-08 72 007
800° C. . 48 53 (57 ... 80

-------------—

D ISC U SSIO N .
Mu. L. J .  B r ic e , *  M.Sc. (Member) : I  should like to  ask a  question of 

the authors in  connection w ith the annealing of these cold-worked brasses, as 
it  is a  point in  whioli I  am ra ther interested. H ave the authors a t  any  tim e 
carried ou t a similar series of tests on stra igh t 70 : 30 brass of varying degrees 
of initial hardness ? I  ask because I  am  hoping th a t  in a  subsequent w ritten 
communication I  m ay bo able to  give indications th a t w ith  extremely hard  
straight brasses there m ay be something in tho nature  of a discontinuity in the 
softening curve similar to  th a t obtained by the authors w ith brasses containing 
certain additions.

Dr. C. H . DESCH.f F.R.S. (Vice-President) : I  think, as regards the 
explanation of these facts, th a t i t  is no t quite as complicated as m ight a t  
first appear. The elem ents concerned increase th e  intrinsic hardness of the 
brass; th a t is to  say, by entering into solid solution in the brass they produce 
a  distortion of the lattice which manifests itself as increased hardness. W hen 
it comes to  the relief of hardening after cold-work, by the application of heat, 
th a t softening is a re-arrangem ent of the distorted lattice to  form the un
distorted norm al lattice of the annealed metal. A nything which produces 
the excessive distortion a t  the ordinary tem perature will, as i t  seems to  me,

* Research Department, Woolwich.
t  Superintendent, Department of Metallurgy and Metallurgical Chemistry, 

National Physical Laboratory, Tcddington.
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also hinder th a t rearrangem ent a t  the higher tem perature. The mobility 
of the atom s within tho lattice will bo reduced, and therefore th e  softening a t  a 
given tem perature will be less tlian th a t of the initial a-brasses. I  th ink th a t 
if we were to take the actual lattice structure of these alloys, look a t  the size 
of the atom s and the position they  occupy on tho lattice, and ascertain how 
much distortion is produced by introducing the foreign atom s, which are of 
quite different sizes, wo would find th a t the whole m atte r would reduce itself 
to one of simple geometry. I t  is curious how in so m any of these metallurgical 
problems if wo look a t the actual sizo of the atom s wo find th a t merely 
geometrical considerations will explain m ost of these phenomena w ithout 
resorting to  any specific influence of particular elements.

I  only p u t th a t forward as a  suggestion, bu t i t  seems to me th a t the curves 
which are shown here follow th e  kind of course which m ight be expected if 
th a t were the explanation of the increased hardening.

Mr. M i l l e r  (in reply) : W ith regard to  Mr. Brice’s question regarding the 
effect of tho am ount of cold-work on the m aterial prior to  annealing, in  our 
experim ents wo standardized th is a t  50 per cent, reduction in  thickness, and 
have no t considered the effect of different am ounts of cold-work on the 
softening curves. This effect, however, is fairly well known, and i t  has been 
shown th a t tho tem peraturo a t  which softening commences decreases w ith 
increasing am ounts of cold-work. B assett and  Davis * have given annealing 
curves for cartridge brass subjected to  different am ounts of reduction, varying 
from 20 to  59-1 per cent, before final annealing. These curves show the effect 
of increasing tho am ount of cold-work in  lowering tho tem peraturo on initial 
softening, b u t in  no instance is there any evidence indicating th a t  the norm al 
trend  of th e  curve subsequent to  recrystallization is effected. While we have 
no definite reply to  make to  Dr. Desch’s rem arks regarding the causes giving 
riso to  tho effect to  which wo have directed attention , I  m ight mention 
th a t we have found th a t somo of tho copper-nickel-zinc alloys show this 
phenomenon, although the straigh t copper-nickol and  straigh t copper-zinc 
alloys do not.

Dr. C o o k  (in rep ly): I  should like to amplify w hat Mr. Miller has said 
a propos of an  experim ent which we have carried out, and which I  th ink has 
some bearing on tho interesting suggestion which Dr. Desch has p u t forward. 
We found th a t the softening curve of an  alloy containing 90 per cent, of copper 
and 10 per cent, of nickel was quite normal, and a  similar result was found 
w ith an alloy containing 90 per cent, of copper and 10 per cent, of zinc. W ith, 
however, an  alloy containing 90 per cent, of copper, 5 per cent, of nickel, and 
5 per cent, of zinc, we obtained a  softening curve which showed an abnorm al 
deflection, similar to  those found on other alloys referred to in the paper. 
The fact th a t we obtained the effect in a  system which is a  combination of 
two simple systems which do no t show the peculiarity, indicates th a t  the 
retardation  in  the annealing process is no t dependent on the addition of an 
elem ent involving distortion of the lattice structure.

C O R R E SP O N D E N C E .
T h e  A u t h o r s  : To supplem ent our reply to  the interesting suggestion 

which Dr. Desch made, wo would quote further experim ental results which 
we have obtained. Softening curves for 9 0 :1 0  copper-zinc, 90: 10 copper- 
tin , and 95 : 5 : 5 copper-zinc-tin  alloys, are shown in Fig. A. For both the 
binary alloys the softening curves are quite normal, b u t for the ternary  alloy 
of the same copper content there is evidence of the retarding effect subsequent

* Trans. Amer. Inst. Min. Met. Eng., 1919, 60, 42S.
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to recrystallization. This affords further evidence th a t the effect is no t 
necessarily duo to  the presence of an element giving rise to  distortion of tho 
lattice structure.

Dr.-Phil. M. H a n s e n  * (Member) : I  was particularly  interested in  th a t 
portion of tho paper dealing w ith the influence of iron. F o r some tim e an 
investigation of the constitution of tho ternary  system copper-zinc-iron up to 
an iron content of 2 per cent, has been in  progress a t  the Kaiser-Wilhelm- 
In s titu t fiir Metallforschung, Berlin-Dahlom, Germany, the results of which 
will be published early in  1933. Investigation has shown th a t a-brass is 
capable of taking up iron into solid solution in'considerably larger quantities

F ig. A.—Annealing Curves of : A. 90: 10 copper-zinc; B. 90 :10 copper-tin ;
C. 90:5  :5  copper-zinc-tin Annealed 30 minutes at Different Temperatures.

a t high tem peratures than  a t  lower tem peratures, as is the case w ith copper.f 
In  view of this fact, age-hardening experiments were carried out. Results, as 
shown in Fig. B for an  alloy w ith  71-17 per cent, copper, 0-71 per cent, iron, 
and the rest zinc, clearly indicate, in opposition to  tho authors’ observations, 
th a t a-brass containing iron exhibits m arked ageing effects. Similar results 
wero obtained w ith 70 : 30 brass containing 0-20 and 0-53 per cent. iron. 
There is no doubt, therefore, th a t  the retardation  of softening in 70 : 30 brass 
containing iron subsequent to  the commencement of recrystallization is due 
to  precipitation hardening. As m ay be seen from the curves, the increase 
in hardness for an annealing period of 30 m inutes is greatest w ith ageing

* Privatdozent, Abteilungsleiter am Kaiser Wilhelm-Institut für Metall- 
forschung, Berlin-Dahlem, Germany.

t  D. Hanson and Graeo W. Ford, ■/. Inst. Metals, 1924, 32, 335—361; G. Tam- 
mann and W. Oelsen, Z. anorg. Chem., 1930, 186, 257-288.
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tem peratures of 450°-600° C. This is in  accordance w ith the results of Dr. 
Cook and Mr. Miller.

D r. F . J o h n so n  * (Member) : I  have read the paper w ith  much in terest 
and appreciation. I  should be glad if the authors would describe tho method 
which they  employed for introducing iron into their alloys and if they would 
s ta te  w hether they experienced any difficulty in obtaining ingots in which 
tho iron was uniformly distributed. I  have investigated t  the influence of 
iron on properties of eopper-zinc alloys, and found th a t tho influence on 
grain-size and softening tem perature was unmistakable, b u t tho da ta  now 
presented by the authors give,‘to  nse their own words, quantita tive indications

TIME IN L A Y S
F ig . B.—Change in Brincll Hardness (5 mm. ball, 250 kg. load, 30 seconds) of 

a-Brass with 71-17% copper, 0'71% iron, rest zinc, quenched a t 800° C., after 
Ageing a t Different Temperatures.

of the ex ten t of these effects which m ust undoubtedly be of great interest in 
the commercial annealing of brass.

Nevertheless, i t  would no t be quite correct to  sta te  th a t no previous data  
on the subject have been published. Some work was done by 0 . Smalley, J  who 
examined the influence of 0-5 and 1-0 per cent, of iron on tho tensile, hardness, 
im pact, and alternating im pact te s t results as well as on the malleability of 
70 : 30 brass, the cupping and drawing properties being also determined by the 
actual m anufacture of ferrules and fuse primers. No annealing tests were 
made on m aterial annealed below 650° C., the am ount of reduction by cold- 
rolling being comparable to  th a t effected by the authors, b u t much thicker 
m aterial, which had been subjected to  less total reduction, was used. N everthe
less, the retardation  in softening shown by the authors over tho range of 
tem perature G50°-800° C. agrees fairly well w ith th a t shown by Smalley, 
whoso conclusion was as follows : “  Iron appreciably raises the annealing

* Head of Metallurgy Department, Central Technical College, Birmingham, 
f  Inst. Metals, 1918,19, 133; Mel. Ind. (Lond.), 1921,18,125-128.
i  Met. Ind. (Lond.), 1920,17, 421-428.
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tem perature of brass, the correct tem perature for 70 : 30 brass in  the presence 
of 0-50 per cent, iron being 775° C. and in the presence of 1-00 per cent, iron, 
825° C., if the period of heating is 30 m inutes.”

Photom icrographs wore also published showing tho influence of iron on 
grain-size. The authors sta te , on p. 250, th a t after cold-working and com
plete annealing, 70 : 30 brass containing 0-49 per cent, of iron appeared 
microscopically to bo a homogeneous solid solution.

Smalley examined “ small casts ” containing 0-10-0-50 per cent, of iron, 
and found th a t iron-rich particles were ju s t discernible a t  0-35 per ccnt. iron, 
and th a t “  tho solubility of tho iron-rich constituent is no t enhanced by 
mechanical work or hoat-treatm ent, its presence thus affording a  rough guido 
to tho iron content.” Thcro appears, therefore, to  be a  point of divergence 
hero from tho experience of the authors, whoso opinion thoreon I  should 
welcome.

One discovery made by Smalley was of great commercial interest, viz. th a t 
such articles as ferrules and  fuse primers can be successfully m anufactured 
from “ 70: 3 0 ” brass containing 1 per cent, of iron, by adjusting tho annealing 
tem perature to  tho iron content. Another claim was th a t, for tho manufacture 
“ of springs and the like, iron is beneficial in brasses.”

Mr. K . G. L e w is ,* M.Sc. (Member). : I  venture to  suggest to  tho 
authors th a t the deflection commencing from the so-called softening tem 
perature and through the range of 400° C. m ay very probably be duo to  tho 
disappearance or absorption in  varying degrees of the ¡3-phase. I t  is known 
th a t straight copper-zinc alloys containing 64-71 per cent, of copper show 
some [3-crystals when ju s t solid, and  these can be effectively absorbed only 
by annealing in  the range of 400° C. when a  structure of homogeneous a is 
obtained. This would apply to  tho m ajority of the brasses used in this 
work, although the am ount of any such (3-phase would be small. Again, 
there is tho modification of the constitutional diagram of tho copper-zinc 
series by the addition of various elements to be considered—tho limiting 
solubility of the a-solid solution m ay bo increased to  a  value above th a t of 
approximately 63 per cent, zinc a t  low tem perature.

Guillet ■(• found th a t a num ber of elements when added to  copper-zinc 
alloys m aterially altered the apparent copper content (as determined by 
microscopical examination), and used tho term  “ equivalent coefficient ”  to 
illustrate th is effect in the case of each element. Thus, the equivalent 
coefficient has a  definite minimum of copper in  the a-solid solution and a 
different value for tho maximum copper content in  the [3-solution. In  prac
tice, one value alone for each of the added elements can bo used in  the case 
of this series of alloys. Guillet has shown th a t silicon and aluminium 
appreciably lower the real copper content (as determined by analysis), and 
th a t manganese and iron lower tho content only slightly. Nickel, on tho 
other hand, gives an apparently greater copper content. Guillet’s actual 
equivalent coefficient values were Si, 10; Al, 6; Fe, 0-9; Mn, 0-5; N i ,— 1-3.

Microscopically, tho (3-phase present would probably n o t bo discernible, 
particularly a t the magnification used ( x  100), as the authors have given 
very ample evidence of the small grain-size obtained in the caso of an addition 
of 0-49 per ccnt. of iron.

Although the coppcr contents of the brasses containing aluminium and 
silicon are in the neighbourhood of 77 per cent., .1 th ink th a t tho same reason
ing still applies in this instance, owing to  the appreciable quantities of these 
elements (a t any rate, of the former) which were used and also to  their high 
equivalent coefficients.

* King's College, Cambridge.
t  Rev. Met., 1905, 2, 111; 1906, 3, 143, 258, and 262.
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None of the above rem arks apply  to  those brasses containing phosphorus, 
since, according to  Guillet, a  separate constituent is formed.

The A o t i i o r s  (in reply) : We are very interested in tho results which 
Dr. Hansen has quoted, and to  learn th a t in  the course of his investigations 
into the constitution of tho ternary  system eoppcr-zinc-iron he has found 
a-brasses containing iron to exhibit ageing effects. We are no t surprised to 
learn of these findings, for tho ageing tests which we carried ou t on these and 
some of tho other series wero of only a very prelim inary nature, and although 
we did no t find any evidences of ageing as a result of these experiments, wo 
had no t concluded th a t the alloys did no t therefore possess ageing character
istics, and in the paper we commented specifically on th is possibility. We 
quite agreo th a t the results th a t Dr. Hansen has p u t forward indicate th a t 
these alloys actually do possess ageing characteristics, and his results and 
ours on the iron series agree in  indicating th a t the effect is m ost marked in 
the tem perature range of about 400°-G00° C.

In  reply to  the first query of Dr. Johnson’s interesting communication, 
the iron was added in  the form of ferro-zine, which we made from electrolytic 
spelter and pure iron. This alloy contained 4 per cent, of iron, and a regular 
distribution of tho iron in  tho brass was thereby obtained, for several analyses 
of different brasses in  the iron series on samples from different portions of 
the ingot yielded very concordant results. We were no t unaware of Smalley’s 
work, bu t this was no t carried ou t on m aterial as th in  as th a t which wo used, 
and, furthermore, the annealing was no t carried out over such a  comprehensive 
tem perature range. As Dr. Johnson has pointed out, Smalley did no t make 
any annealing tests below 650° C., and did no t observe tho deflection in  tho 
annealing curve, to  direct a tten tion  to  which was one of the principal objects 
of our paper.

Wo havo no t made any system atic or serious a ttem p t to  establish tho 
lim it of solubility of iron in  a-brass, and we are quite ready to  adm it th a t it 
m ay be less than  0-49 per cent. In  fact, electrical conductivity m easure
ments we havo made indicate th a t tho solubility is less than  0-2 per cent, 
a t  normal tem peratures. Nevertheless, in  an alloy containing this am ount 
of iron we could no t w ith  certainty, by microscopic methods, distinguish tho 
presence of free iron or an  iron-bearing constituent.

There seems to  bo no evidence to  indicate th a t the deflections in  the 
softening curve were due, as Mr. Lewis suggests, to  the presence of the (3-con
stituen t. The effect of ¡3 is shown on the softening curve for alloy No. A7 
(Fig. 10) where annealing a t  tem peratures in excess of 750° C. causes the 
curve to  assume an upward direction. This alloy contains additions of such 
nature and am ounts as to  give riso to  the presence of the (3-phase. Even 
though straight copper-zine alloys containing 64-71 per cent, of copper m ay 
contain small quantities of the ¡3-phase when ju s t solid, i t  becomes reabsorbed 
on subsequent annealing. The materials on which the softening curves were 
determined consisted of strip  rolled from ingots, and in  the fabrication of the 
strip  the m aterial was subjected to  a series of alternate rolling and annealing 
operations, which would result in  tho complete absorption of any  small 
amounts of ¡3 which might have been present originally from lack of equilibrium 
conditions in  the cast materials. In  most instances tho additions were no t 
of sufficient am ount to  increase tho equivalent zine content to such a  degree 
as to  result in the presence of (3 in  the alloy. Although the photomicrographs 
included in the paper to illustrate the effect of iron on grain-sizo are a t  100 
diam eters magnification, all the  samples were examined microscopically a t  
much higher magnifications, and except in  the instance referred toi no (3 was 
seen. A magnification of 100 diam eters was used only for convenience in 
covering the range of crystal structures illustrated in  the photomicrographs.
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THE CONSTITUTION OF THE LEAD-TIN 
ALLOYS.*

By D. STOCKDALE, M.A., P ir.D .,t M e m b e r .

S y n o p s i s .

An investigation of the constitution of the lead-tin alloys is described.
The micrographio method, two thermal methods, and a modified electrical 
conductivity method have been used in the determination of the solubility 
of tin in lead, -which is shown to bo 19'5 per cent, by weight, a t the tem 
perature of the eutectic. This value is considerably higher than any other 
previously obtained. I t  is also shown tha t a t ordinary temperatures lead 
probably cannot hold more than 2 per cent, of tin in solid solution. Tlio 
cause of the evolution of heat in certain of the alloys a t a temperature 
just below th a t of the eutectic is discussed. No definite conclusion has 
been reached, but two explanations are put forward, and it is also shown 
tha t the allotropic theory is probably untenable.

T h e  alloys of lead and tin have been examined by many workers, and 
the results fall into three main classes typified by the work of Rosenhain 
and Tucker,1 Jeffery,2 and Honda and Abé.3 Rosenhain and Tucker 
and Jeffery agree that the solubility of tin  in lead at the eutectic tem 
perature is about 16 per cent, by weight, and Honda and Abé place the 
limit at 18 per cent., but at lower temperatures they all differ widely. 
At 100° C. Rosenhain and Tucker find a solubility of about 12 per cent., 
Honda and Abé about 8 per cent., Jeffery about 4 per cent. The chief 
difference in opinion concerns the existence or non-existence of a 
transformation point in the intermediate alloys near 150° C. Rosenhain 
and Tucker believe that this is a real transformation, and are of the opin
ion that it is a change in the lead-rich solid solution from a ¡3 to an a 
modification, the latter possessing a smaller solubility for tin than the 
former. Their diagram is therefore slightly complicated. Jeffery, using 
the electrical resistance method, found that alloys cooled quickly be
tween the liquidus and solidus showed this transformation even when 
cooled slowly from the solidus, but that alloys cooled very slowly 
throughout showed no change. He concluded that the transformations 
were due to metastability, and shows no line on his diagram, which is of 
the simplest type. Honda and Abé, using differential thermal analysis,

* Manuscript received April 29, 1932. Presented a t the Annual Autumn 
Meeting, London, September 13, 1932. 

t  King’s College, Cambridge.
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attributed the change to a rapid decrease of the solubility of the tin-rich 
phase in the lead-rich solid solution with a fall iu temperature. Their 
diagram is therefore similar to Jeffery’s except that there is a marked 
and sudden inflection in the a-phase boundary near 160° C. and at about
18 per cent, of tin.

T h e r m a l  A n a l y s i s .

The alloys were made by melting together suitable weights of lead 
and tin in alundum crucibles under hydrogen, and bars 8 mm. in diameter 
were obtained by casting into a cold, heavy, iron mould. The weight 
of a bar was about 30 grm. Subsequent examination showed that these 
alloys were not uniform owing to inverse segregation. Attempts to 
cast more suitable bars failed. This non-uniformity would be expected 
to cause certain of the thermal arrests to be blurred and to cause the 
solidus to be placed at a temperature slightly too low and the a-phase 
boundary at a temperature slightly too high.

Lead from two sources was u sed : Kahlbaum lead and some very 
pure lead prepared by the Stas method by the late Colonel C. T. Hey- 
cock. The constitution of duplicate alloys made up from the different 
kinds of lead appeared to be identical after the same heat-treatment. 
The tin  was “ Chempur ” and contained not more than 0-006 per cent, 
of impurities other than lead.

A differential method of thermal analysis similar to that described 
by Honda and Abé 3 was employed. Each specimen weighed 10 grm., 
and the neutral, a piece of pure lead, 12 grm.

The two pieces of metal, after squeezing to a suitable shape, were 
wrapped in thin asbestos paper and were then bound side by side, the 
whole being wrapped round with more asbestos paper.

Copper-Constantan couples of 24 s.w.g. were used, the short wire 
of the differential couple being of Constantan. Temperatures were 
measured on a millivoltmetcr and also on a water-dropper, the mirror 
galvanometer of the water-dropper being in parallel with the millivolt- 
meter. The differential couple was connected with a second mirror 
galvanometer which also threw a spot of light on to the sheet of the 
water-dropper. In this way, direct and differential curves could be 
drawn on the same sheet of paper and their correlation was easy, as 
the two curves had the same time ordinate. The sensitivity of the direct 
couple was varied somewhat during the experiments; for the most 
part 1-5 mm. on the sheet represented I o C. The sensitivity of the 
differential couple was high. A pair of typical curves is reproduced in 
Fig. 1. Except that they have been reduced to two-thirds for reproduc
tion and that for convenience the differential curve (6) has been moved



vertically over tlie direct curve (a), these, and all the others shown, are 
as they were on the original sheet. Curves (a) and (b) are cooling curves 
of 10 grin, of an alloy containing 20 per cent, of tin  and the break is  
caused by a small quantity of eutectic present in that alloy. I t  is 
interesting to note that the peak of the differential curve corresponds 
with the completion of the transformation. This work has convinced 
the author that the temperature of a change is given by the first move
ment from the horizontal of the differential curve, and that, except in
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Fia. 1.—Typical Thermal Curves.

eases where extreme sensitivity is essential, the direct curve, which is 
always easier to interpret, is superior to all other types of curve.

The couple used in measuring temperatures was calibrated on the 
steam, lead-tin  eutectic (accepted as 183-3° C.), tin  and lead points in 
the usual way. I t  was also calibrated under actual working conditions 
by taking differential heating curves of pure tin  and of either a 20 or a 
25 per cent, tin  alloy using the eutectic point. In this way small 
corrections, of the order of 1° C., could be made to the original 
curve. I t  is suggested that measurements of temperature are correct 
to 1° C.



270 Stockdale:

T h e  L e a d - R i c h  S o l i d u s .

An electrically-heated tube furnace controlled by a thermo-electric 
thermostat was used throughout and the specimens were heated in 
hydrogen. The methods for finding the solidus of the lead-rich alloys 
are typified by the experiment with the 7 per cent, tin alloy which is 
given below. The specimen was introduced into the furnace running 
near 175° C. After 3 hrs., when the thermostat had settled down, it  
was set to raise the temperature to 179° C. After 16 hrs. at 179° C., the 
temperature was raised at a rate of 10° C. in 11 minutes, and the curves 
were taken. The differential curve is reproduced, actual size, in Fig. 1

T I N  . P E R  C E N T .  B Y  W E / O H T

F lO . 2 .

(c). As soon as a definite break had been obtained, the heating was 
stopped. I t  is to be noted that each alloy was given a preliminary 
anneal at some temperature just below that of the eutectic, and the 
curve was then taken through the eutectic range. That an alloy was 
not in equilibrium was shown by the appearance of an arrest at the 
temperature of the eutectic.

The results obtained are given in the Appendix and are plotted in 
Fig. 2, together with Honda and Abe’s results. The two sets are in 
general agreement; the author’s is about 4° C. higher, except that he 
finds the solidus of the 16 per cent, alloy to be at 221° C. as against 208° C.

The equilibrium diagram shows that in an alloy poor in tin  the 
percentage of metal melted during a rise in temperature of 1° C. in the
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solidus-liquidus area is considerably greater than that in an alloy richer 
in tin. Breaks in the differential curves would therefore be sharper the 
lower the tin  content. The points for the 15 and 16 per cent, alloys 
were indistinct, and no solidus points for richer alloys could be obtained 
by this method, although the curve indicates that the maximum  
solubility of tin in lead is about 20 per cent. The micrographic method 
also shows that the solubility is over 19 per cent. Indeed, a 10 grm. 
specimen of the 19 per cent, alloy was apparently obtained as a uniform 
solid solution as fo llow s: the specimen was annealed at 190° C. for 
16 hrs. and then cooled to 182° C. The presence of eutectic was shown 
by the cooling-curve. I t  was then heated to 185° C. and held there for 
42 hrs., cooled to 180° C. in £ hr., and reheated. There was no eutectic 
arrest, neither was any arrest shown at the solidus.

The 13 per cent, alloy melts over a range of 50° C .; the 20 per cent, 
might be expected to m elt over a range of 100° C. Therefore the solidus 
point on a heating-curve of the 20 per cent, might be expected to be 
about half the size of that on the curve of the 13 per cent. The differen
tial curve of the 13 per cent, alloy is reproduced in Fig. 1 (d). It shows 
an obvious arrest point and it  is therefore unlikely that a point half its 
size would be missed, and still less likely that points for the 17, 18, and
19 per cent, alloys would be absent. The explanation put forward for 
the failure to pick up these points is that the alloys poorer in tin  show 
super-heating. This explanation is confirmed by the fact that the 
solidus is placed at a considerably lower temperature by the micro
graphic analysis, although the heterogeneity of the thermal specimens 
would lead to the contrary expectation. There is then evidence that 
a lattice of this type, consisting of large solvent atoms and smaller solute 
atoms, can pass into a metastable state even when the phase which ought 
to be produced is the liquid.

T h e  L e a d - R i c h  oc- P h a s e  B o u n d a r y .

The method at first used for fixing this boundary was similar to  
that for fixing the solidus. The alloys were held for a time at a tem 
perature somewhat above that of the eutectic. They were then cooled 
through the eutectic range in order to ascertain whether they were in 
equilibrium, as was shown by the absence of an arrest point. When the 
eutectic was absent, the cooling was continued and direct and differential 
curves were drawn. The rate of cooling was 10° C. in about 12 minutes. 
The results are given in the Appendix and are plotted, together with 
those of Honda and Abé, in Fig. 2. Although the author’s temperatures 
are generally somewhat lower, there is again good agreement between
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the two sets. Kosenhain and Tucker, using the same method, apparently 
obtained similar results.

These differential cooling-curves showthat there is a very considerable 
evolution of heat when the second phase appears, and that after a few 
minutes the heat evolved is not sufficient to maintain the difference in 
temperature between the specimen and the neutral. I t  is known that 
the separation of a second phase from a solid solution is seldom accom
panied by a marked evolution of heat, and an examination of the 
lead-tin diagram indicates that if there is such a heat change in the 
15 per cent, alloy, for example, the quantity of heat given out should 
be proportional to the fall in temperature, at least to about 100° C. 
The differential curve should therefore show a slow and small departure 
from the vertical until the heat produced by the change is just sufficient 
to maintain the difference in temperature. The curve should then 
become nearly vertical again over a considerable temperature range and 
should creep back slowly at temperatures below 100° C. The experi
mental curves differ markedly from this conception of the ideal curve. 
Therefore if the change which is taking place is a simple precipitation of 
the second phase, then there is super-cooling to such an extent as to  
render attempts to fix the phase boundary by direct thermal analysis a 
mere waste of time.

One-phase alloys were next annealed at a definite temperature. The 
temperature was then raised as quickly as possible and the presence or 
absence of an arrest-point at the eutectic temperature was observed. 
As an example of the method of working, consider the experiments with 
the alloy containing 19 per cent, of tin. A new specimen was annealed 
at 185° C. for 24 hrs. The temperature was then dropped to 180° C. in 
|  hr., a cooling curve being taken. There was no arrest at the eutectic 
temperature, and the alloy was therefore a uniform solid solution.

The temperature was then lowered to 177° C. and maintained there 
for 17 hrs. The heating-curve, taken up to 187° C., showed no arrest, 
therefore the a-phase boundary is below 177° C. The temperature was 
then lowered to 175° C. and maintained there for 22 hrs. The heating 
curve showed a large absorption of heat at the eutectic, hence the 
boundary must be above 175° C., and the size of the point places it very 
near 177° C. Such experiments are difficult to carry out successfully 
because of the narrow temperature lim its between which some of the 
alloys are uniform solid solutions. During the work a thread recorder 
was used to show that there were no accidental temperature variations.

The method also suffers from three other disadvantages. First, 
there is no evidence that certain of the solid solutions were not super
cooled, despite the comparatively long annealing times. Longer times
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Fig. 4.— 19 per cent. T in . Quenched from 
182° C. x  40.

F ig. 6.— 19 per cent. T in . Quenched from 
191° C. X 100.

F ig . 5.— 19 per cent. T in . Quenched from 
178° C. X 40.

F ig . 7.— Same specim en as F ig . 5. Repolished 
afte r 14 days, x  100.

Fig . 8.— 18 per cent. T in . Quenched from F ig . 9.— Same specim en as F ig. 8. Repolished
173° C. x  100. after 14 days, x  100.

[To face p. 272.
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would not remove this doubt. Supersaturated liquid solutions may 
remain metastable for years under certain conditions. Secondly, tliis 
work shows that tin will dissolve comparatively rapidly in solid lead. 
It is therefore possible that two-phase alloys may have become uniform 
on the way up from the phase boundary to the eutectic temperature. 
This applies particularly to the alloys poor in tin. Thirdly, results 
must be obtained by “ creeping.” “ Bracketing ” cannot be used; 
because when two phases have been produced much time is spent 
in obtaining a uniform solid solution again and in proving it to be 
uniform. The process is therefore slow; on an average, each point 
needed 5 days.

It is probable that the boundary given by this method, although 
much higher than that given by the differential cooling-curves, is still 
too low. The results are given in the Appendix and in Fig. 2.

T h e  L i n e  a t  150° C.

It is convenient to discuss this line here, because the evidence which 
has been obtained is purely thermal. There is no doubt at all that 
many of these alloys after annealing for a considerable time just above 
the eutectic show the eutectic arrest on cooling followed by a compara
tively large evolution of heat near 150° C. Representative opinions 
about the cause of this line have already been summarized (p. 267).

I t  is generally agreed that the evolution of heat is greatest in an 
alloy containing approximately 18 per cent, of tin, that it decreases as 
the eutectic point is reached, and that it is absent in the tin-rich alloys. 
The pre-eutectic lead-rich solid solution is thus alone involved in this 
change.

Experiments with an alloy containing 90 per cent, of tin  either 
yielded negative results or showed a very small heat evolution from near 
the temperature of the eutectic. This evolution appeared to fade out 
near 150° C., and its existence could be adequately explained by the 
fact that both lead and tin separate from the solid solutions as the 
temperature falls.

Honda and Abé 3 publish cooling-curves of the lead-rich alloys which 
show the 150° C. point in a most marked way, but their heating-curves, 
taken immediately after the cooling-curves, show only a steady ab
sorption of heat starting about 100° C. and ending at the eutectic. The 
author’s curves are similar, but he finds this steady absorption to take 
place over a narrower range, from about 140° C. to 170° C. I t  is 
probable that the change is not reversible because the large evolution of 
heat on cooling is completed at a temperature above that at which the 

v o l . x l i x . s
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steady absorption of beat on beating starts. There are then three 
arguments against the allotropic theory :

(а) The change does not take place in that part oí the lead-rich
phase which is present in the eutectic.

(б) The change is not sharply and clearly reversible.
(c) There is no break in the a-pliase boundary.

Fact (c) was first pointed out by Jeffery,2 and the author has failed 
to find a break either by micrographic analysis or by his modified ther
mal method. At the same time, he wishes it to be realized that this 
work is difficult and that a break may yet be discovered.

There remains the explanation of Honda and Abé that the change 
is due to the rapid decrease of the solubility of tin in lead with a fall in 
temperature. This explanation cannot be correct if the author’s work 
is correct, because he finds that the boundary does not show the abrupt 
inflection given by Honda and Abé.

As the evidence leads to the conclusion that the change takes place 
only in the lead-rich solid solution, an investigation of the behaviour of 
the 18 per cent, alloy, which could be obtained as a uniform solid solution, 
and the 25 per cent, alloy, which would always contain a quantity of the 
second phase, was undertaken. This work shows that the temperature 
at which the change occurs and its size are dependent on the previous 
history of the specimen. The experiments are summarized in Table I.

T a ble  I

Hcat-Trcatment.
Evolution of 
H cat Starts, 

° 0.
Evolution of 
H cat Ends,

° a
Size.

Arbitrary
Units.

18 Per cent. Tin.
(I) New specimen. Annealed a t 180° C. 

for 90 hrs. . . . . . 156 148 115
(2) After (1). Annealed a t 184° C. for 18 

hrs. Annealed a t 172° C. for 18 hrs.. 168 indefinite 20
(3) Then annealed a t 171° C. for 90 minutes no point
(4) Then heated to 188° C .; above eutectic 

for 25 minutes . . . . 159 152 70

25 Per cent Tin.
(1) New specimen. Annealed a t 190° C. 

for 18 hrs. . . . . . 168 165 55
(2) Then annealed a t 190° C. for 3 hrs. and 

a t 179° C. for 43 hrs. 160 155 50
(3) Then annealed a t 179° C. for 18 hrs. . 161 155 25
(4) Taken to  181“ C. after (3) and curve 

taken immediately 162 152 5
(5) Then annealed a t 188° C. for 15 minutes 168 162 35



The Constitution of the Lead-T in Alloys 275

In every case, except tlie first experiment with the 18 per cent, tin 
alloy, the specimens probably contained both phases.

The direct and differential curves obtained in the first experiment 
with the 18 per cent, alloy are given in Fig. 1 (e) and ( /) .  The numbers 
along the differential curve ( /)  denote temperatures in  degrees Centi
grade.

The author is of the opinion that the line near 150° C. would not 
be found if it  were possible to work with an alloy in equilibrium, and 
that its presence may be due to either or both of two causes. Other 
methods indicate that it  is difficult to bring about the breakdown of 
the solid solution at the correct temperature. The difference between 
the eutectic temperature and the temperature of this line may cor
respond with the supersaturated range of a liquid solution and the line 
itself to the labile boundary. If this view is correct, it  follows that 
direct cooling-curves do not give the position of the true boundary, 
but only that of this labile boundary. On the other hand, the evolution 
of heat occurs even in the presence of considerable quantities of the 
second phase. The second explanation put forward tentatively is that 
under the conditions of these experiments the tin  is deposited from the 
solid solution at the correct temperatures, but that this tin  is not the 
stable, white allotrope, but some other form. The heat noticed is the 
heat of transformation, possibly even the latent heat of solidification, 
of the tin. On the tin-rich side of the eutectic the lead-rich phase is 
in an intimate mixture with the white tin, and the possibility of an 
unstable form of tin  persisting over a range of temperature is therefore 
less.

M iC R O G K A ra ic  A n a l y s i s .

The alloys were made in alundum crucibles under hydrogen. They 
were cast on a polished steel block standing in a mixture of ice and 
salt, and as soon as the plates were solid they were pushed into the 
freezing-mixture. I t  was noticed that the metal, even after considerable 
periods in the cold bath, when removed and dried, gave out so much heat 
that the plates were almost too hot to hold firmly in the hand. These 
specimens appeared to be homogeneous.

As chief stress is placed on the micrographic results, a chemical 
analysis of certain of these plates was made. That weight of an alloy 
which contained about 0-2 grm. of tin  was taken and the specimen 
was rolled out and dissolved in 12 c.c. of concentrated nitric acid diluted 
with 6 c.c. of water. When the action was over, 50 c.c. of boiling 
water were added and the assay was left on a hot plate for 2 hrs. The 
tin dioxide was then filtered, washed with hot, 1 per cent, nitric acid,
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dried, and ignited. To check the assays, blanks were made up by 
m apping a small, weighed piece of tin  in lead foil. The metals were 
melted in a silica crucible by playing a small hydrogen flame, on them  
and the whole of each tiny ingot was then analyzed. Blanks containing 
10, 15, and 19 per cent, of tin gave 10-01, 15-04, and 18-97 per cent., 
respectively. The 11, 13, 16, 18, and 19 per cent, alloys were found 
to contain 11-OS, 13-07, 15-94, 17-97, and 19-00 per cent, of tin  
respectively.

To prepare the alloys for micrographic examination, the specimens 
were taken down first on a coarse and then on a fine file moistened with  
alcohol. N ext they were ground on fine emery papers lubricated with  
a considerable quantity of fine oil. After cleaning in ether, they were 
polished on a cloth disc using a fine suspension of chromium oxide in 
methylated spirits as the polishing agent. They were etched electro- 
lytically in a saturated solution of lead nitrate diluted with four times 
its volume of water, using a cathode of platinum foil and a platinum  
spiral as anode. Current was supplied from a 2-v. accumulator, and 
there was a 40-ohm coil in the circuit. The best results were obtained 
when the alloys were kept out of water as much as possible. The 
essentials of this technique were originally suggested by Rosenhain and 
Tucker.1

A short period of annealing at a temperature just above that of the 
eutectic was all that was required to produce uniform solid solutions. 
Even the 19 per cent, alloy became uniform in less than 18 hrs. Then, 
without removing the specimens from the furnace, they were annealed 
at suitable temperatures. When the phase boundary was being deter
mined the annealing periods were about 18 or 42 hrs., for the solidus 
2 or 18 hrs. The later resistivity experiments indicate that these times 
were too short, but, in view of the fact that specimens annealed at a 
definite temperature for 18 or 42 hrs. behaved in exactly the same way, 
the ideal times are obviously prohibitively long. The work was accel
erated somewhat and made more accurate by the use of a triple furnace. 
This consisted of a long, fireclay tube, 2 in. in diameter, electrically 
heated, and so wound that a temperature gradient existed along its 
length. The temperature of its inner surface was thermo-electrically 
controlled. The ends were closed by rubber bungs which were bored 
to carry loosely three glass tubes of about \  in. internal diameter. 
The specimens were heated in hydrogen in these inner tubes, each of 
which could be moved horizontally to a hotter or colder part of the 
furnace. Hence three specimens could be annealed at different, but 
definite, temperatures at the same time. The necessary three thermo
couples were easy to control.
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The results arc given in the Appendix and plotted in Fig. 3, and 
certain of the photographs taken arc reproduced in Figs. 4-9 (Plate 
XLVII). In these and all the other photographs, the tin-rich phase is 
white, although sometimes if the specimens were not properly cleaned 
the liquid phase etched black. Figs. 4-6 (Plate XLVII) show the 19 per 
cent, alloy quenched from various temperatures. I t  will be noticed 
that all these photographs show black smudges. These smudges could 
not be removed by polishing and are probably due to the fact that the 
solid solution is not retained by quenching. The marks probably 
indicate the more stable patches.

T l  N .  P E R  C E N T  B Y  W E I G H T

FlC. 3.

A remarkable property of these alloys is that grain-growth proceeds 
rapidly at ordinary temperatures. Fig. 7 (Plate XLVII) shows the  
specimen of Fig. 5, but repolished after 14 days at room temperature. 
I t  is evident that very considerable changes have taken place.

Typical structures seen when fixing the a-phase boundary are shown 
in Figs. 8 and 9 (Plate XLVII). The tin appears first at the crystal 
boundaries of a cooling specimen arid then comes out of solution within  
the mother crystal. There is preferred orientation, but this orientation 
is noticeable only when the specimen has been annealed just below the 
boundary. If the alloy be annealed only 10° C. too low, or if it  be kept at 
room temperature for a few days, this structure either does not appear 
or is completely obscured. The presence of free tin  in alloys containing 
less than 8 per cent, of that metal is difficult to detect, and the prac
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tical lim it of microscopy appears to be 7 per cent, of tin  and near 
120° C. Except at the lower temperatures the agreement between 
these points and those obtained by the modified thermal method is 
reasonably good. The latter are always the lower.

The solidus as fixed by micrographic analysis may still be a little  
high, at least for those alloys containing little tin, not only because of 
the apparent difficulty of making liquid appear at the correct tempera
ture, but also because lead can dissolve tin  very quickly indeed. For 
example, three specimens containing 4 per cent, of tin  were quenched 
on a rising temperature at 305° C., 307° C., and 309° C. The last had 
collapsed in the furnace and the second had obviously been pasty; 
none showed any trace of the second phase. Thus the few seconds 
spent in quenching are sufficient for the lead to dissolve considerable 
quantities of the tin-rich liquid.

In one case the differential lieating-curves place the solidus as much 
as 7° C. higher than does the micrographic work (see Appendix). This 
would appear to be outside the range of all possible error in the measure
ment of temperature.

M e a s u r e m e n t  o f  E l e c t r ic a l  R e s i s t a n c e .

The diSerence resistance method was used in order to follow the 
boundary to  as low a temperature as possible and to check the results 
of the micrographic analysis. The theory underlying this method has 
already been outlined,4 but advantage was taken of Dr. J. L. Haughton’s 
suggestions * and the apparatus was made autographic. A double 
thread recorder was used and the furnace was rewound to give a tem 
perature difference of only 1° C. over the working length. Squirted 
alloy wires of diameter 0-75 mm. and length approximately 80 cm. 
were wound on a frame made of silica tubes. The ends lay side by side 
and were either soldered to stout copper leads or were bound to them  
by thin copper wire. The wires were then annealed to make them  
uniform solid solutions. The other arms of the W heatstone’s bridge 
were two Manganin wires of approximately the same resistance as that 
of the alloy wires. The length of one of the Manganin wires could be 
varied at will. When the connections were made, the resistances were 
adjusted so that there was practically no deflection of the thread 
recorder needle, and then the Manganin wires and all possible connec
tions were sunk in paraffin wax. The thread recorder scale wras 10 cm. 
and represented 1 m .v. The fall in potential across one side of the 
bridge was about 50 m.v. The sensitivity so obtained was amply 
sufficient and the arrangement was such that small changes in the
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voltage of the accumulator were of no importance. The second thread 
recorder was used for the measurement of temperature.

The clear results obtained for the copper-silver alloys could not be 
obtained here, probably because of the difficulty of preventing the alloys 
from becoming metastable. Transformations took place at much too 
low temperatures and accurate extrapolations were impossible.

In the present work two wires differing in composition by about
2 per cent, were chosen. After the final adjustments to the apparatus 
had been made, these wires were annealed for 24 hrs. A t the end of 
that tim e their relative resistances were always constant. Then the 
temperature of the furnace was allowed to fall at a rate of some 3° C. 
per hr. until an inflection in the curve had been obtained and the rela
tive resistances were again nearly constant. A tim e-e.m .f. curve for 
the pair 5 per cent.-and 3 per cent, of tin  is reproduced in Fig. 10. 
The tim e ordinate has been very much condensed, but the e.m.f. scale 
has been expanded five times. The numbers represent temperatures in 
degrees Centigrade. This curve would lead one to suppose that the 
5 per cent, alloy transforms at 42° C. and the 3 per cent, near 26° C. 
Now there is evidence that the 5 per cent, alloy in stable equilibrium 
is two-phase below about 100° C., hence the curve shows nearly 60° C. 
of supercooling. It is to be expected that at low temperatures a two- 
phase alloy would be nearer equilibrium than a one-phase. Hence in 
this case the lead-rich solid solution of the 5 per cent, alloy at 30° C. 
should contain less tin  than the metastable lead-rich phase in the 3 per 
cent, alloy. Its resistance therefore should be the lower, but ultimately 
the resistance of the latter alloy should decrease at a faster rate than that 
of the former. It follows that the curve should at first over-shoot the 
value at which it settles. This over-shooting was never found, and it 
is doubtful whether the lower point on the curves does really represent 
the transformation of the second alloy. On the other hand, these 
lower values agree well with the equilibrium diagram, and heating 
curves tended to show that the second alloy, too, always contained 
free tin.

When the resistance of the cold alloys had become constant (Fig. 
10), the temperature was slowly raised. There was no change in the 
relative resistance up to 74° C., and the a-phase boundary of the 3 per 
cent, alloy therefore appears to lie near 74° C. When the temperature 
had reached 93° C., it  was again lowered temporarily. There was a 
small rise in the potential difference, showing that the resistance of the 
5 per cent, alloy had started to fall at once. This indicates that this 
wire was nearly in equilibrium as the temperature rose, even though 
the fall in resistance was not so great as had been expected, and also
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shows that it is much more difficult to rcach equilibrium on a falling 
temperature. When the temperature reached 93° C. once again, the 
potential difference was almost exactly the same as it had been 32 hrs. 
earlier. As the temperature rose to 99° C. the potential difference 
continued to decrease, and the curve shows that the a-phase boundary 
lies near 99° C. It is to be noted that the potential difference returned 
to its original value after the 10 days.

The pairs 10-7, 7-5, 5-3, and 3-1 per cent, of tin  were examined. 
All except the last gave curves similar to that shown in Fig. 10, and 
the results agreed well amongst themselves. This electrical method 
shows that the 10 per cent, alloy is a uniform solid solution above 
145° C .; the micrographic and the modified thermal methods give 
137° C. and 129° C., respectively. The highest figure is thought to
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F ig . 10.—Potential Difference-Time Curve for Pair 5 a n d  3 per cent. Tin.

be most accurate, but it is probable that the three methods would give 
almost identical results for alloys containing about 19 per cent, of tin.

The point near 74° C. for the 3 per cent, alloy found by the curve 
shown in Fig. 10 is shown in the Appendix and is plotted in Fig. 3. 
This point must be accepted tentatively, because the 3 per cent, alloy, 
as a member of the 3-1 pair, apparently could not be broken down 
either by slow cooling, by keeping for long periods in ice and in iced 
brine, or by passing current from an induction coil through the cold 
wire.

T h e  T ix -R ic ii A llo y s .

The solidus of the tin-rich alloys was fixed by the micrographic 
method. Alloys containing 1-0, 1-5, and 2 per cent, of lead begin to 
melt at 215° C., 207° C., and 198° C., respectively. These points lie 
on a straight line which passes through the melting point of tin and 
which meets the eutectic line at 2-9 per cent, of lead. On the other 
hand, an alloy containing 2-5 per cent, of lead still contained traces of
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liquid after it  had been annealed at 185° C. for 5 days. No serious 
error will be introduced if the solubility of lead in tin  be taken as 2-6 
per cent, by weight.

S u m m a r y .

The lead-tin alloys, particularly those rich in lead, have been exam
ined by various methods, and an equilibrium diagram (Fig. 11) is given. 
Compositions are expressed in percentages by weight and also in atomic 
percentages (broken line). The data used for the construction of this 
diagram are given in this paper, except that the tin-rich phase boundary

T I N .  P E R  C E N T

F ig . 11.

is after Jeffery,2 the eutectic is placed at 61-86 per cent, by weight of 
tin ,6 and the liquidus is taken from some of the author’s unpublished 
work. This new diagram differs very considerably from the older 
diagrams.

R e f e r e n c e s .
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J Stockdale, J . Inst. Metals, 1931, 45, 132.
5 Haughton, J. Inst. Metals, 1931, 45, 140.
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A PPE N D IX

Alloy. Solidus, ° C. Phaso Boundary, ° 0.

Tin, Weight By Heating Micro By Cooling Method oi Micro Resistance.per Cent. Curves. graphie. Curves. Heating. graphie.

3 74(7)
4 310 305
5 -99
7 294 288 69 97-105 > i i ’o 117
9 281 97 121-124

10 268 137 145
11 204 Ü 5 136
13 248 242 132 151 1*52
15 230 145 161
1G 221 214 168
17 absent 160 170
18 »» 196 156 174 176
19 » t 186 177 180

T h e  G o l d s m i t h s ’ L a b o r a t o r y ,
T n E  U n i v e r s i t y  o f  C a m b r i d g e . 

April, 1932.

D ISC U S SIO N .

M r .  <T. C a r t la n d , *  M.C., M.Sc. (M em ber): In  this paper Dr. Stockdale is 
chiefly concerned w ith the solid solubility of tin  in  lead, b u t in  a  previous 
paper, on the composition of eutectics, in 1930, he gave an  estim ation of the 
eutectie composition, which ho placed a t  61-86 per ccnt. tin . Dr. Rosenhain 
criticized th a t  very severely, bu t I  see th a t Dr. Stockdale, apparently  quite 
unrepentan t, re-publishes th a t figure in the present ivork, and thus reopens 
th is question for discussion. The essence of Dr. Rosenhain’s criticism was 
th a t th e  eutectic composition had been fixed by th e  extrapolation of liquidus 
curves which were no t stra igh t lines, and Dr. Rosenhain m aintained th a t his 
own method, which depended on th e  fact th a t  a  very slight departure from the 
eutectic composition m ade a very  m arked difference in the m icrostructure, 
fixed th is point more re liab ly ; and on th a t he placed the eutectic a t  63-0 
per cent, tin,

I would suggest th a t, in  suitable circumstances, there is a  th ird  method of 
obtaining the eutectie composition—namely, th a t of draining from a mass the 
most fusible constituent and  analyzing it. T hat m ethod was first mentioned 
before this In s titu te  in 1921 in  the discussion on H aughton’s paper on the 
system  tin-copper. H aughton, by therm al methods, had  placed the t in -  
copper eutectic a t  1 per cent, copper, b u t Rooney explained th a t he had 
managed to  drain  out of a  m aterial containing 9 per cent, copper a m aterial 
which analyzed only 0-75 per cent, copper. H e asked H aughton for an 
explanation, possibly being too polite to  s ta te  th a t in his opinion th a t was the 
true  eutectic, b u t I  th ink  th a t  is w hat he m eant. D raining the m ost fusible 
constituen t away and analyzing i t  is a  method which is applicable only on a 
large scale, and it  is therefore an example of the rather rare case of a  largc-

* Fry’s Metal Foundries, Ltd., London.
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scale process which can yield scicntific information which the same process, 
done on a laboratory scale, fails to  give.

Wo regularly employ a process of multiple draining combined w ith 
fractional crystallization, into tho exact technique of which I  need no t enter 
here, and by which we obtain from lead-tin -an tim ony alloys a  m aterial which, 
I  believe, consists of 100 per cent, eutectic. My evidence th a t th is contains 
100 per cent, eutectic is th a t tho product, w ithin very narrow limits, is uniform, 
and is independent w ithin ra ther wide lim its of tho m aterial w ith which we 
commence. I  have recently examined 52 analyses of 2-ton batches repre
senting 104 tons. .U nfortunately the light th a t this m ight throw  on the vexed 
question of the composition of the tin -lead  eutectic is masked to some extent 
by the presence of antim ony, b u t nevertheless research carried ou t by tho 
B ritish Non-Ferrous Metals Research Association, starting  on a  basis of a 
tin -lead  eutectic of 63 per cent., shows th a t none of these antim onial alloys, 
which are 100 per cent, eutectic, can contain less than  56-4 per cent. tin . Wo 
regularly obtain, however, a  product which I  believe contains 100 per cent, 
eutectic and which contains ra ther more th an  1 per cent, less tin  than  tha t. I  
took those 52 analyses, and using the formula given in  tho book issued by the 
B ritish Non-Ferrous Metals Research Association I  converted each of those 
analyses to their non-antim onial equivalents and  27 of them  gave a result 
between 60-9 and 61-5 per cent. tin . Therefore, although th is question is 
masked to some exten t by antim ony, I  do claim th a t these results of large-scale 
operations arc some evidence th a t the true  eutectic is lower th an  tho 63-0 per 
cent, which has h itherto  been the accepted figure, and th a t the results 
therefore support D r. Stockdalc’s conclusions in  his paper.

Tho exact determ ination of th is eutectic is of some small commercial 
im portance; if we m ake the reasonable assum ption th a t  the  value of a tin 
m an’s solder is proportional to the  percentage of eutectic which i t  contains, 
independent of the question w hether i t  is antim onial or non-antimonial, then 
on present m arkets the discrepancy between these two leading authorities 
would make a difference to  the world’s annual tinm an’s solder bill of the 
order of £40,000.

Dr. W . R o s e n h a i n ,* F.Inst.M et., F .R .S. (P ast-P residen t): As i t  seems to 
amuse some people to  tread  on m y tail, I  do no t see why I  should no t respond, 
and I  th ink  th a t I  can deal w ith  Mr. C artland’s rem arks very summarily. 
A fter all, large-scale operations arc very im portant from a commercial point 
of view, b u t when one seeks to  base actual scientific determ inations on them  it  
is necessary to  prove the purity  of the materials. D r. Stockdale, rightly  and 
wisely, has taken an immense am ount of trouble in  eliminating the last traces 
of im purity, and then  Mr. C artland says th a t he can support the au tho r’s 
conclusions by calculations on a  very approxim ate formula from a  m aterial 
containing 1 per cent, of antim ony and  x  per cent, of other things. I  do no t 
th ink  we need consider the m atter further.

I  am much more seriously interested in  D r. Stockdale’s views about the 
arrest po in t in  the lead-rich alloys of the lead-tin  system. I  am not sure th a t 
I  can claim to  bo the first discoverer of th a t arrest point, b u t I  th ink  th a t Mr. 
Tucker and I  were the  first to investigate it  systematically, and i t  was very 
difficult indeed to  arrive a t  an explanation of the result, and ours was pu t 
forward only tentatively  a t  th a t time, and I  do no t a ttach  any undue weight 
to  i t  to-day.

One of the difficulties about i t  is the fact th a t so fa r as our observations 
were concerned (and they were made w ith a  considerable am ount of care, and 
w ith apparatus and methods which a t  th a t tim e were a  g rea t deal more

* London.
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sensitive than  those anyone elso had used) the arrest point ceascd a t  the 
eutectic concentration and th a t the alloys containing prim ary tin  did not 
show it.

Various workers have ascribed this arrest to  an allotropic transform ation 
in  tin  which is supposed to  occur a t  about th a t tem perature, forgetting th a t 
in  th a t case surely we should expect to find the arrest most m arked a t  the tin  
end of the series. To a  certain ex ten t th a t is also an  argum ent against the 
view th a t this arrest is due to  anything like allotropy in the lead, because if 
the lead undergoes allotropic transform ation one would expect the eutectic 
lead to  undergo th a t transform ation as much as the prim ary lead, and 
apparently  i t  does not. A t anv ra te , the explanations p u t forward by others— 
by  the Ita lian  workers—did no t impress me in the least. I  could no t under
stand how anything in the nature of instability  or under-coolins of any kind 
could lead to  the developm ent of a  line of arrest points stric tly  horizontal on 
the diagram occurring a t  a  definite tem perature for all concentrations of tin  
above a  certain value, and then below th a t value—near the lead end—falling 
steeply down to tem peratures in some eases below room tem perature.

I  th ink  th a t  the problem has y e t to be solved, and I quite appreciate Dr. 
Stockdale’s ra ther ten ta tive  a ttitu d e  towards it. I  believe th a t we m ust 
ra ther reserve our judgm ent un til we know still more about these things.

There are quite a  num ber of these rather 
mysterious transform ations in our alloy 
systems. W e are gradually beginning to  
understand some of them , and perhaps we 
can also learn in the fu turs something about 

• if  theso particular ones. I  do no t know
a. +  /3 w hether anyone has y e t a ttacked  this

particular problem by means of X -ray 
F i g . A. analysis. Perhaps Dr. Stockdale could

tell me. I  believe th a t he has no t used 
the method, although he has used m any others w ith great care.

As for the actual eutectic concentration, th a t  also is apparently  an open 
question. I  th ink th a t the extrapolation of therm al da ta  is unjustifiable to  
th a t extent. I  do n o t claim infallibility for the other method, however, and 
possibly we shall find a t  some future timo w hat the eutectic concentration is, 
if there is one. W hat I  mean is this—th a t the change of melting point over 
a short range of composition m ay bo so small th a t  there is really no defining 
the point very accurately. I  do no t believe, in actual fact, th a t there is any 
theoretical reason for doubting the possibility of such a  sta te  of affairs, and 
Roberts-Austen actually drew a  diagram w ith a  tangential liquidus.

Dr. M a r i e  L. V. G a y i /e r  * (Member) : There are one or two questions th a t 
I  should like to  ask. I  do no t understand the reason why the au thor carries 
ou t certain heat-treatm ents. He deals (p. 271) w ith an alloy containing 19 
per cent, tin , anneals i t  for 16 hrs. a t  190° C. and then cools to  182° C. His 
eutectic tem perature is 183-3° C. The composition of the alloy, 19 per cent., 
lies very  near to  the horizontal p a rt of the solidus. If  therm al curves are 
taken of a series of alloys as shown in Fig. A, i t  will be found th a t the tem 
peratures of the eutectic arrest points generally tend  to fall as shown by AB. 
Under equilibrium conditions the last eutectic arrest should be a t  A. 
The au thor has taken  an alloy which, according to  his diagram, is close to  A. 
To s ta r t heating th a t alloy for 16 hrs. a t  a  tem perature above the  eutectic 
tem perature seems to  mo unwise, because the chances are th a t more eutectic 
m ay appear in the alloy.

* Assistant, Department of Metallurgy and Metallurgical Chemistry, National 
Physical Laboratory, Teddington,
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There is another case in  which lie has done the same sort of thing, bu t in 
order to  determine the phase boundary. I t  is sta ted  on p. 272 th a t a specimen 
was annealed a t  185° C. for 24 lirs. T hat again is presumably above the 
eutectic tem perature, and again a 19 per cent, alloy is used, and consequently 
there m ay be liquid in the alloy. The tem perature is dropped to  180° C. in 
0-5 hr., a  cooling curve being taken. There was no arrest a t  the eutectic 
tem perature; the alloy is said, therefore, to  be a  uniform solid solution. 
Dr. Stockdale m ay be perfectly right, b u t his ra te  of taking th a t cooling curve 
is so slow th a t  ho m ay have masked th a t evolution of heat by his own con
ditions. I  do no t therefore th ink  th a t lie is absolutely justified in  reaching 
th a t conclusion.

Again ho lowers the tem perature to  177° C. and m aintains i t  there for 
17 lirs .; he takes the heating curve up to  187° C. and finds no arrest, and 
deduces th a t the a-phase boundary lies below th a t tem perature; ho then 
decreases the tem perature to  175° C. and m aintains i t  for 22 hrs., which is 
2° C. below the original tem perature. Dr. Stockdale then says, “  The heating 
curve showed a large absorption of heat a t  the eutectic, hence the boundary 
m ust be above 175° C.” I  do no t follow th a t. If  this alloy is in  solid solution, 
when tem perature is raised lie ought no t to  get a  large a rrest a t  the eutectic 
tem perature, because he has already said th a t th a t alloy is homogeneous a t  
the eutectic tem perature. The large arrest should occur where the tem 
perature of solidus is rcached a t  the point C in Fig. A.

I  think, therefore, th a t the method used is righ t in  principle, b u t th a t the 
au thor’s deductions are no t quite justified, because he has annealed a t  tem 
peratures which m ight give him erroneous results.

D r. S t o c k d a l e  (briefly replying to Dr. Gayler) : I  would point out th a t I  
had a t  first only a vague idea of the solubility of tin  in lead. The first quickly- 
taken heating and cooling curves fixed the approxim ate positions of tho 
solidus and  of the alpha-phasc boundary. Then the modified therm al method 
gave the position of the boundary more accurately, bu t i t  is sta ted  in the paper 
quite clearly th a t this method gives results which are probably too low. Now, 
knowing the general position of the various fields, the much more accurate 
micrographic and electrical resistance methods were used to  work up finally 
to  w hat is considered a comparatively accurate result.

C O R R E SP O N D E N C E .

Tuf, A u t h o r  (in further reply lo the discussion at the m eeting): I  am 
interested to find th a t Mr. C artland’s evidence obtained by examining the 
drainings from large masses of freezing alloy adds confirmation to  the view 
th a t the lead -tin  eutectic contains less than  63 per cent, of tin , bu t as an 
academic I  have to  discard th is evidence. I  share Dr. llosenhain’s views 
on the subject of im purities in  metals, and  th ink  th a t i t  is as y e t impossible 
to  predict the effect of the presence of even a  very small quan tity  of a single 
im purity  on the position of a  ternary  point of this kind. I  welcome Mr. 
C artland’s contribution in th a t i t  rem inds the research worker th a t pure 
research is often of direct use to  practical men.

I  am sorry th a t the question of the eutcctie concentration has been 
reopened. If it  had occurred to  me th a t th is was going to be the subject 
of a mild controversy I  would have published my experimental results in 
greater detail. I  can only say now th a t  the published curve of the 63 per 
cent, tin  alloy * shows a  definite pre-eutectic point and the shape of th is

* J . Inst. Metals, 1930, 43, 201.
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curvo is definite evidence th a t the pre-euteetic m etal is tin . A curve of the
61-5 per cent, alloy (unpublished) also shows a pre-eutectic poin t and indicates 
th a t the pre-eutectic m etal is now lead. The extrapolation is then  between 
63 and 61-5 per cent. The mean result was obtained by extrapolating two 
different lines in  two different ways, the individual results being 61-65, 61-75,
62-0, and 62-0.

I had hoped th a t Dr. Rosenhain would have been able to  explain the 
cause of the lower arrest line from m y results. A curious fact about th is line 
is th a t it  does norm ally occur some 25° C. below the tem perature a t  which 
the prim ary lead solid solution m ight be expected to  excrete tin , and  th is 
constancy m ight well be used as an  argum ent against any  explanation involving 
instability. Usually*, however, a  set of cooling curves is taken  under more 
or less the same conditions throughout, and I  have shown th a t wide variations 
in  the conditions do cause a  change in  the tem perature and size of the arrest 
in  any  one alloy. The analogy of the problem to  th a t of the m etastable 
sta te  in  liquid solutions inclines me to  the view th a t  hero, too, we m ay be 
dealing w ith substances which are no t in  equilibrium. I  had suggested th a t 
this question is suitable for a ttack  by  the X -ray method, b u t I  am  informed 
th a t there are technical difficulties, which I  do no t fully understand, which 
might make its  solution by th is m ethod impracticable.

I  th ink  th a t  Dr. Gayler’s difficulties will largely disappear if she realizes 
(a) th a t a t  the tim e of theso prelim inary experiments I  had  only a  vague 
idea of the solubility of tin  in  lead, and (b) th a t  in m y opinion the reaction 
a  -j- liquid— is much faster th an  a  +  p— >-a, and th a t therefore for the 
object in  view i t  was safer to  anneal slightly above than  slightly below the 
tem perature of the eutectic. I  would repeat th a t these experim ents were 
used only to determine the approxim ate position of the  phase fields. T hat 
they gave results in close agreement w ith those given by other methods is 
incidental.

Dr. Gayler seems to have missed the fact th a t if an alloy, which under 
ideal conditions will exist for a  few degrees as a  uniform solid solution (just 
to the left of A, Fig. A), is annealed eitTier in  the a +  liq. field or a  -(- ¡3 field, 
and then  is cooled or heated respectively, th a t  alloy will show an  arrest at 
the eutectic tem perature provided th a t the tem perature changes are not 
slow enough to  allow the alloy to  be always in  equilibrium.

I  agree th a t the arrest points tend  to  fall as shown by  AB in Fig. A, bu t 
only either when the alloys contain im purities or when th e  pyrom eter is not 
tru ly  sensitive. This was actually used as a  tes t for the m aterials and 
apparatus, and no difference between the eutectic tem peratures in  20 and 
25 per cent, tin  alloys was found, although the former could contain only 
traces of the eutectic.
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MECHANICAL PROPERTIES OF NICKEL 
WIRES.*

By C. E. RANSLEY,f and C. J . SMITHELLS f  » .Sc., M e m b e r .

(C o m m u n i c a t io n  f r o m  t i i e  S t a f f  o f  t h e  R e s e a r c h  L a b o r a t o r i e s  

o f  T h e  G e n e r a l  E l e c t r ic  C o m p a n y , L i m i t e d , W e m b l e y , E n g l a n d .)

S y n o p s i s .

The paper, presents data on certain mechanical properties of fine 
nickel wires. The materials used include commercial nickel, refined 
nickel prepared by melting in hydrogen, and the same material with 
small additions of the elements commonly present in commercial nickel. 
Measurements have been made to determine the following:

(1) The effect of w'iro diameter on tho tensile strength and elongation 
of commercial nickel after annealing a t various temperatures.

(2) The effect of temperature of annealing on the tensile strength and 
elongation of all the materials mentioned above in the form of wire 
0'0425 mm. in diameter.

(3) The short-time tensile strength of the same wires a t temperatures 
up to 1000° C.

(4) Tho breaking strength of commercial nickel wire 0'0425 mm. in 
diameter under prolonged loading a t temperatures up to 1000° C.

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

I n  connection with certain applications of fine nickel wires in the electrical 
industry itw as desirable to know something of their mechanical properties 
both at normal and elevated temperatures. Experience showed that 
different consignments of commercial nickel wire varied considerably 
in both strength and ductility even when the material contained more 
than 99-5 per cent, of nickel. No data were found to be available re
garding the mechanical properties of nickel wires as fine as 0-04 mm. in  
diameter. Sykes J has published curves showing the effect of tem 
perature on the tensile strength and percentage elongation of wire 0 6 3  
mm. in diameter, both cold-drawn and annealed at 800° C. The nickel 
used contained 0-15 per cent, iron as the chief impurity. The effect of 
impurities on the mechanical properties of rolled nickel has been in
vestigated by various workers and summarized by the U.S. Bureau of

* Manuscript received April 30, 1932. Presented a t the Annual Autumn 
Meeting, London, September 14, 1932.

t  Research Laboratories of the General Electric Company, Limited, Wembley.
J Trans. Amer. Inst. Min. Mel. Eng., 1920, 64, 780.
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Standards.* Other papers on the properties of nickel which should be 
referred to are those by Browne and Thompson,f and by Jordan and 
Swanger.J None of these, however, relates to fine-drawn wire. The 
authors have, therefore, carried out tests 011 fine wires made from 
commercial nickel and from laboratory melts containing small per
centages of other elements. Mechanical properties at various tem 
peratures up to 1000° C. have been determined for wires of different 
diameters and after annealing at various temperatures.

M a t e r i a l s .

A representative sample of commercial nickel was obtained in the 
form of wire 1-5 mm. in diameter. The impurities were identified 
spectroscopically and determined by chemical analysis, as recorded in 
Table I.

A quantity of “ Inco electro nickel ” was made available through the 
good offices of the Research and Development Department of Messrs. 
Mond Nickel Company, Ltd., and this was further refined by re-deposition 
in a chloride bath. This was carried out mainly to remove the last 
traces of sulphur. If this element is present in excess of 0-01 per cent., 
it  renders the nickel unworkable unless additions of manganese or 
magnesium are made. The refined nickel was stripped from the 
cathode and heated in pure hydrogen for 1 hr. at 1000° C. to reduce any 
oxide. I t  was finally melted in magnesia crucibles in an atmosphere of 
pure hydrogen in a high-frequency furnace, treated with nitrogen, and 
cast into 0-5 in. diameter chill moulds. Full details of this method have 
been given in a previous paper.§ Ingots prepared in this way, without 
the addition of a deoxidizer, can readily be rolled and drawn into wire. 
The analysis of the finished wire prepared in this way is given in Table 
I and represents a fairly high standard of purity.

A further check on the purity of this nickel was made by determining 
the temperature coefficient of electrical resistance. This is very 
sensitive to certain impurities. The value obtained between 0° C. and 
100° C. was 0-00667 ohm per 0 C. per ohm, compared with 0-0067 found 
by Jordan and Swanger|{ for electrolytic nickel containing 99-94 per cent, 
nickel.

The same nickel was used for preparing ingots to which deliberate 
additions of the common impurities had been made. The proportion 
of the added element only was determined by analysis for these wires

* U.S. Bur. Stand. Circ., No. 100, 1924.
f  Trans. Amer. In-st. Min. Met. Eng., 1920, 64, 387.
% U.S. Bur. Stand. J . Research, 1930, 5, 1291.
§ Smithells, Williams, and Grimwocd, J . Inst. Metals, 1931, 46, 443.
|| Loc. cit.



F ig . 1.— W ire T esting  M achine.

F ig . 3.— L e f t : F ine-grained W ire show ing 
general elongation.

R ig h t : Coarse-grained W ire show ing local 
elongation. X 20.

[To face p. 2SS

P l a t e  XLVIII.



P l a t e  X L I X .

F ig . 4.— E tched Section o f W ire show n  
in  Fig. 3 (left). X 200.

F ic . 5.— Etched Section of W ire shown 
in Fig. 3 (right), x  200.

F ic . 6.— E tched Section of Tensile Specimen show ing necking in  a single crysta l, x  200.



F ig . 8.— Refined Nickel. F 'o - 9.— Nickel +  0-07 per cent.
M agnesium.

F ig . 10.— N ick e l-f  2-33 per cent. Iron . F ig . 11.— N ickel +  0*34 per cent.
Manganese.

Nickel w ires C-0425 m m . in d iam eter annealed for 5 m inutes a t  1000° C. in hydrogen. 
E tchod w ith  n itric  acid +  acetic  acid, x  500.

P l a t e  L .



P l a t e  LI.

F ig . 12.— Nickel 4* Iron  annealed a t  F ig . 13.— Nickel 4- Iro n  annealed a t
620° C. x  500. 720° C. x  500.

F ig . 14.— Refined N ickel annealed a t  
720° C. x  500.
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and is given in Table I, the other impurities being assumed to be the 
same'as for the refined nickel. Although 0-5 per cent, of magnesium was 
added, less than 0-1 per cent, remained in the m elt owing to volatilization. 
In the case of manganese about 0-4 per cent, was added, and to the other 
melt about 2-0 per cent, of iron. These are approximately the amounts 
found by analysis.

The cast bars were cold-rolled, with intermediate annealing in 
hydrogen at 900° C., down to 6 mm. diameter, swaged cold to TO mm. 
diameter, and drawn cold through diamond dies. The last anneal was 
given at 0-15 mm. diameter, after which the wires were drawn cold to  
the finished size. The same die was used for finishing all the wires, to 
avoid differences in diameter. All the tests, with the exception of one 
series, were made on wires 0-0425 mm. in diameter.

T a b l e  I.

Material.
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Commercial nickel . 99-39 0-15 0-21 0*09 0-22 0-21 0-036 0-033
Refined n icke l. 99-91 0-29 trace 0-00G 0-001 0-01G 0-021 0-022 0-003 0-013
Nickel -f manganese. 0-31
Nickel +  magnesium 0-07
Nickel -f- iron. 2-33

M e c h a n ic a l  P r o p e r t i e s .

Tensile Tests at Room Temperature.
The tensile strength and percentage elongation were determined at 

ordinary temperatures on a special wire testing machine— Fig. 1 (Plate 
XLVIII)— which has been in use at the Laboratories for some years. 
It  differs from the usual type of tensile machine in that the load is 
applied by straining at a constant rate. I t  consists essentially of a 
thin steel beam about 6 in. long, provided at one end with a small 
radius threaded rod round which the test wire is secured. The beam  
is fitted with an aluminium extension, which carries an oil-damper, 
and, at the extreme end, a small glass slide engraved with a very 
minute scale. The scale is projected at high magnification on an 
enclosed screen conveniently situated in front of the machine. A 
clamp similar to that on the beam is carried on a steel rod, which is 
pulled downwards at a constant rate by an electrically driven screw. 
The speed can be varied, but for the present experiments a fixed rate 
of extension of 0-4 cm. per minute was used. The extension is auto- 

VOL. x l i x . T



290 Ransley and Smithells :

matically registered by a cyclometer attachment. As the load increases 
the projected image of the scale attached to the end of the beam 
moves across a line marked on the screen, and the load is read off 
directly. This scale is calibrated by attaching known weights to the 
clamping screw on the beam, in place of the test wire. The standard

T E M P E R A T U R E  O F  A N N E A L I N G .  °C

F ig . 2.—Tensile Strength and Elongation of Commercial Nickel Wires after 
Annealing a t Various Temperatures.

Wires reduced 75 per cent, by cold drawing before annealing.

length of test-piece employed was 4 cm., and each of the given values 
represents the mean of four tests.

Fig. 2 shows the effect of the temperature of annealing on the tensile 
strength of commercial nickel wire of three different diameters (0-375, 
0-158, and 0-0425 mm.), all of which had been reduced 75 per cent, in 
diameter since the previous anneal. The corresponding per cent.



Mechanical Properties of Nickel Wires 291

elongation is also given. Tlie wires were wound on spools and annealed 
for 5 minutes in hydrogen in a tube furnace.

From the shape of the curves it will be seen that the recrystallization 
temperature is about 640° C. for all the wires. I t  is noticeable that 
wires annealed below 640° C., which are presumably similar in structure, 
show an increase in tensile strength with decreasing diameter.

When the wires are recrystallized the effect is reversed. This is due 
to the fact that there is a wide difference in the number of crystals in the 
cross-section of the wires of different diameter. This number varies 
from about 20 in the case of wire 0-375 mm. in diameter to 2 or 3 for 
wire 0-0425 mm. in diameter, when annealed at 800° C.

The same effect is observed in the percentage elongation of annealed 
wires of different diameters, the curves for which are also given in Fig. 2.

The elongation varies only slightly w ith diameter for wires annealed 
below 600° C., but above this temperature there is a much smaller 
increase in the percentage elongation of the finest wire than of those of 
larger diameter. There is also a steady fall in elongation with increase 
in annealing temperature. This is due to the growth of large crystals, 
which frequently occupy the whole cross-section of the wire. If one of 
these crystals happens to be oriented so that the (111) planes lie in the 
position most favourable to slip, the extension is wholly confined to this 
crystal. When there is a sufiicient number of crystals in the length of 
the test-piece for at least one crystal to be in this position, the percentage 
elongation appears low. Fig. 3 (Plate XLVIII) shows fine- and coarse
grained wires in which general and local elongation respectively have 
been produced. The structure of these wires is shown in Figs. 4 and 5 
(Plate X L IX ). Fig. 6 (Pla,te X LIX ) shows a section through a single 
(twinned) crystal in which necking has occurred.

The actual values of tensile strength and percentage elongation for 
the wires 0-375 and 0-158 mm. in diameter annealed at 650° C. are the 
same as those usually found in commercial nickel—namely, about
49 kg./mm.2 for the ultimate strength and 48 per cent, elongation on 2 
in.* The values are much lower, however, for the wire 0-0425 mm. in 
diameter, and for all the wires when higher annealing temperatures are 
used.

Fig. 7 shows the effect of annealing temperature on the tensile 
strength and elongation of nickel wires with various added elements, all 
the wires being 0-0425 mm. in diameter. These wires had all been 
reduced 70 per cent, by cold-drawing since the previous anneal. The 
curves for commercial nickel are included for reference. There are 
several points of interest. All additions increase the tensile strength of

* Merica, Trans. Amer. Soc. Steel Treat., 1929, 15, 1054.



the cold-drawn wire, the effect of the very small addition of magnesium 
being quite marked. Whilst pure nickel softens with low-temperature 
annealing, the other wires show a slight increase in tensile strength when 
annealed below 400° C. The most noticeable effect of the addition of
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•  Refined N icke l 

— a Commercial Nickel 

x Nickel + Magnesium  

+ N ickel + Iron  

o N icke l+Manganese

300 400 500 600 700 800
T E M P E R A T U R E  O F  A N N E A L I N G , ’C

Fia. 7.—Effoct of Minor Constituents on Tensile Strength and Elongation of Nickel 
Wire 0'0425 ram. in Diameter after Annealing a t Various Temperatures.

other elements is on the recrystallization temperature, the values 
deduced from the curve being given in Table II.

A batch of Mond nickel specially selected for its purity, and which 
after melting in hydrogen could be worked without the addition of 
magnesium or manganese, also gave a value of 480° C. for the annealing 
temperature of pure nickel.

The fact that less than 0-1 per cent, of magnesium raises the anneal
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ing temperature 160° C. is remarkable. Similar effects have, however, 
been observed with other metals, for example, the effect of iron on 
silver * and antimony on copper.f Tho hardening effect of the added 
elements is still apparent in  recrystallized wires, provided the annealing 
temperature is not too high. Added elements lead to the development 
of large crystals in wires annealed above 800° C., with consequent fall 
in tensile strength and percentage elongation as previously explained.

T a b l e  II.

Materinl. RccrystaUization 
Temperature,0 0.

Kefined nickel . . . . . 480
Nickel +  iron . . . . . 580
Nickel -f manganese G20
Nickel +  magnésium 640
Commercial nickel . . . . 640

The effect is slight with magnesium and with commercial nickel, but 
is particularly noticeable in the case of manganese.

Figs. 8, 9, 10, and 11 (Plate L) show the structure of the various 
wires after annealing at 1000° C. The very large crystals in tho wire 
containing manganese will be noticed. The results obtained with the 
wire containing iron are also interesting. The very rapid fall in both 
tensile strength and elongation after annealing above 650° C. corre
sponds with a rapid increase in grain size at this temperature, as seen 
from Figs. 12 and 13 (Plate LI), which should be compared with 
Fig. 14 (Plate LI).

Short-Time Tensile Tests at High Temperatures.

The apparatus used for short-time tensile tests at temperatures up to 
1000° C. is shown in Fig. 15, the principle being the same as in the 
machine already described.

I t  employs a mirror and scale, and to obtain a large angle of deflection 
the beam must be short. The beam is tapered to minimize zero shift.
Since only part of the wire under test is at the required temperature it
is not possible to determine elongation. The beam has to be very thin, 
as the strength of these wires at the highest temperature used is only of 
the order of 6-7 grm. The apparatus is designed to give a constant 
speed of extension of 3-6 cm. per minute. A hydrogen atmosphere 
was maintained in the furnace to protect tho wires from oxidation.

* Widmann, Z. Physik, 1927, 45, 200. 
t  Archbutt and Prytherch, J . Inst. Meials, 1931, 45, 205.
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F ig . 16.—Effect of Minor Constituents on the Tensile Strength a t Temperatures up 
to 1000° C. of Nickel Wires 0 ’0425 mm. in Diameter.

F ig . 15.—Tensile Testing Machine for Short-timo Tests a t High Temperatures.
A. Wiro under test. G. Electric furnace.
B. Clamp. H. Hydrogen inlet.
C. Beam. ,T. Thermocouple.
D. Oil damper. K. Clamp.
B. Dash pot. L. Straining mechanism.
F. Mirror.

• Refined N ickel 
o Com m ercial N icke l 
6 Nickel + Magnesium  
o » + Iro n

» + M anganese
+ Commercial Wire 0 -63 

mm,diameter (Sykes)

700 800 900 loo
TEMPERATURE. O F  TEST. °C.

Ransley and Smithells :
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The wires used for these tests were first annealed by drawing con
tinuously through a tube furnace at 925° C.

Tensile tests were made every 100° C. from room temperature to 
1000° C. and at closer intervals over the range from 300° C. to 500° C. 
The results are plotted in Fig. 16. (Each point represents the average 
value from four tests.) Values obtained by Sykes * for wire containing 
0-15 per cent, of iron and 0-5 per cent, of cobalt, 0-63 mm. in diameter 
and annealed at 800° C., are included for comparison.

All the wires have a well-defined arrest over the range 300°-450° C., 
except the refined nickel, in which it  is very nearly absent. The cause 
of this discontinuity is not certain. Jeffries f  considers that it  is due to  
the spontaneous healing of slip-planes during deformation. There is 
also a magnetic change at approximately 360° C. (the actual temperature 
is much influenced by impurities), but it is not accompanied by any 
change in the lattice. The present curves show that both the period 
and temperature of the arrest are influenced by minor constituents, 
and might possibly be absent in absolutely pure nickel.

Slow Tensile Tests at High Temperatures (Creep Tests).

Tests were conducted on commercial nickel wire 0-0425 mm. in 
diameter to determine the tim e to fracture nnder small loads at high 
temperatures. This was done by suspending weights from single-strand 
filaments mounted somewhat like lamps in glass bulbs filled with argon. 
The filaments were maintained at temperatures ranging from 700° C. 
to 1000° C., as measured by a disappearing filament pyrometer, and the 
current-temperature curve was extrapolated to determine the current 
corresponding with 600° C. The temperatures recorded are brightness 
temperatures, and the true temperatures would be about 50° C. higher.

The arrangement of the wire and its weight before being sealed into 
the bulb is shown in Fig. 17.

To prevent the filament being damaged during sealing-in and 
pumping, a conical weight resting in a wire ring was used. The filament 
was welded with a slackness of 2 -3  mm., and the bulb was inverted in a 
special rack and adjusted so that the weight swung clear of the ring 
while the test was carried out.

The current lead to the weight end of the filament consisted of a 
spiral of 0-06 mm. diameter nickel wire. This was at a dull red heat and 
had no retarding effect on the weight.

A suitable range of weights was found to be from 0-4 to 4-0 grm., and

* Sykes, Trans. Amer. Inst. Min. Met. Eng., 1020, 64, 780. 
t  “ Science of Metals," p. 188.
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the time to fracture for filaments thus stressed was determined at 600° 
C., 700° C., S00° C., 900° C., and 1000° C. The load-tim e curves are 
given in Fig. 18, the average of three tests being taken for each of the 
plotted values.

I t  should be noted that the time scale has had to be altered for each 
diagram so that the points could be plotted. The curves are of the type 
usually found in tests of this kind, of which examples for various

F ig. 17.—Method of Mounting Wire before Sealing into Glass Bulb for Creep
Tests.

materials are given by Tapsell.* The measurements described in this 
section were made solely to determine what load could safely be applied 
to these fine wires without causing failure during a period of about 1000 
hrs. The results obtained, however, indicate that the method might 
be adapted to give useful data on creep over much longer periods, and 
for various materials at temperatures nearly up to their melting points. 
The advantage of the method lies in its economy compared to the costly  
apparatus required for creep tests on large test-pieces.

* Tapsell, “  Creep of Metals,” p. 119. London : 1931.
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300*C
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TIM E TO F R A C T U R E  . H O U R S

T IM E  TO  F R A C T U R E . H O U R S

Fio. 18.—Slow Tensile Testa (Creep Tests) for Commercial Nickel Wiro 0'042o mm. 
in Diameter a t Elevated Temperatures.

(Note.—Tho time scale is different for each temperaturo.)

S um m ary .

The main conclusions reached from the data presented in this paper 
are as follows :

(1) The annealing temperature of commercial nickel wire which has 
been reduced 75 per cent, by cold-drawing is independent of wire 
diameter. For the material used this temperature is 640° C. as judged 
by changes in tensile strength and elongation. For wires annealed 
below 600° C. the tensile strength is higher the finer the wire, but this 
is reversed when the wires are annealed above 640° C. This, and similar 
effects, are attributed to the relative dimensions of the wire and the 
crystals, which latter may occupy the full cross-section of the wire.
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(2) Additions of iron, manganese, or magnesium increase tlie 
tensile strength of cold-drawn wire. W hilst fine nickel softens with 
low temperature annealing, these wires show a slight increase in tensile 
strength after annealing below 400° C. The annealing temperature of 
pure nickel is about 480° C., but this is raised 100° C. by the addition of 
2-33 per cent, iron, 140° C. by 0-34 per cent, manganese, and 160° C. by 
0-07 per cent, magnesium. Additions of these elements lead to the 
development of large crystals on annealing above 800° C. with consequent 
fall in tensile strength and elongation.

(3) Curves representing the tensile strength of wires at temperatures 
up to 1000° C. all show an inflection at 300°-450° C. This is practically 
absent in pure nickel.

(4) A simple form of long-period tensile test, or creep test, was 
developed, by means of which the time to fracture under various loads 
at temperatures ranging from 600° to 1000° C. was determined for 
commercial nickel. The curves obtained for periods from 30 seconds to 
1000 hrs. were of the type usually obtained by more elaborate methods, 
and indicate that the method might be applied to give data on creep 
over much longer periods.

D ISC U SSIO N .

M r .  W . R . B a r c la y , *  O.B.E. (V ice-Prcsident): I  have very little  to say 
except th a t I  do feel th a t, on behalf of those of us who are engaged in the 
nickel industry, I  should oiler a  few words of tribu te  to  the authors for w hat I  
consider to  be a very valuable contribution to  the literatu re  of nickel, p a r
ticularly  on the subject of wire. There are m any practical problems on which 
this paper offers suggestive ideas w ithout definitely touching on them . The 
question of the pu rity  of nickel wire is, in particular, v itally  im portant, 
inasmuch as pu rity  is absolutely essential for m any purposes connected w ith 
the electro-magnetic properties of the  m aterial. On the other hand, in actual 
manufacture there are difficulties in the technique of m anufacture of nickel 
wire, which have involved the necessity for making additions of elements such 
as magnesium and  manganese, and this has definitely decreased th e  standard  
of pu rity  of nickel wire as compared w ith, for instance, copper and other 
similar commercial products. I t  is, however, of in terest to  rem ark th a t, during 
the last two years, thero has been a definite step in  the direction of getting 
higher standards of pu rity  in commercial nickel wire. We are now- able, having 
a more thorough understanding of the subject, to  cu t down very m aterially 
th e  additions of other elements such as manganese and magnesium, and obtain 
a much higher standard  of purity . I t  is, for example, no uncommon thing 
now to  obtain in  commercial m aterials a standard  of pu rity  of 99-6 per cent.

D r. M a u r ic e  CooK,f M.Sc. (M em ber): There is one point in  this paper

* Consulting Metallurgist, The Mond Nickel Co., Ltd., London, 
t  Senior Research Metallurgist, I.C.I. Metals, Ltd., Birmingham.
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th a t I  find of special interest, for i t  seems to  bo possibly allied in  nature to 
th a t dealt w ith in the paper by Mr. Miller and myself.*

The curves in  Fig. 7, particularly  th a t for nickel containing iron, relating 
tensile strength  w ith annealing tem perature, show a deflection from tho 
norm al smooth curve in  the region subsequent to  recrystallization, sim ilar to 
th a t shown in annealing curves relating both tensile strength and hardness to  
annealing tem perature for alloys discussed in our paper. I t  would seem th a t 
tho causes giving rise to  th is retardation  in  tho annealing process m ay be 
similar both in  tho case of the various nickels which the authors have examined 
and the different brasses which we have studied. Tho authors do n o t appear 
to  havo made any specific reference in their paper to th is peculiarity on the 
tensile curves, b u t I  should bo very interested to  know w hether they  have any 
comments to  offer as to  the causes which havo given rise to  it.

Professor R. S. H u t t o n , t  D.Sc. (V ice-President): I  th ink  th a t it  is obvious 
in discussing the degree of pu rity  of metals th a t there is a  liability  to  con
troversy on account of tho different methods of analysis employed. I  wonder 
w hether tho authors could give us tho electrical conductivity  of th is nickel 
compared w ith others previously worked w ith ? So far as I  remember, the 
highest pu rity  nickel previously examined was th a t prepared specially by 
the Physikalisch-Technischo R cichsanstalt for electrical conductivity tests. J  
T h a t was sta ted  a t  the timo to  bo very much purer than  any commercial n ickel; 
if this nickel of tho G.E.C. Research Laboratories is purer than  th a t, i t  m ight 
be interesting to  havo the fac t definitely p u t on record.

Dr.-phil. W . J .  P. R oiin || (M em ber): I  th ink  th a t tho authors deservo 
special thanks for giving such exact and  detailed da ta  on th e  influence of small 
im purities on the mechanical characteristics of a  m etal w ithin a  wide range of 
tem peratures, especially as very little  inform ation on th is subject has yot been 
obtainable. I  suppose the purity  of tho nickel which was refined by the 
authors was of the same order as th a t tested  some years ago in the Physikalisch- 
Technischo Reichsanstalt and which contained only 0 02%  of impurities.
So far as I  remember, the Physikalisch-Technischo R eichsanstalt figure for 
th e  coefficient of electrical resistance was 0-0068, as compared w ith 0-00667 
given by tho present authors, so th a t i t  seems th a t the pu rity  of both 
samples m ust bo in  very close agreement.

A point th a t  m ay bo of special interest to  those interested in  tho behaviour 
of materials a t  elevated tem peratures concerns the method described on p. 
296 for making a special k ind of creep test, and the results of this investigation 
given on p. 297. I  th ink  th a t all those interested in  th is kind of work will 
be very pleased w ith th is new method, which I  would regard as one by which 
i t  will "bo possible to  obtain provisional results as quickly as possible, and  a t  a 
very low cost. F o r th a t purpose, th is method is very ingenious and helpful.

W ith regard to the results, figures are given for tem peratures ranging from 
600° to  900° C. The scales for tim e are no t on the same scale. In  spite of 
this, i t  appears th a t the creep lim it is in all cases nearly tho sam e; for instance, 
a fter a period of 10 hrs. th is figure seems to  be about 0-3 kg. for the whole range 
of tem peratures. I  would be very glad if a  little  additional inform ation could 
be given about th a t figure, because one would expect the creep lim it to  fall 
to  a t  least one-fifth or even more for an  increase in  tem perature of 200° or 
300° C.

* This volume, p. 247.
f  Professor of Metallurgy, The University, Cambridge.
X Ann. Physik, 1919, 59,147-109; Z. Instrumentenkunie, 1921, 41,162 and 170.
|| Director, Heraeus Vaeuumschmelze A.G., Hanau a. Main, Germany.
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D r. S m it h e l l s  reply) : I  thank  Mr. Barclay for Iris rem arks, which do 
no t call for any im m ediate reply.

W ith  regard to  Dr. Cook’s comment on the hum p in the curve for the 
elongation of iron, I  do no t th ink  th a t th e  curve for the nickel containing iron 
differs from the curves for nickel containing other elements. They all have 
the same type of hum p, except th a t for the other alloys it  is spread out further. 
In  all cases th e  fall in  elongation w ith  increasing annealing tem perature in 
these very fine wires appears to  bo duo to  developm ent of crystals which go 
substantially  across th e  wire and which confine th e  elongation to  very short 
lengths in  th e  wire. The whole wire does n o t extend uniformly, as i t  does in 
an ordinary test-piece, and therefore the percentage elongation falls, although 
locally the elongation increases.

Professor H utton  asked about the resistance, and Dr. R ohn has answered 
th a t for us. Wo d id  measure * tho tem pcraturo coefficient of resistance and 
compared i t  w ith  the figure published by tho Bureau of S tandards; i t  was 
shown th a t our nickel was no t less pure th an  some nickel of very high purity  
which was used there.

W ith regard to  D r. R ohn’s rem arks on the creep-limit, tho scale of these 
drawings is perhaps rather deceptive. The only two curves which havo como 
anything like horizontal, and therefore really give tho lim iting creep stress, 
are those for 600° and 700° C. The upper curves, for the higher tem pera
tures, are still falling ra ther rapidly and we did n o t continue them . I t  will 
be seen th a t these curves do no t run  anything like horizontally, and th a t the 
ends of the curves do n o t represent the limiting creep stress for the tem 
perature  a t 800°, 900°, and 1000° C.

* See p. 28S of tho paper.
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ON TI-IE REMOVAL OF GASES FROM ALU
MINIUM ALLOYS BY MIXTURES OF 
NITROGEN AND VOLATILE CHLORIDES.*

By J . D. GROGAN,f B.A., M e m b e r , and T. H. SCHOFIELD,-f M.Sc., M e m b e r .

S y n o p s i s .

Gas may be effectively removed from certain aluminium alloys by 
mixtures of nitrogen and certain volatile chlorides. Raw cylinder nitrogen 
may be employed. Tho quantity of chloride needed is small. Metal 
treated in this way possesses excellent mechanical properties.

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

T h is  paper describes an investigation carried out under the direction 
of the Alloys Sub-Committee of the Aeronautical Research Committee 
for the Department of Scientific and Industrial Research, and constitutes 
a continuation of the systematic study of aluminium and its alloys, 
which has long been carried on in the Metallurgy Department of the 
National Physical Laboratory.

In a paper J recently communicated to the Institute of Metals by 
Dr. Rosenhain and the present authors the influence of volatile chlorides 
on the gas content of aluminium alloys was described. When presenting 
the paper, Dr. Rosenhain stated that mixtures of nitrogen with the  
chlorides had been found to be effective in the removal of dissolved 
gases from the metal. This paper describes some experimental work 
performed in connection with that method.

A p p a r a t u s  E m p l o y e d .

The apparatus employed for passing the mixed vapours into the 
molten metal is substantially the same as that described in the previous 
paper. The chloride falls from a dropping funnel into a glass bulb into 
which the nitrogen is introduced through a side tube. The chloride and 
nitrogen pass through a nickel-chromium-iron pipe into an inverted

* Manuscript received April 30, 1932. Presented a t the Annual Autumn 
Meeting, London, September 13, 1932.

t  Research Assistant, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington. 

t  J . Inst. Metals, 1930, 44, 305-318.
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Salamander crucible immersed in the molten metal. The rate of 
delivery of nitrogen was measured by a commercial flow-meter, the 
“ Rotameter.” The delivery of the chloride was evenly spread over the 
period of delivery of nitrogen.

The Salamander crucible, which is composed of clay and graphite, 
contains, when new, a considerable amount of water, both adsorbed and 
combined. To avoid the introduction of hydrogen into the metal from 
this source, it  is necessary to preheat the crucible for some time at a red 
h eat; it  is also advisable to preheat used crucibles before use. If the 
melting furnace employs a fuel containing hydrogen in any form, it is 
necessary to shield the m etal as far as possible from the products of 
combustion, to avoid the absorption of hydrogen from this source. This 
may be achieved by raising the crucible so that the rim is well above the 
gas outlet of the furnace. I t  is also convenient to heat the metal nearly 
to the pouring temperature before treatment, so that, during treatment 
the flame may be kept low.

M a t e r i a l s  E m p l o y e d .

The chlorides used were those of titanium  and carbon. The alloys 
employed were “ Y  ’’-alloy, silicon-aluminium alloy, and “ 2L5 ” alloy.

The nitrogen used was the commercial cylinder product. When 
necessary, it  was purified by passage over heated copper gauze to 
remove oxygen and sometimes over calcium chloride to remove moisture.

A c t io n  o f  P u r i f i e d  N i t r o g e n  a n d  T i t a n i u m  T e t r a c h l o r i d e .

In this series of experiments 4 lb. of metal were treated at 710 ±  10° 
C. and cast in an open sand mould 3 in. in diameter and 3 in. high at 
700° C. The density of half the casting cut vertically down the centre 
was taken as a measure of the soundness of the material. Two groups 
of experiments were carried out. In one 15 litres of nitrogen were used 
at the rate of 1-5 litres per minute, while the quantity of titanium tetra
chloride was varied; in the other 0-5 c.c. of titanium tetrachloride per 
lb. of metal was used, while the quantity of nitrogen was varied. In one 
series the metal was first treated with hydrogen to investigate the 
effects of the treatment on badly gassed metal. For comparison a 
series of tests was carried out with titanium  tetrachloride alone.

The densities of half sections of the ingots cast after the various 
treatments are given in Tables I—III. The combined treatment appears 
to be slightly superior to the simple titanium tetrachloride treatment and 
requires considerably less of that reagent; 0-25 c.c. per lb. of metal 
proved sufficient even on small quantities of metal, while the simple 
treatment requires at least 2 c.c. per lb. On the other hand, little
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titanium is introduced into tlie metal by the combined treatm ent; 
consequently little or no grain refinement occurs. Previous treatment 
of the molten metal with hydrogen docs not definitely influence the

T a b l e  I.— Influence of Titanium Tetrachloride Alone on the Density of
3 in. diam. Sand-Castings.

Quantity of TiCl* 
c.c. per lb.

Alloy.
"  2L5” Alloy.

12% SiAI.

0 2-620 2-630 2-563* 2-952
0-5 2-645 2-643 2-640* 2-971
2 2-039 2-642 2-647* 2-982

* Previously treated with hydrogen.

T a b l e  II.— Influence of Varying Quantities o f Titanium Tetrachloride 
Mixed with N itrogen: 15 I. at 1-5 I. per minute.

Quantity of TiCl4 
C.C. p e r  l b .

Alloy.
“ 2L5 ” Alloy.

12% SiAI.

0 2-638 2-632 2-574* 2-945
0-25 2-652 2-653 2-651* 3-009
0-5 2-643 2-652 2-652* 2-997

* Previously treated with hydrogen.

T a b l e  III.—Influence of Varying Quantities of Nitrogen Mixed, with 0-5 
c.c. o f Titanium Tetrachloride per lb. of Metal.

Total Volume 
of Nitrogen. 12% SiAI Alloy.

0 2-588 2-576*
3 2-598 2-626*
6 2-646 2-633*
9 2-650 2-655*

* P rev iously  tre a te d  w ith  hydrogen .

final results obtained. The additional gas introduced in this manner is 
removed rapidly during the early part of the treatment.

To remove the gas satisfactorily from 4 lb. of metal it  was found 
necessary to employ 9 litres of nitrogen when mixed with 0-5 c.c. of
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titanium  tetrachloride per lb. of metal. These probably represent 
the maximum quantities required, and it  is likely that, when larger 
quantities of metal are employed, relatively less nitrogen and titanium  
tetrachloride would be needed.

When comparison is made between the combined method and the 
simple titanium tetrachloride method it is necessary to realize that 9 
litres of nitrogen measured at room temperature occupy approximately 
30 litres at the temperature at which the treatment is carried out. The 
quantity of titanium  tetrachloride employed in the simple method—  
namely, 8 c.c.— occupies approximately 6 litres. Consequently the 
combined treatment employs a very considerably larger volume of 
gas. The fumes produced are far less offensive owing to the dilution of 
the chlorides with nitrogen.

A c t io n  o f  P u r i f i e d  N i t r o g e n  a n d  T it a n i u m  T e t r a c h l o r id e  o n

“  Y  ’’-A l l o y .

The combined treatment was applied at 760° i  10° C. to a batch of 
“ Y  ’’-alloy which was subsequently cast at 750° C. into a slab 1-5 in. 
thick and rolled to sheet. 16 lb. of metal were treated with i  c.c. of 
titanium tetrachloride and 4 litres of nitrogen per lb. of metal. The 
nitrogen was passed into the molten metal at the rate of 2 litres per 
minute. The slab was cut up into 3 pieces, the densities of which were 
as follows :

Top ' . . . 2-788
Middle . * . . 2-797
Bottom . . . 2-801

These figures show that the metal was sound.
The material rolled well and yielded sheet of satisfactory quality, 

inferior, however, to that treated with titanium tetrachloride alone. 
The difference is probably due to the fact that the combined process 
does not produce grain refinement to any marked extent.

A c t io n  o f  C a r b o n  T e t r a c h l o r id e  A l o n e  a n d  M i x e d  w it h  

P u r i f i e d  N it r o g e n .

I t  was stated above that the volume of gas passed into the metal 
during the simple chloride treatments is much less than that employed 
in the combined chloride and nitrogen method. I t  appeared likely  
that the slight inferiority of the simple method would disappear if the 
quantity of gas employed were increased. A serious increase in the 
quantity of titanium tetrachloride employed would increase the titanium  
content to such an extent as to alter the specific gravity of the metal 
and lead to difficulties due to segregation. It was therefore decided to
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investigate the influence of relatively large quantities of carbon tetra
chloride which does not introduce any significant quantity of carbon 
into the metal. The method already described in this paper was 
employed. The results obtained are given in Table IV. When 16 c.c. 
of carbon tetrachloride per lb. of metal was used, the metal had a

T a b l e  IV—Influence of Carbon Tetrachloride Alone on the Density of 12% 
S i AI Alloy Previously Treated with Hydrogen.

Quantity of CCI, 
ex. per lb. Density.

0 2-586
0-5 2-631
2 2-637
4 2-649

16 2-657

T a b l e  V .— Influence of Varying Quantities of Carbon Tetrachloride 
Mixed with Nitrogen. Volume of Nitrogen 15 I. at 1-5 I. per Minute. 
Weight of Metal 4 lb. Previously Treated with Hydrogen.

Quantity of CC14 
c.c. per lb. Density.

0-25
0-5

2-653
2-654

slightly higher density than that treated by the combined method. 
The simple chloride treatment therefore appears to be as efficacious as 
the combined treatment. The metal treated with 16 c.c. of carbon 
tetrachloride was examined for carbon. None was detected except 
that the solution of the metal was slightly coloured by an infilterable 
substance thought to be colloidal carbon.

The effect of mixtures of carbon tetrachloride on silicon-aluminium  
alloy was examined by treating 4 lb. of metal with 15 litres of nitrogen 
at 1-5 litres a minute and 1 and 2 c.c. of carbon tetrachloride at 710° C.
i  10° C. The results obtained are given in Table V, and are very similar 
to those obtained by the use of nitrogen and titanium tetrachloride.

M e c h a n ic a l  P r o p e r t i e s  o f  A l u m in iu m  A l l o y s  T r e a t e d  w i t h  
M ix t u r e s  o f  N i t r o g e n  a n d  V o l a t il e  C h l o r i d e s .

Some mechanical properties of cast “ Y  ’’-alloy and “ 2L5 ” alloy 
prepared from metal treated by the combined process were determined. 
For this purpose nitrogen purified in the manner previously described 

v o l . x l i x . u
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and also raw cylinder nitrogen were employed. One sample of raw 
nitrogen, on analysis, was found to contain 0-48 per cent, of oxygen 
and 0-000277 grin, of moisture per litre.

The following treatments were employed :

(1) Purified nitrogen with titanium tetrachloride.
(2) Raw nitrogen with titanium tetrachloride.
(3) Raw nitrogen with carbon tetrachloride.

In each case 13 lb. of metal were melted in a gas-fired injector 
furnace and heated to 760 i  10° C .; this temperature was maintained 
during the treatment. The metal was first treated with hydrogen to 
ensure the presence of plenty of gas, and then with the mixture of 
nitrogen and chloride at the rate of 1-5 litres of nitrogen per minute.
2 litres of nitrogen and 0-5 c.c. of chloride were used for each lb. of metal. 
After treatment the temperature was adjusted to 750° C. and six 1-in. 
diameter chill bars were cast. Each treatment was carried out three 
times. In the first, six 1-in. diameter sand bars were cast immediately 
after the chill bars when the metal temperature was about 710° C. In 
series II and III the metal was allowed to cool to 680° C. before the sand 
bars were poured.

The density of each bar cropped to a length of 5 in. was determined. 
It  was reported in the previous paper that sand castings made from 
metal treated with volatile chlorides alone exhibit a superficial porosity 
which extends to a depth of about ^  in. into the metal. The same 
phenomenon appears after treatment with the nitrogen-chloride m ix
ture. The density of each sand-cast bar was re-determined after the 
diameter had been reduced to J in. by machining, and this latter figure 
was accepted as a measure of the soundness of the metal. The difference 
in density between the machined and unmachined bars (0-01 approxi
mately) was independent of the particular treatment employed. The 
mean density of each batch and the maximum variation in the batch 
are given in Table VI.

Bars selected from each batch of “ Y ’’-alloy were heat-treated in 
the usual manner, machined to test-pieces, and broken after the usual 
ageing period had elapsed. The “ 2L5 ” bars were tested in the “ as cast ” 
state. The results obtained are given in Table VII. Typical analyses 
of the material are given in Table V III.

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

The results show that each of the three methods employed for the 
removal of gas yields metal of high density and good mechanical 
properties. Of the three, that which employs raw nitrogen and carbon
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3 0 8  On the Removal of Gases from Aluminium Alloys

T a b l e  V III.—Analysis.

Cu. Zn. Ni. Mg. Fc. Si. Ti.

“ Y ’’-alloy Series I (treated ivith 
“ cylinder” nitrogen and carbon 
tctrachloride) 4-08 2-01 1-50 0-39 0-22 0-03

“  Y ’’-alloy Series I I I  (treated with 
“ cylinder ”  nitrogen and carbon 
tetrachloride) . . . . 4-05 1-99 1 *56 0-34 0-29 002

“ 2L 5” Alloy Scries I I I  (treated 
with “  cylinder ”  nitrogen and 
carbon tetrachloride) 2-61 13-17 0-42 013

tetrachloride is definitely the cheapest and easiest to handle and causes 
far less fumes than the simple chloride process.

M e c h a n is m  o f  t h e  P r o c e s s .

It has been shown by Tullis * and also at the National Physical 
Laboratory,f that a number of volatile chlorides, when forced through 
molten aluminium, are active in the removal of dissolved gases from the 
metal. This paper shows that the same result is achieved when the. 
chlorides are diluted with large quantities of purified or raw nitrogen. 
Tullis J has employed chlorine gas and Koch § chlorine gas followed by 
nitrogen with satisfactory results. Hanson and Slater || employed a 
mixture of nitrogen and chlorine. Sterner-Rainer employed a mixture 
of a volatile chloride and a fluoride. All these successful methods employ 
a halogen element or compound as a component of the material used to 
remove gas. On the other hand, a number of workers have failed to 
obtain generally successful results by the use of nitrogen alone.

I t  is known that there is present on any exposed surface of molten 
aluminium an oxide skin which is highly impervious to gases. In a 
system in which molten aluminium is exposed to a gas soluble in the 
molten metal, equilibrium will, in time, be reached between the gas 
dissolved in the metal and the surrounding gas : owing, however, to the 
resistance of the oxide skin, equilibrium will not be established rapidly. 
Bircumshaw ** has shown that aluminium maintained molten in  vacuo 
for 109 hrs. still evolved appreciable quantities of hydrogen. To achieve

* British Patent Specification No. 272,326. 
f  J . Inst. Metals, 1930, 44, 305-318.
|  J . Inst. Metals, 1928, 40, 55-62.
§ Melallwirtschaft, 1931, 10, 69-72, 85-88,
|| J . Inst. Metals, 1931, 46, 1S7-215.
*| Z. Metallkunde, 1931, 23, 274-279.

** Phil Mag., 1926, [vii], 1, 510.
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the rapid elimination of gas it is necessary to alter the character of the 
surface skin. This is thought to be effected in the methods cited above 
by the introduction into the metal of a halide capable of reacting with 
the oxide film on the surface of the metal and so reducing its resistance 
to the passage of the dissolved gas, which is then able to diffuse rapidly 
from the metal into the vapours bubbling through it. The nitrogen 
employed to dilute the halide serves to remove the gas thus set free from 
the scene of action.

S u m m a r y .

Dissolved gases are readily removed from molten aluminium by 
passing through the metal a mixture of cylinder nitrogen, and the 
chlorides of titanium or carbon. It is not necessary to purify the nitro
gen. The quantity of chloride required is quite sm a ll: 0-25 c.c. per 
lb. of metal has proved satisfactory even for small melts. Sand- and 
chill-cast “ 2L5 ” and “ Y ’’-alloy treated by this method possess 
excellent mechanical properties.

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

The authors’ thanks are due to the Aeronautical Research Committee 
and the Department of Scientific and Industrial Research for permission 
to publish this paper, to Dr. W. Rosenhain, F.Inst.M et., F.R .S., who 
suggested the employment of a mixture of nitrogen with a volatile 
chloride and also supervised the experimental work up to the time he 
left the National Physical Laboratory, and to Messrs. R. Pleasance and 
A. E. Bacon for valuable assistance in carrying out the experimental 
wrork.

D ISC U SSIO N .

D r . A. G. C. G w y e r  * (V ice-President): As I  have not had any experience 
w ith the nitrogen plus carbon tetrachloride treatm ent, I  had no t in tended 
to  discuss this paper, bu t I  should like to  say th a t it  does seem to represent 
an  im provem ent on most of the processes previously described, as i t  should 
be considerably cheaper to  employ and also as there is a  reduction in the 
quan tity  of fume. The only doubt which I  have respecting this trea tm en t 
is w hether i t  will work really satisfactorily w ith large quantities of metal. 
The author has treated  only very small quantities, and it  is well known th a t 
there is no difficulty w hatever in de-gassing very small melts. I  consider, 
therefore, th a t w hat is required is either th a t the au thor should repeat the 
work on a  much larger scale, or alternatively should give us some indication 
as to  how far his methods have been introduced into, and followed in, industry.

* Chief M eta llu rg ist, T h e  B ritish  A lum in ium  Co., L td ., W arrin g to n .
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Mr. H . W. G. H ignett,* B.Sc. (M em ber): I  have attem pted  to  use nearly 
all the processes which have been evolved for getting rid  of gas in aluminium 
alloys, and m ost of them  have been very dangerous to  m y life. Some of 
them  have made our moulders move much more quickly than  they  do in 
norm al circumstances.

This process, however, is a  much more suitable one for use in a foundry, 
and  we have actually  had some very good results from i t  on a  fairly large 
scale. W e have used i t  on m elts of up to  about 300 lb., and the difficulties 
which we have found in connection w ith these large m elts appear to  be chiefly 
due to  the difficulty of obtaining a sufficient area of contact of the m ixture 
of vapour and nitrogen w ith the m etal. W hen wo get an  apparatus suitable 
for dividing the gas stream  into small bubbles we appear to  obtain much 
better results. I  have found—and i t  m ay be of in terest from a  practical 
point of view—th a t the oil-fired furnaces used for melting aluminium alloys 
are extrem ely bad. W hen we de-gas an  alloy, which Mr. Grogan does, I  
th ink , a t  710° C. (which tem perature is, of course, useless for quite a large 
num ber of castings), and th en  heat in the furnace to  a  satisfactory pouring 
tem perature of in  some cases as much as 800° C., we find th a t the q u an tity  of 
gas we p u t in is alarming. We also find th a t as the tem perature a t  which 
wre conduct the trea tm en t increases, the difficulty of getting rid of the gas also 
increases. T hat introduces a problem w ith which Mr. Grogan has as yet, 
I  believe, no t dealt.

I  would like to  ask a  question regarding the modified alum inium-silicon 
alloys. I  have found th a t I  can easily de-gas these alloys if I  do no t m odify; 
bu t a fter modification—unless th e  de-gassification trea tm en t has been ex
trem ely thorough (I mean by th a t th a t i t  m ust bo more thorough than  is 
necessary to  obtain w hat appears to be a sound casting with the unmodified 
alloy) I  appear to  p u t gas back after modification. I  cannot understand 
th a t, unless there is some alteration  in  the solubility of the hydrogen resulting 
from the modification.

Mr. E . L. RnEAD.f M.Sc.Teeh. (M em ber): I  have had some experience 
both  w ith regard to  the use of titanium  in the m anufacture of sound a lu
m inium  castings, and  also the use of volatile chlorides in  improving the casting 
properties of various alloys. In  1915, during the G reat W ar, a  problem arose 
w ith regard to  the production of sound castings for the aluminium parts  of 
Mill’s bombs. Difficulty was encountered in connection w ith the difference 
in volume of the upper p a rt and the lower parts, the casting becoming un
sound im m ediately underneath the shoulder. We corrected th a t for the 
firm for which we were operating a t  the tim e by the introduction of titan ium  
in small quantities in  the solid form, and  m any thousands of those castings 
were subsequently m ade of a  perfectly sound character.

The point in connection w ith volatile chlorides arose also on a war problem. 
Difficulty was encountered in connection w ith  the re-melting of scrap cartridge 
case brass, of which a t  the tim e large quantities were being gathered and 
were intended to  be re-used. The problem had been subm itted variously 
before i t  came to  me, w ithout a successful result having been obtained in 
practice. I  evolved a  method for treating  the cartridge brass during fusion 
w ith ammonium chlorido vapour, w ith entirely successful results. W hen 
first subm itted  to the W ar Office i t  was said th a t difficulty would be encoun
tered, and th a t i t  would be necessary to prepare a  complete sample of the 
m aterial sufficient in  quan tity  to  be sent through the mills, drawn and fired. 
The samples first subm itted  were no t sufficiently large for th a t purpose.

* M eta llu rg ist, A lum in ium  P la n t  a n d  Vessel Co., L td .,  L ondon.
f M anchester.
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Subsequently such an am ount was prepared by th is method and subjected 
to  the tests, w ith complete satisfaction. The effect of the volatile chlorides 
in  th a t case, therefore, although having nothing to  do w ith alum inium, is on 
m uch the same lines as has evidently been obtained by means of tho volatile 
chlorides on alum inium. I  would like, however, to  direct a tten tion  to  one 
fact in  connection w ith the figures given in the paper, namely, th a t the ultim ate 
stress th a t is a tta ined  by the use of the carbon tetrachloride apparently  does 
no t reach the same standard  as th a t which is obtained w ith titanium  te tra 
chloride, and I  wonder w hether the effect of the titanium  itself has no t some
thing to  do w ith the advantage th a t is gained.

Dr. W. RÓ s e n iia in ,* F.Inst.M et., F .R .S. (Past-P resident): I  have no 
criticism to offer and I  w ant to  confine myself really to  the main question 
raised by D r. Gwyer, as to  the applicability of this and o ther methods of 
de-gassing on a large scale. I  th ink  th a t  there is only one economic and 
satisfactory method of de-gassing, and th a t is never to allow gas to  enter 
the m etal. T hat is no t an  easy problem. No one is more aware of th a t 
fac t than  I  am . B ut if gas has to  be removed, there are two or three possi
bilities. One of them  is as follows—and i t  applies no t only to  aluminium 
alloys, bu t also to  practically every metal, steel included. If  the m etal can 
be kep t in  quiet fusion a t  the lowest possible tem perature in  equilibrium 
w ith an atm osphere free from the particular gas which it  is desired to remove, 
and if the surface can bo so trea ted  th a t equilibrium between the m etal and 
the superincum bent atm osphere is fairly rapidly attained, then  de-gassing 
m ust occur, and does occur in  actual fa c t; this is a  very simple and economic 
method. B u t there are two very  great difficulties. One is to  obtain an 
atm osphere free from the gas which is to  be removed. If  th a t gas happens 
to  be hydrogen there m ust be no hydrocarbons, no hydrogen, and no m oisture 
in the atm osphere of the furnace. T hat condition is difficult to  obtain except 
in  an electric furnace with, if necessary, a  controlled atm osphere from the 
point of view of excluding m oisture; b u t th a t again is also difficult.

The other condition—of so treating  the surface of tho m etal th a t equili
brium  is rapidly reached between the m etal and tho atm osphere above it—  
is also a  difficult one, b u t th a t  touches on th e  point m entioned by the authors 
-—namely, th a t i t  is very frequently the surface film which prevents rapid 
diffusion of gas ou t of and into tho metal. I  believe th a t a  study  of fluxes 
would go a  long w ay to  elucidate th a t point and to  enable us to  obtain flux 
compositions th a t would serve th a t particular purpose. In  the case of alu
minium and its  alloys we havo a pellicle of ra ther tough, resistant m aterial 
consisting partly  of the ordinary oxide of aluminium and partly  of other 
substances (possibly lower oxides), and th a t pellicle is apparently  very re 
sistan t to  the passage of gases in either direction. There is reason to  think, 
however, th a t if, instead of th a t  solid or semi-solid film, we have a  liquid 
flux on the surface, then  tho passage of gas in to  and  ou t of the m etal is very 
much accelerated. In  fact, J lr . Grogan’s theory about tho action of the 
chlorides in rendering th a t pellicle, even when i t  is extremely th in  on the 
surface of a  freshly formed bubble, more pervious to  the gases, is very much 
on the lines of the idea which I  am  suggesting. U ntil, however, means can 
be found to  overcome these very im portan t obstacles to  simple and economic 
de-gassing by diffusion alone—aided perhaps by agitation—I  th ink th a t 
some such method as th a t which has now been developed by Mr. Grogan 
and his colleague is em inently promising. I t  can be used on a  large scale. 
I  can say th a t definitely, and I  am glad to  hear Mr. H ignett give us evidence 
of the same kind. As a  rule, when a ttem p ts are made to  use i t  on a  large

* L ondon.
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scale they  are made very crudely. The gas is bubbled through the metal 
in  great gulps. They are really no t bubbles; they are “ dollops” of gas 
th a t  come rising up from th e  m etal, throwing the m etal about, and frequently 
the m etal is a t  the same tim e exposed to  a furnace atm osphere from which 
gas is being absorbed as quickly as i t  can bo removed. T hat is probably the 
worst feature. If, instead of tha t, the m etal were heated in  conditions where 
the atm osphere is reasonably free from hydrogen and hydrogen compounds, 
and if the gas used were reasonably and economically employed in  the form 
of finely divided bubbles carefully distributed throughout the whole mass, 
then success definitely would be achieved, and the quan tity  of gas required 
would be astonishingly less than  would appear from the ra ther crude a ttem p ts 
which I  have sometimes seen or of which I have heard.

I  would suggest, however, th a t if these alum inium alloys are to  be de
gassed in this wav the operation should be carried ou t in a much more rational 
m anner ; we should learn something from our colleagues in the steel industry— 
namely, th a t instead of bubbling the gas through in a more or less m ake
shift fashion, wc should use a  vessel of the typo of the Bessemer converter, 
heated if necessary, pour the charge into i t  in  an  atm osphere entirely free 
from products of combustion, and then  blow the gas carrying these volatile 
chlorides through the tuyères or through a perforated bottom  of a  converter, 
so as to divide i t  thoroughly and to  pass in a  fine s ta te  of division through 
the whole bulk of the metal. U ltim ately it  m ay be necessary to  use some 
such method ; when we do so we shall be approaching a  rational application 
of these processes.

Professor D. H a n so n ,* D.Sc. (Vice-President) : Mr. S later and I  were 
probably the first to use nitrogen as the vehiclc for conveying an active agent 
into alum inium for the purpose of removing gas; and i t  was w ith the object 
of breaking down the resistance a t  the film. Wo are very glad to  see th a t 
the authors, quite independently, have used an exactly similar method.

My one criticism of the paper (I am not expressing any  doubts as to the 
results) is th a t it  is difficult to  judge from the results given ju s t w hat the 
am ount of im provem ent is, becausc the figures given do no t s ta te  exactly 
the degree of unsoundness in  the aluminium a t  the outset. Some of the 
alloys were obviously very unsound, and an im provem ent of density by any 
form of gas treatm ent, however crude, would be bound to  be obtained. O ther 
samples of aluminium of which the densities are given were no t so unsound, 
b u t it  is no t sta ted  how unsound they  were, and w ithout some basis of com
parison i t  is difficult to  judge w hat the effectiveness of th is particular method 
is. Some pictures of sections would have helped considerably to  indicate 
the quantita tive nature  of the im provem ent. Gas removal processes of this 
nature m ay so improve a casting as to  make i t  w hat would be called technic
ally quite sound, but when the m etal is examined microscopically it  will be 
found th a t i t  still contains a considerable am ount of gas. One per cent., or 
even more, of cavity in the form of minutely distributed pin-holes is by no 
means uncommon. If  we are to  know ju s t w hat different investigators 
mean, we have, therefore, to  have some standard—either a  pictorial one or 
a more exact quantita tive one than  the authors have given.

The difficulty in applying these processes on a large scale is very real, bu t 
I  agree w ith Dr. Eosenhain th a t it  is largely a question of securing adequate 
sub-division of the stream  of gas. I f  9 or 15 litres of nitrogen are required 
to  trea t 4 lb. of metal, a  very great deal of gas will be needed to trea t 400 lb. ; 
and, although it  m ay be somewhat more economical to  do i t  on a large scale, 
the volume of gas is still going to  be very considerable. To sub-divide the

* P rofessor of M etallurgy, T he U n iv ersity , B irm ingham .
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stream  into 100 or 200 parts  (which would be necessary to im itate  th e  con
ditions in  the small melt) is industrially very difficult ; and although “ gulp
ing ”  the gas through is no t an ideal method, to  sub-divide the gas to  such 
nn ex ten t as to  reproduce laboratory conditions is also extremely difficult. 
T hat, I  think, is one of the reasons why trea tm en t of even quite moderate 
quantities does no t give anything like as promising results as do laboratory 
experiments on small quantities. To tre a t 4 lb. of metal, almost any gas 
rem oval trea tm en t which has been suggested can be effective. Nitrogen 
alone, if i t  is bubbled through reasonably fast, will improve th a t m etal and 
give w hat would be called quite sound metal. Tho difficulty is this extension 
to larger quantities.

Another point arises—namely, th a t if the stream  of gas is subdivided to 
th a t ex ten t i t  is very necessary for the nitrogen to be pure, because no t only 
is the contact between the active elements and the metal more intim ate, 
b u t also th a t between the m etal and the moisture and  oxygen which are 
contained to  some ex ten t in all nitrogen; the production of oxide films is a 
very serious trouble when oxygen-containing gas is used.

I  am  quite sure th a t Dr. Rosenhain was right when he said th a t tho ideal 
m ethod was to keep the gas o u t; we now know' sufficient about the con
ditions under which gases get into aluminium to take reasonable steps to 
keep them  out. The only real solution is to  use good aluminium, and to 
store and m elt it  under the proper conditions.

Mr. Gr o g a n  said th a t ho would reply in writing.

CORRESPONDENCE.

T h e  A u t h o r s  (in reply to the discussioti at the meeting) : Mr. H ignett has to 
some ex ten t answered Dr. Gwyer’s question as to  the efficacy of the method of 
treatm en t described in  tho paper when employed on a m anufacturing scale. 
We have no knowledge of its application elsewhere. Mr. D. R . Tullis, however, 
has been employing a similar method for some years commercially.

The influence of the tem perature of treatm en t on the efficiency of these 
methods of gas removal is a t  present a m atter of dispute among workers on the 
subject. We have experienced difficulty in  obtaining sound castings from metal 
treated  a t  800° C., bu t suspect th a t the unsoundness is due to  contam ination 
from the gas employed to  heat the furnace, considerably more gas being 
required to  m aintain  the m etal a t  800° C. th an  a t  700° C. We also have ex
perienced difficulty in  obtaining sound castings from modified silicon-alumin- 
ium alloy, bu t suspect th a t the unsoundness is caused by hydrogen introduced 
by the sodium employed to  produce modification.

We are very interested to hear th a t Mr. Rhoad some years ago used titan ium  
to improve the quality  of alum inium, and ammonium chloride to  improve 
rem elted scrap brass. I t  is probable th a t tho effect of titan ium  was to  reduce 
the grain-sizo of the m etal and so prevent the gas from forming large cavities. 
The evidence wo have does not suggest th a t the presence of titan ium  in 
aluminium prevents the absorption of gas.

We thank  Dr. Rosenhain for his exposition of the mechanics of gas removal, 
which, as he says, is very much on the lines of the hypothesis advanced by 
us, and for Ins exposition of the conditions necessary for the application of 
methods of gas removal on the commercial scale. We agree w ith th e  con
clusion which both he and Professor Hanson express, th a t to  ensure th a t no 
harmful gases enter the m etal a t  any stage would afford an ideal solution to
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tlie problem of gas removal and might no t be impossible of achievement. The 
problem of the trea tm en t of high-quality recovered scrap, however, would 
still remain.

Professor H anson raises a  difficult problem by asking for a  standard  of 
m easurem ent of tho soundness of trea ted  m aterial. We consider th a t, a t 
present, tho best practical measure of gas in  the m etal is given by the difference 
in  density of a chill casting of small diam eter and  a  cropped sand-casting from 
which the surface skin has been machined. In  gas-free m aterial th is figure 
should approach zero.

Professor H anson has overlooked one very im portan t factor in  his calcula
tion  of the relative am ount of gas needed to  tre a t largo quantities of m etal— 
namely, tho depth of tho m etal under treatm ent. I t  is difficult to  tre a t ade
quately four pounds of metal, because tho depth  is so small th a t the gas em 
ployed for treatm en t is in  contac t w ith the m etal for a very short time. W hen 
the depth is greater, the gas rem ains in contact w ith  the m etal for a  consider
ably longer tim e, and each bubble of gas should remove a  correspondingly 
larger quan tity  of dissolved gas.

Dr. H . W. BitowNsnoN,* M.Sc. (Member of Council): D uring tho past 
few years several interesting papers have appeared dealing w ith the causes 
and prevention of unsoundness in castings of alum inium and its  alloys. All 
these papers, including th a t under discussion, refer to  gases in aluminium as 
being the cause of imsoundness and a ttrib u te  the im proved soundness obtained 
a fter various treatm ents to  the removal of gases. On reading these papers 
I  have been impressed by the fact th a t no direct evidence is p u t forward to 
prove th a t the im proved soundness obtained is due to  the removal of gases, 
all the conclusions being based on visual observations and density determ ina
tions. An increase in apparent soundness or density need no t of necessity be 
duo to  a  reduced gas content, bu t might be the result of the replacement of a 
gas of low solubility by one of higher solubility. W hat one would like to 
know in connection w ith all th is work is the content and composition of the 
contained gases before and after treatm ent, and it  is no t until such data  
are available th a t we should speak of the removal of gases from aluminium 
and  its  alloys. D ensity determ inations should be taken as evidence only of 
increased soundness and no t of gas removal.

I  have been tem pted to  make these rem arks in  view of m y experiences 
•with the relationship of density to  gas contents in  copper, where increase 
in  density  can be obtained accompanied by an  increase in gas content by 
rem oving certain gases and replacing them  by others.

Mr. R . S. D ean, !  M.S., M et.E. (Member) and Mr. V. H . Gottschalk } : 
The discovery of the effectiveness of removing dissolved gases from molten 
m etals m ust be reckoned among tho more im portant advances in  refining 
technique. As in  o ther phases of the gas-in-metals problem, practice far o u t
runs theory. In  o ther words, tho paragraph in  th is paper on the mechanism 
of the process really begs the question, which is indeed about as much light as 
the present s ta te  of theory is able to  throw  on the subject.

Dr. D. STOCKnALE,§ M.A. (M em ber): The chloride m ethod for the 
purification of metals has evidently come to stay. I  suggest th a t a  more

* S u p e rin te n d en t of R esearch , I .C .I . M etals, L td ., B irm ingham .
t  Chief E n g in e e r, M etallurg ical D ivision , B ureau  of M ines, W ash in g to n , D .C., 

U .S .A .
1 S en ior P h y sic is t, M etallu rg ical D ivision, B ureau  of M ines, P ittsb u rg h , P a .,  

U .S .A .
§ K in g ’s College, C am bridge.
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satisfactory w ay of introducing the purifying agent would be to  bubble the 
nitrogen through a  reservoir of the chloride kep t a t  some suitable tem perature 
by means of a crude form of therm ostat.

Sir. D. R . T u l l is  * (M em ber): I  have read  this paper w ith interest. 
I t  is pleasing to note th a t the authors have confirmed no t only m any of the 
results I  obtained some years ago, b u t also the high tensile strengtlis claimed 
by me and by m y firm in  commercial production.

The use of boron trichloride will give even better re su lts ; users of metals 
refined by th is process frequently report tensile strengths up to  18 tons/in .2 
from sand-cast bars in  “ 2L5 ” and “ 50A ” alloys.

The paper by Dr. Rosenhain, referred to by the authors, was due to  work 
carried out by him as a  result of. a  visit to  the laboratory of m y firm in 1928. 
D uring his visit we discussed the application of volatile chlorides, particularly 
boron trichloride, as a  means of causing grain-refinement and gas removal. 
I  consider th a t the apparatus employed by th e  present authors for the purpose 
of gas removal is quite unsuitable, as i t  does no t give a sufficiently intim ate 
contact between the chloride vapours and  the metal. I  do no t consider th a t 
the use of mixed vapours offers any advantages except th a t i t  makes the 
process more convenient. In  fact, the use of nitrogen as a  vehicle for 
introducing chlorine or its chlorides definitely results in loss of valuable tim e. 
The use of chlorine and  nitrogen alone as a  means of removing dissolved gases 
is no t a  commercial proposition. Those rem arks are confirmed in the paper 
by the fact th a t a  very large volume of mixed gases is required to remove 
such a  very small proportion of dissolved gases.

I  carried out experiments in  this direction as far back as 1925. In  all 
th e  processes of gas rem oval recently described in  various papers i t  is a  
significant fact th a t the active agent is chlorine. In  these circumstances it  
is only natu ral to  conclude th a t the use of pure chlorine and its  volatile 
chlorides, when properly applied, gives the best results.

I t  m ay be of in terest to  know th a t m y firm has used these processes on a 
commercial scale for the past 6 years. During the last few years very con
siderable tonnages of these de-gassed and grain-refined m etals have been pu t 
into service in all branches of engineering.

The A u t h o r s  (in reply) : We th an k  D r. Brownsdon for pointing ou t th a t 
density  measurem ents do no t indicate the q u an tity  of gas which rem ains in 
solution in  the solid metal. In  the case of solid aluminium, however, in  which 
it  is generally agreed gases are no t appreciably soluble, density m ay be taken 
as a measure of the gas content of the metal.

Wo also thank  .Messrs. D ean and  G ottschalk for their communication, and 
hope th a t work which is now in progress a t  the N ational Physical Laboratory 
will help to  close the gap between practice and  theory, to  which they  direct 
attention.

The method which Dr. Stoekdale suggests for the application of the volatile 
chloride will, we th ink , prove very useful.

I t  was interesting to  hear from Mr. Tullis th a t such rem arkably high tensile 
figures have been obtained by the use of his boron trichloride method of tre a t
m ent. I t  is, of course, a  m atte r of general knowledge th a t  he has been employ
ing this method on a  commercial scale for some years.

* Director, Cindal Metals, Ltd., Liverpool.
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THE EFFECT OF PRESSURE ON THE LIBER
ATION OF GASES FROM METALS (WITH 
SPECIAL REFERENCE TO SILVER AND 
OXYGEN).*

B y  N . P . A L L E N , M .M ET.,t M e m b e r .

S y n o p s i s .

T he lib era tio n  of oxygen  from  silver du ring  solidification h as been 
s tu d ied  by m eans of cooling curves. I t  is found  th a t  th e  gas is evolved 
w hen th e  “  in te rn a l p ressu re  ”  of th e  d issolved gas becom es g re a te r  th an  
th e  h y d ro sta tic  p ressure of th e  liqu id  m eta l, an d  th a t  by  app ly in g  a  
sufficiently  largo p ressu re  to  th e  liqu id  m eta l, th e  fo rm atio n  of blow 
holes can  bo p rev en ted . T he equ ilib rium  of th e  s ilv e r-o x y g en  system  
is discussed an d  th e  ex istence  of a  e u tec tic  show n. A m eth o d  of e lim in a t
ing blow holes in c a s t m eta ls is recom m ended . T h e  “  in te rn a l gas p res
sures ”  developed in m eta ls w hen  gaseous c o n s titu en ts  capab le  of in te r 
ac tio n  a re  p re sen t, a re  discusscd.

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

T i i e  study of gas porosity in metals is much hampered by the lack of 
precise knowledge as to the conditions necessary for the appearance of 
gas bubbles in a solidifying metal. The assumption that bubbles are 
formed as soon as the amount of gas dissolved in the metal exceeds the 
solubility of the gas in the metal breaks down when it is considered 
that the solubility of a gas in a metal depends on the partial pressure of 
that gas in the vapours surrounding the metal, and it is not known what 
partial pressure of the gas in question in the neighbourhood of a solidify
ing ingot is to be assumed. The object of the present paper is to propose 
a method of approaching the problem which has been suggested, to some 
extent, by the author’s investigations for the British Non-Ferrous Metals 
Research Association, and to illustrate its application in certain cases.

The “ Internal Pressure ” of a Dissolved Gas.

In the majority of cases, the volume of gas dissolved by a metal at a 
certain temperature is given by

v — Jc.p*
* M anuscrip t received A pril 30, 1932. P re sen ted  a t  th e  A nnual A u tu m n  

M eeting, L ondon , S ep tem b er 13 th , 1932.
t  L ec tu re r  in M etallurgy, T h e  U n iv ersity , B irm ingham .
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where v is tlie volume of gas dissolved by a unit mass of metal, p  is the 
partial pressure of the gas in contact with the metal, and A; is a constant 
characteristic of the metal and varying with the temperature.

This relationship, having been found true for the di-atomic gases 
hydrogen and nitrogen, is interpreted to mean that the gases are 
present in the metal in the atomic state. Since gases with any number 
of atoms in the molecule may have to be dealt with, the equation may 
be put into the form

©

n
............... (1)

The value is a characteristic of the solution containing v c.c. of gas

per unit mass of metal. I t  is the only pressure of the solute gas, and 
the minimum  pressure of any gas mixture with which the solution can 
be in equilibrium. I t  is here referred to as the internal pressure of the 
dissolved gas. If several gases are dissolved in one metal, in concen
trations v lt v2, v3, &c., the constants in their respective solubility 
equations being 7c1 and nv  k2 and n2, ks and v 3, &c., the total internal 
pressure of dissolved gases will be

= ( i ) 1+ ( | )  ’+ ( ! ) ,+&o- • • • (2) 

The Condition for Liberation of Gas Bubbles.
If a bubble forms at a given depth below the surface of a molten 

metal the pressure within the bubble is given by

•r r

where P  is the hydrostatic pressure of the molten metal in the neigh
bourhood of the bubble, T  is the surface tension of the metal, and r the 
radius of the bubble.

The condition for the continued existence of a gas bubble is 
that the total internal gas pressure of the solution be not less than this 

pressure

/ > + 2 r

The surface tension term in this expression presents difficulties. The 
bubble cannot begin at an infinitely minute size and gradually grow to 
the dimensions of the blowholes of the ingot, for then no amount of 
dissolved gas, however great, could cause its initiation. The bubble 
must begin its existence at a finite size, and the pressure required to 
overcome the surface tension resistances in a bubble of this size must 
constitute an initial resistance to  bubble formation, over and above the
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hydrostatic pressure in the liquid metal. Denoting the resistance by 0, 
we may write as the condition for the formation of gas bubbles in the 
liquid,

2 (1 )"< î ,+ » .......................<=>>
The value of 0 is likely to vary according to the presence or absence in 
liquid of “ nuclei ” on which the gas bubbles may separate. Examples 
of the values it can assume are given later.

Considerations of the same kind govern the appearance of gas 
blisters in solid metals, but to the values P  and 0 must be added a term 
representing the mechanical resistance of the metal to the growth of the 
blister. This is a function of the strength of the metal, and the depth 
of the gas blister below the free surface. Thus, for the formation of 
blisters

* P + 0 + f { s , Q ........................... (4)

where s and d are respectively the strength of the metal and the depth 
of the blister below the surface of the metal.

Where liquid and solid metal are present together, as in a solidifying 
ingot, the condition for liberation of gas from the liquid will be the more 
easily attained, and gas bubbles will separate from the liquid phase.

Rise of Internal Gas Pressure as a Result of Solidification.

I t  is clear from equation (1) that if the solubility of a gas in a metal 
falls, the internal gas pressure of a solution containing a given amount 
of the gas rises. There is usually a sharp fall in the solubility of the gas 
on solidification, and this will be accompanied by a corresponding rise 
in the internal gas pressure. I t  is a condition of equilibrium that the 
internal gas pressure o f any two phases in contact with each other be 
equal. If therefore

■px is the common internal gas pressure of the liquid and solid phases 
when a fraction x of the metal has solidified, 

ki is the solubility constant of the gas in the liquid metal, 
k, is the solubility constant of the gas in the solid metal, 
v is the volume of gas dissolved per unit of metal

xks "Jpz (1 — x)k[\!px =  v . . . . (5)

The condition for the formation of gas bubbles during solidification is

{&i— (ke — &,)x} < P + °  ............................... (6)

From this it is possible to calculate the proportion of metal which must
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solidify before gas bubbles can separate, under given initial conditions. 
The equation assumes that no gas escapes from the metal except in the 
form of bubbles.

Fig. 1 gives the solubility of oxygen in silver as determined by 
Sieverts and Hagenacker1 together with the calculated changes in 
internal gas pressure of a m elt saturated with air at 1030° C. during 
solidification, assuming that no gas escapes. Under atmospheric

Q
*
og,o-
Q
N©
V)
-4O

9 5 0  1000 1050
T E M P E R A T U R E ,* C

(a) Solubility of Oxygen 
in Silver a t 1 atm.
Pressure.

pressure, oxygen should not be liberated from the m elt before 59 per 
cent, of the melt has solidified.

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

The presence of oxygen lowers the melting point of silver, and when 
silver melted in air solidifies, the evolution of oxygen takes place at a 
temperature somewhat lower than the freezing point of the alloy 
(Hcycock and Neville 2). A cooling curve taken on silver saturated 
with air shows two arrest points, one at 951° C. and the other at 930°- 
940° C. The second point accompanies the well-known “ spitting ” 
phenomena.

The present experiments in which the evolution of oxygen from silver 
was studied by means of observations on this arrest point were carried 
out on chemically pure silver supplied by Messrs. Johnson, Matthey & 
Co., by means of a standard platinum/platinum-rhodium thermocouple 
and potentiometer. The thermocouple was checked frequently against 
the freezing point of pure silver, melted under charcoal.

(6) Rise of Internal Gas 
Pressure as a Result 
of Solidification. 

F ig . 1.

P R O P O R T IO N  SO L ID IF IE D

(c) Rise of Internal Gas 
Pressure during 
Solidification.
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1.— Correlation of the Second Arrest Point with the Evolution of Oxygen.
About 40 grrn. were melted iu air, and held for at least 1 lir. at 

constant temperature. A cooling curve was tlien taken, and with the 
aid of a mirror, observations of the surface of the metal were made 
between the intervals of reading. Five experiments were made, with 
different saturation temperatures, and the results are recorded in Fig. 2, 
Curves 1-5. The arrows indicate the points at which evolution of gas 
was observed to begin and end. The corresponding temperatures are 
recorded in Table I. The evolution of oxygen took place over a range 
of temperature rather than at a definite temperature, and the second 
arrest point, which also was spread out over a temperature range, 
occupied the centre of this range.

T a b l e  I.— Temperatures of the Second Arrest and of Oxygen Evolution.

Saturation 
Temperature, °C.

Beginning of 
Oxygen Evolution, 

"O.
Peak of Second 

Arrest, ° O.
End of Oxygen 
Evolution, ° O.

90S 934 930 925
97G 937 932

1030 934 932
1072 940 935 931
1090 940 932 929

Note.—Solidification of the sample was not complete until the evolution of oxygen
had ended.

2.— Effect of the Oxygen Content of the Atmosphere.

The silver used in the previous experiments was placed in a deep 
“ pythagoras ” crucible, 4 in. deep and 1 in. in diameter. The top of 
the crucible was closed with an alundum plug, through which passed 
the thermocouple sheath, and a silica tube by means of which gas 
could be passed over the surface of the melt. Mixtures of cylinder 
oxygen and nitrogen, dried with calcium chloride, were admitted to the 
crucible from an aspirator, and the oxygen content of the mixture was 
determined before and after each experiment, by absorbing the oxygen  
with copper in an ammoniacal solution. The metal was exposed to the 
gas for half an hour at 960° C. before taking the cooling curve. As the 
oxygen content of the gas was increased, the freezing point of the silver 
was continuously depressed, in such a manner that the depression of the 
freezing point was proportional to the square root of the oxygen content 
of the gas. This is shown in Table II. Since the amount of oxygen 
dissolved by the silver is, according to Sieverts and Hagenacker, pro
portional to the square root of the oxygen pressure, the depression of the 
freezing point was proportional to the concentration of oxygen in 

VOL. XLTX. x
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the molten metal. The temperature at which spitting occurred, on the

other hand, was not affected by the oxygen content of the gas, but the
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T able  I I .— Cooling Arrests of Silver containing Different Quantities of
Oxygen.

Oxygen 
Content of 

Atmosphero.%
Liquldns,

°0.
Second Point, 

“0.
Depression of 
Liquid us, °G.

/Oxygen \ ł  
VCoutcnt/

Depression 
( Oxygen Content)!

0 901
7-8 958 929(?)* 3 2-8 i-i

20-G 931 932 10 4-55 2-2
64-0 942 931 19 8-0 2-4
07-4 938 930 23 9-SO 2-3

97‘4 gas bubbled f 93St
through metal 1 ■{ 930
hr. 1934 (undercooling)

* Maximum of heat evolution. f  Beginning of heat evolution.

intensity of the second point increased very rapidly with increasing 
oxygen content. At 7-8 per cent, of oxygen tlie second point was only 
very doubtfully shown on the cooling curve, but when practically pure 
oxygen was passed over the silver, the second point was much more 
pronounced than the first. The arrest temperatures are plotted in 
Fig. 3 against the square root of the oxygen content of the gas. The 
resulting diagram is very similar to that obtained in eutectiferous alloys.

F ig. 3.

During solidification of the silver-oxygen alloy, crystals of silver 
comparatively poor in oxygen separate out first, whilst the oxygen 
concentrates in the residual liquid. This process continues, with falling 
temperature, until the oxygen content of the residual liquid reaches a 
certain figure, when oxygen begins to be given off. If oxygen could be 
given off sufficiently fast, the whole of the residual liquid would probably 
solidify at this temperature, and give up the majority of its oxygen. In
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these experiments, however, the oxygen apparently did not escape 
quickly enough-, with the result that the crystallization of silver con
sequent upon the continued loss of heat caused a further concentration 
of oxygen in the residual liquid, and the temperature continued to fall, 
although more slowly than before, until solidification was complete.

I t  is important to know what relationship the temperature at which 
the gas is evolved bears to the freezing point of silver saturated with 
oxygen at atmospheric pressure. As it was possible that the two points 
observed on the cooling curve of silver melted in cylinder oxygen 
(97-4 per cent, of oxygen) might have been due to incomplete saturation 
of the melt, three experiments were carried out in which 100 grm. of 
metal were used, and cylinder oxygen was bubbled through the m elt for
1 hr., at as low a temperature as was feasible, namely, at about 950° C. 
As a result, only one point was observed on the cooling curve, at the 
temperatures recorded in Table II. These temperatures agree well with 
the temperatures at wrhich spitting was observed to begin in the first 
experiment (Table I). It is therefore possible to say that gas begins to 
escape when the oxygen content of the m elt has reached the amount 
required to saturate it at an oxygen pressure equal to the total pressure 
above the melt—that is to say, when the internal gas pressure reaches
1 atm.

In these experiments most of the gas usually escaped at a lower 
temperature. The reason is probably that a solid skin formed first on 
the surface of the melt, and the gas had to acquire sufficient pressure to 
break through this before it  could escape. From Fig. 3 it may be 
deduced that most of the gas escaped under a pressure of 1-7 atm.

3 .— The Effect of the Rale of Cooling.

The appearance of two points on the cooling curve does not represent 
a condition of equilibrium. Since the number of components is two, 
the conditions for the co-existence of solid, liquid, and gaseous phases 
are univariant. That is, for a given partial pressure of oxygen in the 
gaseous phase, there is only one temperature at which the three phases 
can be present in equilibrium together.

I t  is therefore of interest to examine the effect of slow cooling on the 
solidification procedure. For this purpose, 100 grm. of silver wTere 
melted in a fireclay crucible in a poorly lagged electric furnace, and air 
was bubbled through the melt for not less than half an hour at 1000°- 
1030° C. The current through the furnace was then lowered, and the 
cooling curve taken. In this way, a wide range of cooling rates could 
be obtained. Great care was taken to see that the thermocouple was 
central in the metal.
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A selection of tlie curves obtained is reproduced in Fig. 2, Curves 
6-8, but their interpretation is not easy. Apparently the lower point 
decreases very much in intensity as the rate of cooling is increased, but 
the effect is not so large as it appears, and the method of measurement 
is important. A straight line has been drawn joining the smooth 
curves above and below the freezing range, and the displacement of 
this line from the ordinate has been used as a measure of the rate of 
loss of heat. Then for each point on the curve, the displacement from 
this line divided by the distance of the line from the ordinate, i.e. 
AB/OA  in Fig. 2, is proportional to the latent heat liberated in the 
temperature interval represented by the point. The sum of the values 
AB/O A  has been found for all points below the beginning of the second 
arrest, and divided by the sum of the same values for the whole freezing 
range. Assuming the heat of solution of oxygen to be negligible in 
comparison with the latent heat of silver, this ratio gives the fraction of 
silver still molten when the liberation of oxygen bubbles commenced. 
The accuracy is not high, on account of the difficulty of deciding where 
the second arrest begins.

The figures are given in Table III. Neither the liquidus temperature, 
nor that of the second arrest, is affected by the rate of cooling, and when

T a b le  III .— The Effect of Rate of Cooling.

Mean Ilato  of Cooling, 
0 0 . per second.

First Arrest, 
•0.

Second Arrest, 
°C .

Proportion of Liquid a t 
Second Arrest.

0-24 957 940 0-372
0-35 954 941 0-285
0-45 955 938 0-300
0-50 954 939 0-314
0-97 955 942 0-292
113 953 930 0-302
1-40 953 934 0-260
1-48 952 939 0-256
1-78 954 937 0-186

Hold constant Ą h r .  a t 952° C. 938
Held constant Í  lir .  a t 945° C. 940

every allowance is made for error it still appears that, if anything, the 
intensity of the second point increases as the rate of cooling becomes 
less. Thus the loss of oxygen by diffusion must be very slow.

To confirm this conclusion the silver was saturated with air as before, 
cooled to a temperature between the two arrests, held at constant 
temperature for half an hour, and then cooled. This was done twice, 
and on both occasions the second arrest appeared with undiminished 
intensity (Fig. 2, Curve 9). It seems therefore that no important loss 
of oxygen takes place at temperatures above 940° C.
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The proportion of silver which solidified before bubbles were formed 
was never less than 63 per cent., which agrees well with the theoretical 
figure of 59 per cent. The tendency of this proportion to increase when 
the cooling is rapid is not readily explained.

4 .— Effect of External Pressure.

The effect of pressure on the evolution of the dissolved gas was studied 
with the aid of a furnace built inside an autoclave, the construction of 
which is showm in Fig. 4. The furnace leads and thermocouple wires 
were led in through rubber bungs held in position by means of steel 
caps, and kept from overheating by water cooling coils. The thermo
couple was introduced through a bolt in the autoclave cover, which 
could be removed in order to saturate the metal with gas, and quickly 
replaced. B y means of the cap G, it  was also possible to remove the 
couple independently of its sheath. Pressure was applied through a 
tube (not shown) let into the cover and connected to a gas cylinder 
through a reducing valve. A gauge attached to this valve served to 
record the pressure.

Two series of experiments were carried out, both of which are 
summarized in Table IV.

In the first series the silver was exposed to air, with occasional stir
ring, for half an hour at 1000°-1020° C. The weight of metal was 100-

T a b l e  IV .— Solidification under Pressure.

Method of 
Saturation.

Pressure 
on Solidi
fication, 

P , 
lb./in.«.

First
Arrest
w ,
0 Ü.

Second
Arrest

(0,),
0 Ü.

Arrest 
Time 
(0,), t 

seconds.

•Den
sity
of

Ingot.

9G1 -  0S 
“ (£ ).

Pi.
I)
Pi’

1 -0 -058  Pi 
tPi

Under charcoal 15 901 10-51

1r hr. in a ir a t 15 953 928 20 f8-31 33 3-87 8-52
‘ 1000°—1020° 0 . 30 950 901 1 10-01 60 5-48 10-4

with occasional 30 959 882 2* 10-15 79 5-48 14-4
stirring. •19 952 none 

above 880
10-31

115 91G(?) n 10-46

Cylinder; 0x3'- 
gen bubbled

15 942 938 89 23 3-87 5*94 0-0022
38 939 928 68 33* 6-16 5-36 0-0015

through for 45 944 923 21 38 6*71 5-66 0-0043(?)
* hr. a t  1000°- 
1020° O.

59 944 921 53 10 7-79 5-14 0-0013
62 916 45 7-87 5-71
77 934 906 37 55 8-77 6-2G 0-00*15
89 938 902 35 59 9-44 6-25 0-0014

110 938 897 30 64 10-5 6-09 0-0012
125 919 S98 25 63 11-2 5-63 0-0013
150 914 SS8 15 73 12-25 5-96 0-0016
164 946 887 12 74 12-8 5*77 0-0017
195 951 878 9 83 14-0

Mean

5-93

5-81

0-0015

0-0015

° Apparent density in water a t 13° 0. f  Too high, since water penetrated the sample.
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Fia. 4.
A. Rubber bungs. E. Water-cooled copper tubes.
B. Silica tube. F. Thermocouple.
C. Fireclay. G. Thermocouple cap.
D. Lead washers. H. Thermocouple plug.

110 grm., and it  was contained in a fireclay crucible. After the satur
ation period, the thermocouple plug (II, Fig. 4) wa3 inserted, and the
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couplc was placed in position. Nitrogen was then admitted from a 
cylinder until the pressure reached the desired value, at which it  was 
maintained throughout the cooling. The rate of cooling was 1-8° C. 
per second throughout the experiments, so that comparisons of the 
intensity of the second point by means of “ arrest times ” are per
missible. The thermocouple sheath was drilled out of the resulting 
ingot, and the density of the ingot was determined, the ingot being 
boiled in water to make sure of filling the cavity so obtained. The same 
silver was subsequently used for the next experiment.

The freezing point of the silver was unaffected by the pressure, but 
the second arrest was very rapidly lowered and suppressed, and the 
ingots increased in soundness. The unsoundness of the ingots was 
roughly proportional to the intensity of the second arrest, and although 
a very pronounced improvement in density was secured by a pressure of

Fio. 6.

2 atm. and a pressure of 3 atm. entirely eliminated spitting, a pressure 
of nearly 8 atm. did not produce an entirely sound ingot. The volume 
of the cavities was still 0-5 per cent, of the volume of the ingot. Fig. 5 
(Plate LII) illustrates the appearance of two of these ingots, and in Fig. 
6 the density of the ingot is plotted against the solidification pressure.

As the evolution of oxygen was suppressed too easily for a thorough 
investigation of the phenomenon, a second series of melts was under
taken, in which more oxygen was introduced into the silver'by bubbling 
cylinder oxygen into the melt at 1000°-1020° C. for half an hour. The 
results were somewhat irregular, as the readings were very sensitive 
to the position of the couple in  the melt, on account of the small mass 
of metal and the high rate of cooling. Nevertheless they show definitely 
that the temperature at which oxygen is evolved from the melt falls in 
proportion to the square root of the external pressure, and that the
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quantity of silver which is still liquid when the evolution takes place 
decreases with increasing pressure in roughly the same manner. The 
data are plotted as circles in Fig. 7.

5 .— The Lowering of the Melting Point of Silver by Oxygen under Pressure.
On account of the difficulty of passing oxygen under pressure through 

the melt, the procedure was somewhat modified. A small button of 
silver, weighing about 6 grm’., was placed in the crucible, and the thermo
couple sheath was dispensed with. In its place a length of 1 nun. bore 
silica tubing was slipped over the hot junction of the thermocouple

F i g . 7 .

and bent in a flame to the shape of a hairpin. Using this form of cover
ing very satisfactory cooling curves could be obtained, and the small 
mass of metal wTas readily saturated with gas. The silver was heated 
to 1000° C. and a brisk stream of oxygen was passed into the crucible 
for 15 minutes, to sweep out all nitrogen from the furnace. The couple 
was then placed in position, and the required pressure of oxygen ad
mitted to the autoclave from a cylinder. The temperature was slowly 
lowered over about 15 minutes to about 30° C. above the anticipated 
freezing point of the metal, and held constant for a further 15 minutes. 
The cooling curve was then taken, at a rate of 0-35° C. per second. Table 
V records the resxdts obtained, which arc plotted as crosses in Fig. 7. 
The depression of the freezing point was proportional to the square root 
of the oxygen pressure, as is shown by the constancy of the figure



T a b le  V .— Depression of the Freezing Point of Silver by Oxygen under
Pressure.
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Pressure,
lb./in.*.

Freezing Point, Depression of 
Freezing Point, 

”0.
(Pressure)*.

Depression
(Pressure)*

15 930 22 3-87 5-69
45 923 38 6-70 5-66
75 910 51 8-66 5-89

115 898 63 10-72 5-86
1G5 884 77 12-84 5-99
1G3 88G 75 12-78 5-86
205 876 85 14-31 5-94 

Mean 5-82

depression of freezing point tin , , , . .—±-----   ^   ̂ ^   ---------- . The mean value of this quotient was very

close to the corresponding mean value obtained for the depression of 
the second arrest when pressures of nitrogen were applied (Table IV). 
It  is therefore clear that in the second series of experiments with 
pressures of nitrogen, the oxygen concentrated in the residual liquid 
until an internal gas pressure equal to the applied pressure was reached, 
before bubbles of gas escaped. In such small melts, this pressure is equal 
to the hydrostatic pressure of the liquid metal.

In  the first series of pressure experiments, the value of j , ,  was very

much higher, and it is noteworthy that of the two melts cooled under a 
pressure of 30 lb ./in.2 the one containing the less oxygen (as indicated 
by its higher liquidus temperature) gave the higher value. I t  seems 
that when the oxygen content of the melt is low, so much silver has to 
solidify before the required internal gas pressure is reached that ad
ditional pressure is needed to enable the liquid to be squeezed out through 
the interstices between the dendrites.

6.— Undercooling at the Second Arrest Point.
Undercooling to the extent of several degrees not infrequently 

occurred at the second arrest point, and must have been due to super
saturation with regard to oxygen, since silver crystals were already 
present. This phenomenon affords a means of evaluating the surface 
tension resistance to gas separation (0) from the difference between the 
temperature of initial separation and the maximum temperature reached 
during the heat evolution. Some of the values obtained are given in 
Table VI. The occurrence of undercooling was spasmodic, and the 
values obtained are irregular, which is not unusual where undercooling 
phenomena are concerned.
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T a b l e  VI.— Undercooling at the Second Arrest Point.

Lowest Tempéra
ture before G as 
Evolution, °0.

Corresponding
Pressure.
lb./in.*.

Maximum 
Temperature 
during Arrest.

Corresponding
Pressure,
lb./in.*.

0,
Lb./in.«.

900 108 900 99 9
925 71 933 Cl 10
930 05 932 62 3
945 42 948 36 6
870 229 875 211 18

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

1.— The Constitution Diagram.
The solubility of oxygen in molten silver lias been measured by 

Sieverts and Hagenacker,1 and in solid silver by Steacie and Johnson.3 
In both cases it  is proportional to the square root of the pressure. 
These measurements, combined with the thermal data now obtained, 
enable a ternary diagram expressive of the complete behaviour of the 
melts to be constructed. This diagram is given in Fig. 8, for the region 
0-6 atm. pressure and 800°-1000° C.

I t  consists of five regions, respectively
AB EC FD  liquid silver-oxygen solution.
CFGKLH  solid silver-oxygen solution.
CFDG  liquid silver-oxygen solution, solid silver-oxygen

solution
CRD M AO BN  liquid silver-oxygen solution, gaseous oxygen 
CRGM I1QPK  solid silver-oxygen solution, gaseous oxygen. 

Consider the cooling of silver in equilibrium at 980° C. with an atmo
sphere containing 2 atm. partial pressure of oxygen with a total pressure 
of 6 atm. I t  is represented in composition, temperature, and internal 
gas pressure by the point a. If the conditions are such as to maintain 
equilibrium with the atmosphere throughout, it  will in solidifying follow  
the course abed. There will be no change in internal gas pressure, and 
the silver will solidify at one temperature, giving off oxygen in the 
proportion be, and ending up with a small quantity d of oxygen in 
solution. Since, however, the internal gas pressure will never reach 
the external pressure, no gas bubbles will be formed and a sound ingot 
will result. Extrem ely slow cooling is necessary to achieve this result. 
This course of solidification is represented on the more familiar tem- 
perature-composition diagram by the projection of the curve abed on 
the plane, N E L, that is to say, by aW cW .

Under ordinary conditions of cooling, the silver loses little or no 
oxygen until the internal gas pressure has reached the total external 
pressure. The course of solidification is then given by aeglGK  (assum-
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mg the external pressure to be 6 atm.). At first the internal gas 
pressure, on account of the increasing solubility of oxygen in molten 
silver with decreasing temperature, falls to  e. Crystals of silver of the 
com position/then  begin to separate, and as a result of the concentration 
of oxygen in the residual liquid, the internal gas pressure and com
position of the liquid move along the curve eD as the temperature falls. 
The composition of the solid deposited at the same time moves along

/£?, the relative quantity of solid increasing continuously. At the 
temperature of the line DG, the internal gas pressure becomes equal to 
the external pressure, and further loss of heat causes oxygen to be evolved 
at constant temperature until the whole of the silver is solid. The 
composition of the solid silver is represented by the point G, that is to 
say, more oxygen is retained than is the case when equilibrium con
ditions exist. The proportion of liquid which solidifies at DG is given  

Ga1by jr-jy It decreases in an approximately linear manner as the reciprocal
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of the square root of the external pressure is decreased, when the initial 
oxygen content of the silver is maintained constant. That this is true 
within the lim its of experimental error is shown by the last column of 
Table IV.

The melting point of silver is connected with the pressure of oxygen 
in equilibrium with it  by the relationship

T =  961 — 5-82P(!) (P  =  pressure in lb./in2.) 
or, more conveniently,

T  =  961 — 22-31P1-1 (P =  pressure in atmospheres).

The reaction concerned is

Silver saturated so lu tion---- >-
Silver saturated solid solution - f  oxygen (gas),

and the heat of reaction calculated from the equation is 10-0 kilojoules 
per gram atom of silver. This is fairly close to the latent heat of silver 
(11*7 kilojoules, International Critical Tables) and justifies the use of 
the intensity of the second arrest as a rough measure of the amount of 
molten metal present.

By extrapolation of the melting-point curve, the conditions under 
which molten silver can be in equilibrium with .silver oxide can be 
found. According to Keyes and H ara4 the dissociation pressure of 
silver oxide is connected with the absolute temperature by the equation

log p  =  +  6-2853.

This intersects the melting-point curve at 507° C. and 414 atm., and a 
eutectic between silver and silver oxide may be expccted near this 
temperature, provided the pressure is high enough. Fig. 9 (Plate LII) 
shows the structure obtained by heating silver and silver oxide together 
in a steel bomb to 600° C. The eutectic is clearly shown, and the result 
indicates that the difference in the behaviour of silver and copper towards 
oxygen is not one of kind, but of degree.

2 .— The Elimination of Blowholes by Means of Applied Pressure.
If ingots can be cast under pressure in such a way that the hydro

static pressure in the liquid metal is always greater than the greatest 
internal gas pressure that can be developed, sound metal free from 
blowholes should result. Although the pressures theoretically necessary 
for silver arc high, for many metals, where the gas concerned has an 
appreciable solubility in the solid state, pressures of a few atmospheres 
only arc required.

The method of applying the pressure is important, since the con
traction on solidification of the metal can play a decisive part. Suppose,
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F i g . 10.

pressure to an extent equal to — -j~—  ■ e, where e is the volume elasticity

of the liquid metal and L  the volume of liquid remaining. If the rate of 
solidification is sufficiently high, it  is clear that this phenomenon will 
reduce the pressure of the liquid until blowholes can form, in spite of 
the fact that the outer crust of the ingot may be continuously yielding 
under the pressure.

Another way in which the contraction can lead to a release of the 
pressure is illustrated in Fig. 11. In the course of solidification a point 
must be reached at which all the liquid metal necessary to feed the end 
of the casting must pass down an exceedingly narrow channel, and its  
flow will be hindered by its own viscosity. If P  is the pressure in the

for example, we have a volume of metal in an ingot mould, to which 
pressure is applied by means of a piston as shown in Fig. 10. Suppose 
the pressure produced in the liquid metal to be P , and the volume V. 
After an interval of time, the piston will have descended somewhat, 
and the volume beneath it will be V — v. Meanwhile a mass m  of metal 
will have solidified, and undergone its solidification contraction, x, 
so that the reduction of volume on this account will be mx. Now, if 
mx is greater than v, the effect on the liquid metal will be to reduce the

PRESSURE
V



Liberation of Gases from Metals 335
feeder head, P 1 the pressure in the casting, and yj the viscosity of the 
metal, the rate of flow will be given by

P  —  p i
Rate of flow =  -— „ —-t]K

where R  is a function of the length and diameter of the channel and

tends to increase as the channel becomes narrower. Now, if ^  is the
at

rate of solidification of the casting, and x  the solidification contraction, 

the rate of contraction in the casting will be and so long as no 

cavities are formed
P  — P 1 dm

r\R X~dt

p 1 = p - , p 4 i

Thus, as the channel becomes narrower, the pressure in the casting falls 
until it is again low enough to allow gas to be liberated. These conditions 
are likely to occur in alloys having a long freezing range, in which long 
dendrites, with narrow liquid channels between them, are apt to form. 
Consequently it  is essential for the successful use of pressure to allow 
for the proper feeding of every part of the casting. The ideal method 
of applying pressure to an ingot during solidification is suggested in Fig. 
12. The ingot mould is contained in a chamber to which the necessary 
gas pressure can be applied. I t  is tapered towards the bottom, so as to 
allow of complete feeding, and a hot dozzle and hot brick serve to ensure 
that the surface is kept liquid and that the full pressure is maintained on 
every part of the liquid, until solidification is complete. Facilities for the 
quick opening and closing of the mould would, of course, be necessary.

Ca l c u l a t io n  o f  I n t e r n a l  G a s  P r e s s u r e  w h e n  R e a c t io n s

O c c u r .

We shall consider the case when oxides are present in the melt, and 
are liable to be reduced by reducing gases, simultaneously present. 
Taking as an example the reduction of cuprous oxide by hydrogen, we 
shall endeavour to arrive at a figure for the maximum internal gas pressure 
that can be developed during the solidification of tough pitch copper.

The internal gas pressure of a metallic solution has been defined as 
the minimum pressure of the gas mixture which can be in equilibrium 
with it.

In accordance with the principles of Nernst’s Distribution Law, it is 
assumed that molecular oxygen is soluble in molten copper to some 
extent, and that it undergoes the reversible reaction

0 2 +  4Cu =  2Cu20 .
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Assuming that the molecular formula of the dissolved oxide is C!u20  
it  follows, provided the concentration of oxide is so small that the 
concentration of copper can be considered as unity, that

[Cu20] =  /eoPo* 
where [Cu20] =  concentration of dissolved oxide.

))0 =  partial pressure of oxygen above the metal. 
ko =  constant, dependant upon temperature.

Thus copper containing dissolved oxide can be considered as having an 
internal gas pressure j)q of oxygen, such that

=  .

This pressure is quite analogous to the dissociation pressure of a metallic 
oxide and will therefore be called the oxygen dissociation pressure of the 
metallic solution. Every metal or alloy containing dissolved oxide may
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bo considered to have a similar oxygen dissociation pressure. I t  will 
as a rule be small and of the same order as the dissociation pressure of 
the lowest oxide of the metal. It will increase from zero, in the pure 
metal, with rising oxygen content of the metal, and it is a condition of 
equilibrium that the saturated oxide solution must have the same 
oxygen dissociation pressure as the oxide phase in contact with it.

Now, if the copper contains, besides a concentration [Cu20] of oxide, 
a volume of hydrogen per c.c., the hydrogen will have an internal 
gas pressure of p n , where

p“ - ( g T
]cn  =  solubility constant of hydrogen.

Thus any atmosphere in equilibrium with the melt must have a partial 
pressure po  of oxygen, and p u  of hydrogen. But no atmosphere can 
contain these constituents unless it  also contains a partial pressure 
Pa,o of steam such that

fn V o  _  K
■J

Pu,o
where K  is the dissociation constant of steam at the temperature in 
question.

Thus the least pressure of the atmosphere which can be in equilibrium  
with the solution contains

p a  =  (  j— ) partial pressure of hydrogen
\k j i /
/[C u ,0 ] \2

p °  =  [ - i f  - )  » » » oxygen

................... Bt“ m
The sum of these is the total internal gas pressure of the melt.

In all base metals, the partial pressure of oxygen may be neglected. 
In the case of copper, unless the oxygen content of the melt is very small, 
that of hydrogen may also be neglected: it  is rarely more than 2 per

cent, of the whole.5 Consequently the value • ( ^ ~ )  rnay

be taken as the internal gas pressure.
Suppose now that we have a bath of copper under atmospheric 

pressure, and oxide and hydrogen arc together present in such amounts 
that the internal gas pressure is above 1 atm. Reaction will take 
place, and a gas will be evolved, having the composition

-----  ------- % of oxygen -----------------------  % of steam
?>o +  fn  +  Pn,o Vo +  Vn  +  TiiiO

------- ------- % of hydrogen.
To +  Tn  +  Ph.o 

VOL. X L IX . Y
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In this particular case it will be mostly steam. As a result, the internal 
gas pressure will fall, and the gas evolution will ceasc when the com
position is such that the internal gas pressure is 1 atm. This does not 
represent a condition of equilibrium, since the ultimate physico-chemical 
equilibrium depends on the composition of the external atmosphere, but 
it  represents the practical end of the reaction, where deep baths of metal 
are concerned, for any subsequent adjustment of the composition must 
take place by diffusion, without gas evolution, which is very slow. If 
we assume a certain oxygen content for the bath, the corresponding 
internal pressure of hydrogen, at a given temperature, can be calculated.

Let us assume a temperature of 1150° C., and an oxygen content 
of 0-03 per cent.* which corresponds with the conditions within a 
refinery furnace during lading.

The dissociation pressure of cuprous oxide at 1150° C. is, by inter
polation from Stockdale’s figures,6 2-57 x  10~5 atm. The solubility of 
cuprous oxide in molten copper at that temperature is equivalent to 
0-84 per cent, of oxygen. Consequently the oxygen dissociation

0-03 2
pressure of a m elt containing 0-03 per cent, of oxygen is Q-g^p x  2-57 X

10-5 atm. =  3-27 x  10~8 atm.
The dissociation constant of steam at 1150° C. is given by

login - 2 ^ 1  =  6-138 =  log -4=--
papo^ ° V IC

the pressure being in atmospheres. This value is calculated from Lewis 
and Randall’s 7 free energy equation for water, and agrees very closely 
with the mean between Langmuir’s experimental values and those of 
Nernst and von Wartenberg.

Now, the internal gas pressure being 1 atm. when the evolution of 
gas ceases we have :

PaPoi =  1 atm.

whence :
=  V k = __________ i _  ___

lhl Po* 1-37 x  lO W S W  X 10-s
=  0-00403 atm. =  3-06 mm. Hg.

We are now in a position to calculate the maximum internal gas pressure 
that can be developed during solidification, provided no hydrogen 
escapes during the process. This occurs at the moment when the last 
drop of eutectic liquid solidifies, the oxygen content of the liquid being 
then at its highest, and the internal gas pressure of hydrogen, by a

* Normally 0*02-0*05 per cent, of oxygen is taken up by the metal during 
pouring.



process similar to that described for oxygen in silver, having also reached 
its maximum. The oxygen dissociation pressure of the eutectic liquid at 
its freezing point is the same as that of cuprous oxide at that temperature. 
By interpolation from Stockdale’s figures j>q (1065° C.) =  3-8 X  10~8 atm. 
The internal gas pressure of hydrogen at 1065° C. is calculated from 
Sieverts’s figures by means of equation (5) putting x =  1 . Copper dis
solves 0-655 mg. of hydrogen per 100 grm. at 1150° C. and 0-39 mg. in 
the solid at 1065° C.

Hence %  (1065° C.) =  ( ^ |) 2 X  (1150° C.)

= ( w ) ! x 0'°°103 >*” •
The dissociation constant of steam at 1065° C. is 4-17 X 10°.

Hence, maximum internal gas pressure at 1065° C.

=  4-17 x  10° X V 3-8  X 10-« x  ( j ^ ) 2 X 0-00403

=  92 atm.
=  0-60 ton/in.2

This is a pressure that can readily be applied by means of a gas. I t  is 
perhaps worth mentioning that the pressure necessary might be sub
stantially reduced by adding an impurity which would alter the com
position of the last liquid to solidify in such a way as to lower its oxygen 
dissociation pressure. Indeed, a deoxidant may be regarded as an 
addition which brings the maximum internal gas pressure below 1 
atm. Pressure is employed industrially for producing sound castings 
of tough-pitch copper, but the pressures are several times this value.

Co n c l u s io n s .

1. The melting point of silver is lowered by oxygen in proportion to  
the square root of the oxygen pressure, according to the equation

T =  961 — 22-31. P 1 
(P  =  pressure in atmospheres, T  =  melting point in ° C.). This 
behaviour is consistent with the known solubility of oxygen, and the 
latent heat of silver.

2. When silver containing oxygen solidifies, comparatively pure silver 
separates first, and the oxygen concentrates in the residual liquid until 
its composition is such that the pressure of oxygen that would be in 
equilibrium with it is not less than the external pressure. Bubbles of 
oxygen are then given off.

3. Very little or no oxygen escapes from the metal before the bubbles 
are liberated.

Liberation of Gases from Metals 339
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4. Accordingly, tlic escape of oxygen can be retarded, and eventually 
prevented by the application of pressure during solidification.

5. The rate of cooling has no effect on the temperature at which the 
gas is evolved. I t  appears to have some effect on the quantity evolved, 
more gas being liberated at slower rates of cooling.

6. Supersaturation phenomena and the presence of previously 
solidified silver may provide resistances to the escape of oxygen, in 
addition to the external pressure.

7. When pressure is employed to prevent gas liberation within a 
casting, efficient feeding must be provided.

8. The pressure necessary to prevent gas liberation can be calculated, 
both when the evolution is due to solubility changes, and when reactions 
occur, by means of the conception of the “ internal gas pressure ” of the 
melt. The pressure is found to be about 0-5 ton/in.2 for tough-pitch 
copper.

9. A silver-silver oxide eutectic forms at a temperature between 
500° and 600° C., if the pressure is sufficient to prevent the dissociation of 
the oxide.
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D ISC U SSIO N .

Mb. W . P . R e e s ,*  M.Sc. (M ember): The subject of gases in metals is 
interesting from the  theoretical point of view, and is extrem ely im portant 
from the practical point of view. The study  is no t very easy, and the au thor 
has, in a  previous paper, already emphasized the complexities of the subject. 
The “ sp itting  ” of silver during solidification in the particular case w ith  which 
Mr. AUon has largely dealt, has received a  g rea t deal of a tten tion , and i t  has 
been assumed previously th a t  the “ sp itting  ” was due to  the dissociation of

* Assistant, Department of Metallurgy and Metallurgical Chemistry, National 
Physical Laboratory, Teddington.
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silver ox ide; I  th ink th a t  the au thor’s experim ents arc the first to prove fairly 
conclusively th a t th a t  is actually  the case, and  th a t the “ spitting ” is due to  
the evolution of oxygen from silver oxide which dissociates a t  the tem perature 
a t which i t  is precipitated from the m olten solution of the silver.

Mr. Allen is to  be Highly commended for th e  production of the photograph 
of the silver oxide eutectic reproduced in  Fig. 9 (Plate LI I). I  should like 
more inform ation as to  how th a t  eutectic was formed. If a  m ixture of silver 
oxide and silver bo taken, and heated together to, say, 500° or 600° C. (the 
tem perature a t  which the au thor has heated them  together) under a  pressure 
of oxygen, then  i t  would be expected th a t th e  eutectic would be formed, 
because the dissociation pressure of silver oxide is an  oxygen pressure; whereas 
if the same thing be done, but, using an  oxygen pressure instead of a nitrogen 
pressure, the nitrogen pressure would no t necessarily p revent the silver oxide 
from dissociating, and  I  do no t th ink  th a t th a t eutectic would be obtained. 
I  should like to  have the au thor’s opinion about th a t, as well as a few more 
details as to  how he did obtain th a t eutectic.

The question of the pressure preventing the form ation of the eutectic 
brings me to  th a t of th e  pressure preventing the escape of oxygen from m olten 
silver. The au thor appears to  have done th is by solidifying under a pressure 
of nitrogen. If  solidifying under a pressure of oxygen has prevented nitrogen 
from escaping (and from th e  density  of the ingots i t  appears th a t i t  has done 
so), then  the silver oxide eutectic ought to  be found in th a t ingot. Such 
would scarcely be expected. If, on the o ther hand, i t  had been solidified 
under a  pressure of oxygen (as was the case in  o ther experiments), then  i t  
would bo expected th a t  the eutectic m ight be formed. The nitrogen pressure 
■«411 no t p revent the oxide from dissociating. A ctually th e  very opposite 
appears to  have happened to  th a t  which occurs in the well-known method 
of de-gassing alum inium. If alum inium bo de-gassed by passing bubbles 
of nitrogen through it, hydrogen is displaced. The actual displacem ent of 
the hydrogen is determ ined by the partia l pressure of the hydrogen in  the 
nitrogen bubble. The mere fact th a t the gas is bubbling through the m etal 
a t  atm ospheric pressure does no t affect th e  argum ent. I f  the nitrogen is 
bubbled through a t  a  higher pressure, the elim ination of the hydrogen would 
no t be any quicker, because i t  depends on th e  partia l pressure of the hydrogen 
in the nitrogen bubble, and  the pressure of the nitrogen would no t affect th a t 
partial pressure of the hydrogen.

This brings me to  th e  conccption of the in ternal pressure of the gas in a 
solution. There lias been no a ttem p t— quite rightly—to  make any  analogy 
w ith the osmotic pressure of a salt in solution. B u t I  find i t  ra ther difficult 
to  m ake ou t exactly  w hat the au thor intends to  convoy by th is internal 
pressure. H e defines in ternal pressure as being the partial pressure of the 
gas—of th a t particular gas th a t is in solution—in the gaseous atm osphere 
which is in  equilibrium w ith the  solution. W hat happens if there is a  fall 
in the solubility of the gas due, say, to  a  fall or rise in  tem perature ? The 
pressure of the gaseous phase now becomes too low for the equilibrium con
ditions to  be maintained, and therefore gas is evolved from the solu tion; and 
since the internal pressure of the gas, as defined by the author, is determ ined 
by the partia l pressure of the gas in the gaseous phase, I  th ink  th a t the factor 
th a t determ ines w hether the gas comes off or no t is no t the in ternal pressure 
of th a t gas in the solution, b u t the partia l pressure of the gas in the gas phase. 
In  o ther words, i t  simply follows N ernst’s distribution law.

In  using th is conception of internal pressure I  should like to  have the 
au thor’s opinion as to  whether i t  conveys to  him  an idea of the pressure keeping 
tho gas in  solution, or a  pressure tending to  make the gas come ou t of solution. 
Ho states th a t as the solubility of th e  gas decreases the internal pressure 
increases, bu t, as I  have ju s t said, I  do n o t th ink  th a t th a t actually  happens.
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I t  is the partia l pressure th a t is too low. Therefore the gas has to come out 
of solution. I t  would be easier if i t  could be considered more as the dissociation 
pressure of the gas solution system.

Mr. A l le n  (in rep ly): I  feel th a t m any of Mr. Rees’ questions would be 
better answered in  writing. The apparatus in  which the silver-silver oxide 
eutectic was produced is illustrated in  Fig. A. I t  was essentially a  small steel 
bomb, closed by  the screw A . A hollow plug of silver was placed a t  B, filled 

w ith pure silver oxide, and  covered w ith  a  cap of 
silver (0). The screw was tightened in  such a  w ay as 
to  force the silver cap partly  into the cavity  contain
ing the silver oxide. The whole was then  placed in a 
furnace a t  600° C. for 1 hr., cooled, and cu t across the 
line D E. The section was polished, and the eutectic 
structure  found. There was a definite penetration of 
th e  silver oxide into the silver to a  small d e p th ; the 
silver oxide and  the silver had alloyed quite well 
together. As the pressure was no t released un til the 
bomb was cold, the silver oxide was quite stable when 
the bomb was opened, and the photom icrograph could 
be taken  in  the ordinary way.

I t  is always an  awkward thing to  introduce new 
term s. By the in ternal gas pressure I  mean the value

Ag20 .

I
c

. - 8

F i g . A ./ . n j w i g  u i i e u m i  p ic a a u iu  x  m e  vu iu ti
j , which is the  pressure to  be associated w ith the existence of v c.c. per un it

mass of gas dissolved in  a  metal, in  which its  solubility constants are n  and h. 
I  conceive i t  as the pressure a t  which the gas strives to come ou t of solution. 
If, for example, a  m elt of silver contain 1 c.c. of dissolved oxygen per grin, 
of m etal, there is one partia l pressure of oxygen in  the atm osphere above it, 
which is ju s t sufficient to  m aintain the gas in solution, w ithout any increase 
or decrease of its  am ount. T h a t pressure I  call the in ternal gas pressure of 
the solution of oxygen in silver.

C O R R E SP O N D E N C E .

T h e  A u t h o r  (iti further reply to the discussion at the meeting) : Mr. Rees 
appears to  be confusing himself by overlooking the distinction between the 
conditions necessary for complete physico-chemical equilibrium, and those 
necessary for the form ation of gas bubbles, which is the kernel of the m atter. 
F o r complete equilibrium the in ternal gas pressure of the m elt m ust equal 
the partia l pressure of the solute gas in  the external atmosphere. For bubble 
formation, the internal gas pressure m ust be greater than  the hydrostatic 
pressure of the melt. These conditions are the same only when the atmosphere 
consists of the pure solute gas and the m etal b a th  is shallow. N itrogen has 
no influence on the former condition, b u t affects the la tte r. These experi
ments show th a t in  the silver-oxygen system  complete equilibrium is not 
readily obtained, and th a t the escapc of oxygen from the m elt is determined 
by the hydrostatic pressure, as affecting the process of bubble formation. 
N itrogen pressure is no more th an  a  convenient means of altering th is pressure. 
One will no t expect to find the silver-silver oxide eutectic in  ingots rendered 
sound by the application of pressure, since oxygen has an appreciable solu
bility in  solid silver, "When a  m elt containing gas changes in  tem perature, 
its  in ternal gas pressure alters. If i t  were initially  in  equilibrium w ith its 
atm osphere, it  w ill no longer be in  equilibrium w ith i t  unless the composition
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of the atm osphere changes appropriately a t  the same tim e. An exchange 
of solute between the gas and  m etal phases will begin, b u t no bubbles will 
form unless the change has raised the in ternal gas pressure of the m elt above 
the external pressure.

Mr. W. P . R e e s , *  M.Se. (M em ber): (Continuing the remarks made at the 
meeting). I  should like to discuss fu rther the effect of pressure in preventing 
the escape of oxygen from silver during solidification. Is the author sure 
th a t the ingots solidified under a  pressure of nitrogen were sensibly free from 
blowholes because the pressure prevented the form ation of bubbles; or was 
the role of the nitrogen to  remove oxygen from the silver before i t  solidified ? 
This point requires careful consideration, especially in view of the work of 
Smithells f  and his co-workers on the rem arkable rap id ity  w ith which nitrogen 
“ de-gases ” nickel'-chromium alloys. As previously stated , the application 
of a nitrogen pressure would no t be expected to  prevent dissociation of Ag20 , 
bu t i t  m ight re tard  the reaction. Such a retardation  m ay have been observed 
by the author, b u t the action is entirely different from the effect of an oxygen 
pressure. The la tte r  could prevent blowhole form ation by preventing d is
sociation of th e  silver oxide. The production of sound ingots under a nitrogen 
pressure m ay have been caused by (1) a slowing down of the ra te  of d is
sociation of silver oxide, (2) removal of oxygen from the m olten silver, (3) 
prevention of bubble formation by the nitrogen pressure. If  the last 
occurs, then  the pressure of an  inert gas m ust be considered as one of the 
factors which tend  to  make the removal of gases from molten metals difficult. 
These factors, as pointed ou t by Bireumshaw, J include the surface tension 
and hydrostatic pressure of the  metal.

A nother point on which I  should appreciate further information is the 
effect of pressure on the freezing point of silver. On p. 328 the sta tem ent 
is made th a t the freezing point was unaffected by  the pressure. On p. 329 
it is sta ted  th a t th e  depression of the freezing point was proportional to  the 
square root of the pressure. I  appreciate th a t  the first sta tem en t refers to 
a nitrogen pressure, which would no t be expected to  depress the freezing point 
to  any  "appreciable extent. On the other hand, i t  would be expected th a t an 
oxygon pressure would depress the freezing point in virtue of the increased 
oxygen content of the melt, bu t a  second arrest would also be expected. In  
addition to  the da ta  in Table V, i t  would bo interesting to  know w hether a 
second arrest was found. If no second arrest occurred on the cooling curves, 
i t  would appear th a t a  solution of silver oxide in molten silver freezes a t  a 
constant tem perature.

Mr. R. S. D ean,§  M.S., Met.E. (Member), and Mr. V. H. G o t t s c k a lk  ¡|: The 
fact th a t sound m etal free from blowholes can be obtained by using pressure 
is interesting and  im portant, and the au thor’s study of conditions for the 
application of th is method is a valuable practical contribution to  the vexed 
gas-in-metals problem. I t  has seemed to  us, however, th a t the theoretical 
basis for the discussion of the relation of gases to  metals a t  higher tem perature 
needs thorough revision and purging from the traditional ideas which obscure 
ra ther than  elucidate experimental facts.

* Assistant, Department of Metallurgy and Metallurgical Chemistry, National 
Physical Laboratoiy, Teddington.

f  C. J . Smithells, S. V. Williams, and E. J . Grimwood, J. Inst. Metals, 1931, 46, 
443.

t  L. L. Bireumshaw, Phil. Mag., 1926, [vii], 1, 510-522.
§ Chief Engineer, Metallurgical Division, Bureau of Mines, Washington, D.C., 

U.S.A.
|| Senior Physicist, Metallurgical Division, Bureau of Mines, Pittsburgh, Pa., 

U.S.A.
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F or example, th is paper opens w ith the proposition th a t gases are present 
in  the m etal in the atom ic state, which, if true  a t  all, is alm ost certainly no t 
the case w ith the system silver-oxygen, as has been shown repeatedly from 
1904 * to  1932,f  and as the au thor himself shows when ho says—on p. 333 : 
“  The result indicates th a t the difference in  the behaviour of silver and copper 
tow ards oxygen is no t one of kind b u t of degree.”

I t  is generally agreed th a t the solubility of oxygen in  copper represents 
the form ation and solution of cuprous oxide, and th a t conception is incom
patible w ith the presence of atom ic oxygen in the m elt. W hat we wish to 
emphasize is the inadequacy of the present sta te  of the theory underlying 
the phenomenon of the solution of gases in  m etals; there m ust be something 
wrong when, by starting  w ith the assum ption of the atom ic s ta te  of the gas, 
you can deduce its  antipode, the formation of a  compound.

We attem pted a  sta tem ent of the problem and made some suggestions of 
possible solutions in a paper read last year before the American In s titu te  of 
Mining and Metallurgical Engineers. J

Dr. D. S to c k d a le ,§  M.A. (M em ber): The conception of in ternal gas 
pressure, as pu t forward by the author, is of fundam ental im portance. I  
suggest th a t his definition is no t stric tly  correct and would substitu te  the 
following: “ The in ternal gas pressure is the only pressure of the solute gas 
w ith which the solution can be in  true  equilibrium  and  is also the least pressure 
of any  gas m ixture required to prevent the  form ation of gas bubbles w ithin 
the solvent.”

I  presume th a t the factor 0-058 in  the formula a t  the top of the last column 
of Table IV  (p. 326) was obtained by graphical methods. I t  follows from 
the experim ental results th a t

• i  — 0-058 =  0-0015 I

Mr. R . Taylor || points ou t th a t if n  =  2, equation (5), p. 319, can be p u t in 
the form

1 k, _  (k, — k,) t
P i  V  ~  V

where c is a constant connecting the tim e of solidification w ith the am ount 
of solid solidifying.

This work shows th a t — =  0-058.v
According to  Sieverts and  H agenacker,^ the solubility of oxygen in  solid 
silver a t  the freezing-point and 1 atm osphere is approxim ately 0-5, and i t  is 
probable th a t under the experim ental conditions v was initially approxim ately

Hence =  0-0065.v  20V 15
The very considerable discrepancy between the calculated and determined 
values indicates th a t a  large proportion of the to ta l oxygen escapes from the 
m etal before the tem perature of the second arrest is reached.

The relationship between the  arrest tim es and  the square root of the
i __  0*058 Pi

pressure cannot be represented both by the formula -------- — -----  =  0 0015

* Roozeboom, “ Die Heterogenen Gleichgewichte,” 1904, Vol. 2, p. 355. 
t  J .  H. Simons, J . Physical Chem., 1932, 36, 652-657.
i  “  The Solubility of Gasos in Metals.” Amer. Inst. M in. Mel. Eng. Preprint,

1932, Feb., 1-16.
§ King’s College, Cambridge.
|! Downing College, Cambridge (Member). Tf Loc. cit.
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anil by a  stra igh t line (lower curve, Fig. 7, p. 329). I t  appears th a t a  curve 
which is concave upwards would represent the experim ental results more 
correctly.

Mr. Allen’s work is very im portant, and I  hope th a t he will bo able to 
carry  i t  still further.

The A u t h o r  (in reply):  I  very much appreciate the atten tion  which the 
correspondents have given to  th is paper. Replying to  Mr. Rees, I  do not 
th ink  the production of sound ingots by applied pressure can be explained 
as a degasification effect, since the experim ental conditions were funda
m entally different from those obtaining in  degasification. If a  system con
sisting of V  c.c. of liquid m etal phase and V' c.o. of gas phase contain v  c.c. 
of a  gas soluble in  the metal, the  gas is d istributed  between the phases in 
such a  way th a t

V'p +  V k \ / p  =  v
k, n, and p  having their usual meanings. A degasification process consists 
of progressively increasing V', w ith the result th a t Vk "Jp  (the gas content 
of the metal) falls. In  my experim ent an inert gas was forced into the system, 
b u t V  and V ' rem ained unchanged, so th a t the d istribution of the soluto 
gas between the phases was unaltered. No degasification was to be expected, 
and the rap id ity  of the effect does no t enter in to  the question. A degasification 
effect, although i t  would explain the decrease of the intensity of the second 
point, would no t account for the very marked fall of temperature which was 
observed. The question as to whether a second arrest po in t is found on the 
cooling curve of silver melted in oxygen is considered theoretically and experi
m entally on pp. 324 and 332. No sccond arrest was to  be cxpectcd, and none 
was found. A solution of silver oxide in  molten silver, if it  solidifies under 
conditions of complete equilibrium and a t  constant pressure, freezes a t  a 
constant tem perature, b u t the composition alters. If  i t  freezes in  such a 
way th a t the composition rem ains unchanged, i t  does so over a tem perature 
range, b u t the pressure m ust bo progressively raised in  order to  prevent loss 
of oxygen.

I  am  acquainted w ith and have much adm ired the stim ulating paper by 
Messrs. Dean and G ottschalk on “ The Solubility of Gases in M etals.” They 
have done a  service in again calling atten tion  to  the discrepancies between 
the results of various workers in  th is field, and their suggestions to  account 
for the variations are so fascinating th a t one aw aits w ith in terest their experi
m ental confirmation of the assumptions they  have made. Nevertheless, in 
view of the known difficulty of experiment on gases in  metals, the possibility 
of experim ental error as an  explanation should no t bo overlooked, and it  
w'ould be rash to discard fundam ental conceptions which have served well 
in  m any fields, before the fact of their inapplicability is established.

The difficulty concerning the s ta te  of combination of oxygon dissolved 
in silver arises ou t of a  misunderstanding of m y position, due, no doubt, to  
the paper having been somewhat severely compressed. I t  is no t assumed 
th a t gases are present in m etals in  .the atom ic s ta te  (although, as has been 
said, th is is a  usual in terpretation  of the square root law), bu t only th a t the 
observed solubility of the gas obeys the law expressed in  equation 1. Assump
tions as to  th e  sta te  of combination of the  gas are no t required except to  arrive 
a t  probable values of the coefficient “ where this is no t known. In  the 
case of silver and oxygen, n  is known to bo 2, and no assumption is necessary. 
The equation would be equally true were the gas in  the combined form, and, 
indeed, is used la ter in  the paper for the case of cuprous oxide dissolved in 
copper.

I  have been particularly careful to  come to  no conclusions as to  the sta te  
of the oxygen in  the melt, since, as has been pointed ou t by  D onnan and Shaw,
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measurements of this kind will, no t distinguish betw een Ag20  and atom ic 
oxygen. Even the production of the silver-silver oxide eutectic does not 
prove th a t the oxygen is present in  the m elt as silver oxide, b u t only th a t a 
m elt can be produced which on solidification decomposes into silver oxide 
and silver.

The probable s ta te  of affairs present both in  silver and copper melts is 
illustrated in Fig. B.

If k =  solubility constant of oxygen 
K  =  equilibrium constant of reaction 2 X  - f  0 — > X ,0  

Regarding [X] in  m etal phase as unity , we have 
[ O ] = k V p 0 

[X ,0] =  K \0] =  kK V p0 
Total dissolved oxygen =  [0] -j- [X 20 ]_

=  (k +  kK )V p0.
The square-root law' is still obeyed, independently of the value of K . The 
“  difference of degree ” between silver and copper is probably th a t in copper

melts K  is so large th a t [0] is negligible, 
whereas in silver melts [0 ] has an appreciable 
value. According to  Ellis, oxidized coppcr 
gives off oxygen gas if melted under sufficiently 
low pressures, as would be expected.

Looked a t  from this point of view, the 
presence of a dissolved oxide appears no longer 
“ incom patible w ith the presence of atomic 
oxygen in  the m elt,” b u t the solution of atom ic 
oxygen in the m elt becomes the necessary 
accompaniment, ra ther than  the antipode, of 
the formation of a compound. Moreover the 
viewpoint accounts admirably for the fact th a t 

the silver solutions behave in  some w ays as if they contained a dissolved gas, 
and in others as if a dissolved oxide were present. Traditional ideas seem to be 
peculiarly successful in  explaining the characteristics of th is interesting system.

I  thank  Dr. Stockdalo for his encouraging rem arks, b u t do not see my 
way to  adopt his definition of the in ternal gas pressure, since the first p a rt 
of his definition docs not cover the case of reacting gases simultaneously 
present in the melt, and the second p a rt tends to suggest th a t the presence 
of a gas m ixture under pressure is necessary to prevent the form ation of gas 
bubbles w ithin the solvent, whereas a hydrostatic pressure produced by 
mechanical compression of the liquid would be equally satisfactory. I  prefer 
m y definition in  the form given on p. 335.

The discrepancy between the experim ental and calculated values of ~  is

im portant, and has two possible explanations. One is th a t given by Dr. 
Stockdale, the other is th a t the solidified silver retains more oxygen th a t it 
should under equilibrium conditions. I  incline to  the latter, for the reason 
th a t the experiments on the effect of ra te  -of cooling showed th a t the in tensity  
of the second arrest increases w ith decreasing ra te  of cooling, whereas, if the 
discrepancy had been due to  the escape of oxygen before the second arrest, 
the  reverse would have been anticipated. Moreover, if a  large proportion of 
the to ta l oxygen escaped from the m elt above the tem perature of the second 
point, there would be no reason to  suppose th a t the theoretically anticipated 
law (which is derived on the assumption th a t the to ta l quantity  of gas in  the 
m etal rem ains constant) would be obeyed a t  all. We appear to  have some
thing akin to  the “ forced solid solution ” of carbon in  «-iron which is p ro 
duced when a  steel is quenched.

0 2

M -----------

0 + 2 X ^ X 2 0

F io . B.
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LIQUATION OR “ INVERSE SEGREGATION” 
IN THE SILVER-COPPER ALLOYS.*

By J. H. WATSON,î  M.C., B.So., A.R.S.M., M e m b e r .

S y n o p s i s .

1. The behaviour of silver-copper alloys in regard to the segregation 
of their constituents during solidification, which is usually referred to as 
“ liquation ” or “ inverse segregation,” has been further investigated.

2. I t  has been established that tho first formed primaries, whether 
of silver or of copper, are free to move under the influence of gravity, 
when the alloy is maintained for sufficient time a t temperatures between 
tho “ liquidus ” and tho 11 solidus.”

3. I t  has also been established that the primaries which have segre
gated under tho influence of gravity are repelled from their position by 
the application of severe local chilling to their vicinity.

4. All tho effects of “ liquation ”  and “ inverse segregation ” observed 
in these alloys in ordinary practice can bo explained by the formation of 
primaries a t tho chilling surfaces of moulds and between tho temperatures 
corresponding with the “ liquidus ”  and tho “ solidus,” followed by their 
immediate migration towards the hotter portions of the mass.

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

T h e  behaviour of certain alloys in regard to the segregation of 
their constituents during solidification has been rccognized from at 
least as early as the seventeenth century. W ith greater experience 
and more accurate methods of analysis, the problem has of recent 
years received considerable attention, and many hypotheses have been 
put forward to account for this behaviour. Most of these hypotheses 
have been set out and discussed by S. W. Smith { and have been further 
reviewed by R. Genders,§ so that recapitulation here is unnecessary. 
None has, however, been generally accepted as wholly explaining the 
mechanism and cause of the phenomenon.

As early recognizcd by Roberts-Austen, there is considerable diffi
culty in invoking the aid of the equilibrium diagram to provide an 
explanation of the mechanism of liquation, which is always associated 
with two conditions : (1) the existence of a temperature-gradient in

* Manuscript received April 11, 1932. Presented a t the Annual Autumn 
Meeting, London, September 13, 1932.

t  Assayer, Royal Mint, London.
J Tran-s. Inst. Min. Mel., 1926, 35, 248 el seq.
§ J . Inst. Metals, 1927, 37, 241.
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the solidifying mass of metal, and (2) a temperature range, or “ solidi
fication interval,” between the beginning and the end of solidification. 
I t  is generally agreed that under the influence of a temperature-gradient, 
such as occurs in casting an alloy in a chill mould, the composition of 
the resulting mass may no longer be uniform, but varies from the chilled 
surface to the interior in such a way that those portions which solidify 
first— that is, the outer portions—have the composition of an alloy 
with a lower freezing point than that of the inner portions which have 
solidified last.

All observations hitherto made with regard to “ liquation ” make 
it  appear that this takes place laterally or normally to the chilling 
surface, and independently of gravity, which is, of course, the deter
mining factor in the separation of immiscible molten material, such as 
the products of smelting operations— metal, speiss, matte, and slag.

Evidence was provided, however, by experiments carried out by  
Dr. S. W. Smith and by the author, under the direction of Sir Thomas 
Rose, that, although gravity effects are not usually observed in normal 
chill-castings, they are capable of exerting considerable influence on 
the distribution of the constituents in a slowly-cooled casting.

P r o b l e m  S t u d i e d .

I t  appeared from these experiments that it should be possible to  
explain liquation in alloys if it  could be shown that the first formed 
primaries were free to move in the molten matrix, either under the 
influence of gravity, or as a result of repulsion from a chilling surface. 
The problem particularly studied in this paper is the explanation of 
the eSect of chilling on the liquation of the constituents of silver- 
copper alloys.

In this connection, it  is necessary to distinguish three types of 
silver-copper alloys : (1) hyper-eutectic alloys (containing more than 
71-8 per cent, silver), in which enrichment of silver is towards the centre 
or last portions to solidify, (2) eutectic alloy (71-8 per cent, silver), 
which is uniform in this respect under ordinary casting conditions, and 
(3) hypo-eutectic alloys (containing less than 71-8 per cent, silver), in 
which enrichment of silver is towards the outside or first portion to 
solidify. The extent to which this segregation takes place is illustrated 
by the curves given in the Anuual Report of the Royal Mint for 1930.

Attention has been directed, in the first place, to determining 
whether, under favourable conditions, the first formed primaries of 
copper in a hypo-eutectic alloy of silver and copper are free to move 
under the influence of gravity sind apart altogether from any effect
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brought about by a chilling surface or a temperature gradient. These 
conditions are provided by the interval of temperature between the 
“ liquidus ” and the “ solidus,” and the alloys were therefore held or 
“ soaked ” at a convenient temperature between these two points for 
a period of tim e sufficient for them to attain a measure of equilibrium. 
By this means it has been found possible to accentuate the manifesta
tion of liquation to such an extent as to render it  possible to differ
entiate between the factors which promote the phenomenon.

A further advantage in this accentuation lay in the removal of the 
difficulty of demonstrating any change in the microstructure cor
responding with marked differences in composition. The method here 
adopted introduced differences of composition of such magnitude that 
corresponding differences in the structure were often readily visible 
under the microscope, and sometimes even to the naked eye.

E x p e r i m e n t a l  P r o c e d u r e .

The experimental procedure in general was as follows :—
The required amounts of electrolytic copper and fine silver were 

melted in a gas furnace, well stirred, and poured into a pre-heated 
cylindrical Salamander crucible and covered with charcoal, thus giving 
a cylinder of metal 7 -8  cm. high x  3 cm. diameter. The crucible was 
placed in a platinum-wound electric furnace, the heating chamber of 
which consisted of a vertical silica tube closed at the top end by a re
fractory cover and at the bottom by a long plug of fire-brick, extending 
below the furnace. The crucible containing the molten metal rested 
on this plug, which could be withdrawn when it was required to lower 
the crucible for the purpose of chilling the bottom of the melt. The 
furnace was heated to about 100° C. above the temperature at which 
the metal was to be held, and the temperature was then slowly lowered 
to the required point and maintained there for about 5 hrs. This was 
effected by means of a Cambridge temperature-control relay.

To simulate and accentuate the form of segregation obtained in 
ordinary casting operations, a method of differentially chilling the 
partly molten mass was devised. In this partly molten state, the 
metal contains primaries segregated towards either the top or the 
bottom by gravity, and it is necessary to avoid disturbing them mechan
ically, as is done, of course, in pouring. To this end, in the case of 
the copper-rich alloys, a steel cylinder, providing a loose fit in the 
crucible, was racked down firmly on to the surface of the metal, after 
the removal of the charcoal, and was left there until the whole of the 
metal had solidified in the furnace.
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In the •case of the hyper-eutectic alloys, the crucible was supported 
with tongs, the bottom of the furnace removed, and the crucible rapidly 
lowered into a shallow dish of running water. This method, although 
effective in demonstrating the result of bottom  chilling, was necessarily 
less drastic than the steel plunger method, owing to the thickness of 
the crucible through which heat had to be abstracted. Thinner cru
cibles of alundum were tried, but they introduced the risk of breakage, 
and also allowed the metal to seep through the walls. Melts which 
were not to be chilled were allowed to cool in the furnace. When 
cold, the ingots wore removed from the crucible, sawn in half vertically, 
one half being polished for micro-examination, the other being sectioned 
horizontally at intervals of 1-5 mm. for assay, use being made of both 
the sections and of the sawings for this purpose.

H y p o - E u t e c t ic  A l l o y s .

50 : 50 Silver-Copper Alloy.

The initial and final freezing points of this alloy are 870° C. and 
778° C. respectively, providing a working range of about 90° C.

A short cylindrical melt, 4-5 cm. in height, was held at 810° C., i.e. 
60° C. below the liquidus and 30° C. above the solidus for 4 hrs. The 
extreme top then assayed 38-8 per cent, silver and the extreme bottom  
57-3 per cent., an enrichment of copper at the top, as opposed to the 
bottom, of 18-5 per cent, due to gravity alone. The microstructure is 
distinctive, as shown by the photomicrographs (Figs. 1 and 2, Plate LIII). 
The top section consisted of large, rounded copper primaries in a matrix 
of eutectic, the maximum size of these primaries being about 0-15 mm. 
The bottom section consists of long, straight dendrites surrounded by 
eutectic. These structures are in accord with what would be expected 
from the composition. The above experiments were repeated with  
varying conditions as to the time and temperature of “ soaking,” and 
substantially the same results were obtained. The results of a typical 
experiment are shown graphically in Fig. 8.

I t  is thus seen from these experiments that in these alloys, having 
initial and final freezing points separated by a range of temperature, 
the copper primaries, being lighter than the molten matrix, will tend 
to segregate at the top of the mass, when it is held at a uniform tem 
perature within this range.

Chilling.
A cylinder of metal 8 cm. in length was held at 810° C. for 3 |  hrs. 

and then top-chilled as described above. The polished surface of the 
vertical section showed, to the naked eye, a boundary line extending
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from one corner at the top to a point on the opposite side about 0-5 cm. 
down as shown in Fig. 8a, and another similar but horizontal boundary 
about 2-5 cm. from the bottom. Above the upper boundary was a

Fio. 8.—50% silver-copper alloy, melted and “ soaked ”  for 8} hrs. at 900°-785° C. 
Same alloy, “ soaked ” for ,‘i} hrs. a t 810° C. and top-chilled.

Fio. 8a.—Structure as visible to the naked eye. X | .
(A) Silver content of horizontal strips immediately below A (Fig. 8a).
(B) Silver content of horizontal strips immediately below B (Fig. 8a).
(C) Mean composition. (Cf. complete curve.)

region of very small primaries which assayed 51 per cent, silver. Be
tween the two boundaries was a region of large primaries, interspersed 
with some smaller ones in a matrix of eutectic. This area assayed
49 per cent. Below the lower boundary was a region of long, dendritic 
primaries, similar to those occurring near the bottom of the “ soaked ”
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specimen. This area assayed 53 per cent., the vertical distribution 
of silver throughout the specimen being shown graphically in Fig. 8. 
Thus the evidence of the effect of chilling in reversing the effect due 
to gravity separation was most marked. The top had been enriched 
in silver from less than 40 per cent. (cf. previous experiment) to more 
than 50 per cent., the primaries being driven down to below the limit 
of the effect of chilling which was abrupt. This abruptness was probably 
due to the rapid formation of a crust as a result of chilling. Below 
this lim it, a heat balance was set up, the metal of this region remaining 
above the eutectic temperature for some time without any appreciable 
temperature gradient. The result was that the primaries already in 
this region, together with those crowded out from the extreme top 
area by the severe chilling, had tim e to become more or less evenly 
distributed throughout this area, which gradually solidified at a uniform 
temperature. This region is marked by the lower boundary, which 
represents the distance to which the secondary effect of chilling is 
exerted. Below this level, the silver-rich material, from which the 
primaries had risen during the preliminary soaking, remained much as 
it  was before the chilling was applied to the top. This metal has a 
lower melting point than the metal above it and was the last to solidify. 
The lower boundary, therefore, represents the line of demarcation of 
two liquids, in the upper of which the separated primaries have only 
just sufficient impulse from the chilling'surface to reach this level, but 
not to penetrate beyond it. The microstructure resulting from this 
treatment is shown in Figs. 5, 6, and 7 (Plate LIV).

This experiment was repeated under the same conditions with a 
shorter length of specimen, with similar results, but a specimen chilled 
from 920° C. (i.e. above the liquidus) showed very little segregation.

A specimen “ soaked ” at 835° C. and chilled by the immersion of 
a steel rod through the top of the metal showed that, as a result of this 
form of chilling, the copper-rich primaries tend to move both downwards 
and outwards, this movement being discernible by both assay and 
micro-examination.

The above experiments show that the effects of “ liquation ” 
and “ inverse segregation,” observed in ordinary casting practice of 
copper-rich silver alloys, can be explained by the formation of copper 
primaries at the chilling surfaces of the moulds at temperatures between 
the initial and final freezing points of the alloys, followed by their 
immediate migration towards the hotter portions of the mass.

This effect of the chilling surface of the moulds is strong enough 
to be manifested in ordinary castings, in spite of the rapid solidification, 
which is sufficient to inhibit any appreciable gravity separation.



P l a t e  L I I I .

Fig. 3 . - 5 0 %  qu a te rn a ry  alloy. “  Soaked ”  F ig . 4 . - 5 0 %  q u a te rn ary  alloy. As Fig. 3. 
at 905° C. N ear top . S ilv e r : 48-0% . x  80. N ear b o tto m . S ilv e r : 53-5% . x  80.

[to face p. 352.

•IG. 1 .- 5 0 %  A g-Cu. " S o a k e d ” a t  810° C. F io . 2 . - 5 0 %  Ag-Cu. As Fig. 1. N ear 
N ear top. S ilv e r : 39-0% . X 80. bo ttom . S ilv e r : 57-0%. X 80.



P l a t e  L IV

F ig . 5.— 50%  A g-Cu. “ S o ak ed ” and chilled. 
U pper boundary . S ilv er: 51*2/49’0 % . x  40.

F ig . 6 .- 5 0 %  A g-Cu. As Fig. 5. Centr 
portion . S ilv e r: 49 0% . x  40.

F ig .  7 . - 5 0 %  A g-C u. As Fig. 5. N ear 
b o tto m . S ilv e r: 54 0 % . X 40.
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25 : 75 Silver-Copper Alloy.

In still lower grade silver-copper alloys, it  might be expected that 
the copper primaries would suffer from the disability of being so con
gested that movement was restricted, although it  has been known for 
many years that these alloys exhibit very marked liquation when 
cast in chill moulds. This was found to be the ease, in that there was 
an enrichment of copper at the top, but only to the extent of 2-82 per 
cent. The metal, top-chilled by the steel plunger, showed, on the 
other hand, an enrichment of silver at the top of 7-63 per cent., a “ turn
over ” of 10-45 per cent.

The microstructuro in each case was similar to that of the cor
responding specimen of 50 per cent, alloy, except that the primaries 
were distinctly coarser and there was little  interstitial eutectic.

60 : 40 Silver-Copper Alloy.

Experiments with this alloy confirmed previous results. The 
maximum enrichment of copper at the top of the “ soaked ” specimen 
was 18-32 per cent, and in the case of the “ soaked ” and chilled specimen 
6-65 per cent., a reduction of 11-67 per cent, compared with 14-5 per 
cent, or more in the case of the 50 per cent, alloy. The microstructure 
was somewhat similar, but no distinct boundaries were observed.

Q u a t e r n a r y  A l l o y s .

50 : 40 : 5 : 5 Silver-Copper-N ickel-Zinc Alloy.

The alloy now used for the Imperial coinage consists of silver 50, 
copper 40, nickel 5, and zinc 5 per cent., and, in view of its complexity, 
no prognostication as to its behaviour with regard to gravity separation 
could be made, although it  is known to exhibit a very considerable degree 
of segregation, which is much greater than that occurring in the binary 
alloy.

A cylindrical melt, 7 cm. high, was cooled slowly to 905° C., this 
temperature being held for 4 hrs. (The initial and final freezing points 
of this alloy are 1025° C. and 765° C. respectively.) A vertical half
section was assayed for silver, copper, and nickel (the zinc being de
termined by difference) and the results are shown graphically in Fig. 9. 
There was a considerable enrichment of silver towards the bottom  
and a corresponding enrichment of copper and nickel towards the top, 
consistent with the floating-up of the first formed copper-nickel pri
maries. The zinc showed no segregation, which is in accordance with  
the conclusion reached on other grounds that, after solidification, the 
zinc is uniformly distributed between the copper-nickel primaries and 
the silver-copper eutectic.

v o l. x l i x . z
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Figs. 3 and i  (Plate LIII) sliow clearly the distinctive structures at 
the top and the bottom, the upper portion consisting of rounded copper- 
nickel primaries in a field of eutectic, and the lower portion of elongated 
dendritic primaries in a much larger eutectic field. The relative sizes 
of the primaries confirmed previous observations that the “ limiting 
size ” of these primaries is much smaller in the case of a quaternary 
alloy than in that of a simple binary alloy.

25 : 55 : 10 :10  Silver-Copper-Niclcel-Zinc AUoy.

In  connection with the liquation of the previous alloys, it  is interest
ing to compare the results obtained in the case of a 25 : 55 :10  :10

F ig . 9.—Vertical Distribution of Constituents in CO: 40 : 5 : 5 Ag-Cu-Ni-Zn 
Alloy “ soaked ” a t 905° C. for 4 hrs.

silver-copper-nickel-zinc alloy chill-cast in a cylindrical iron mould, 
16-5 cm. high by 3-0 cm. in diameter. The resulting ingot was sampled 
by turnings corresponding with rings about 1-5 mm. thick at different 
parts of the cylinder, and these were assayed. The vertical and hori
zontal distribution of silver in a half-section is shown in Fig. 10. I t  
will be observed that the chilling effect of the mould has caused a very  
considerable enrichment of silver on the outside of the ingot, the part 
poorest in silver being in the middle of the top, as far removed as 
possible from the chilling surfaces. As regards the base metals, it  
will be seen that the copper and nickel increase in amount towards 
the centre to about the same relative extent, whilst the distribution 
of the zinc is approximately uniform. The facts of liquation observed 
in the case of this alloy are, therefore, entirely in accord with those 
observed in the case of the richer quaternary alloy, under slightly
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different conditions of solidification as recorded above. The degree 
of liquation is, however, greater on account of the increase in the 
proportion of nickel, which raises the initial freezing point and so 
widens the solidification interval. This alloy affords an example of

Fio. 10.—Liquation in 25% Quaternary Alloy.
(A) Horizontal distribution of silver in a half-section of a chill-cast cylindrical 

specimen of 25 : 55 : 10 : 10 Ag-Cu-Ni-Zn alloy a t various levels, and of the 
other constituents a t level BC.

(B) Vertical half-section of specimen, showing areas of equal silver content.

the greatest degree of liquation observed in the silver-copper alloys 
under ordinary casting conditions.

I I y p e r -E u tectic  A llo y s .

83-5 :16-5 Silver-Copper Alloy.
It  was now necessary to' see if the effects of soaking and chilling 

could be reproduced in hyper-eutectic alloys, but, of course, in the
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reverse direction. I t  was to be expected that the primaries, in these 
cases of silver, being heavier than the surrounding liquid, would sink 
under the influence of gravity and would migrate upwards under the 
action of bottom  chilling.

An alloy containing 83-5 per cent, silver, which was adopted by the 
Latin Union in 1865 for subsidiary silver coinages, was selected for 
this purpose, as it  is one which has received considerable attention  
from Continental workers. This alloy, the initial freezing point of 
which is 835° C., was held for 4 hrs. at 805° C., i.e. 30° C. below the 
liquidus, and otherwise treated as in the case of the 50 per cent, alloy. 
The assay results show an enrichment of silver at the bottom, due not 
to rising copper primaries, as in the cases already considered, but to 
falling silver primaries, of 0-31 per cent. This range is very much 
smaller, than that observed in the case of the 50 per cent, alloy, for 
two reasons : first, the difference in density between the silver primaries 
and the eutectic is less than that between the copper primaries and the 
eutectic, so that the effects of gravity are less marked; secondly, the 
volume of silver primaries is much greater, so that there is less room 
for them to move. The structure of this specimen throughout its 
length consisted of rounded dendritic silver primaries in a field of 
eutectic.

A similar mass of metal was soaked for some time at the same 
temperature and then plunged into a dish of running water, so that 
the water covered the bottom of the crucible to a height of about a 
centimetre. The previously observed enrichment at the bottom of 
0-31 per cent, was converted into an impoverishment of 0-76 per cent., 
a “ turnover ” of 1-07 per cent. Although these quantities are of 
relatively low magnitude, they definitely indicate a confirmation of 
the effects of chilling observed in the previous experiments. Probably 
owing to  the less drastic nature of the chilling, no line of demarcation 
could be seen corresponding with that observed in the 50 per cent, 
alloy. The microstructure was extremely fine and uniform throughout 
the specimen. Under a high power, this structure was observed to  
be exactly similar to that seen in the unchilled alloy, but of finer texture. 
The effects of chilling appear to have been exercised throughout the 
whole length of the melt.

80 : 20 Silver-Copper Alloy.

Similar experiments with this alloy gave results comparable with  
the above, but rather more accentuated. The enrichment of silver at 
the bottom of the “ soaked ” specimen was 1-00 per cent., and the 
impoverishment at the bottom of the “ soaked ” and chilled specimen
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was 1-90 per cent., a “ turnover ” of 2-90 per cent. The microstructures 
were similar to those of the specimens of the 83-5 per cent, alloy.

V

Top-Chilling.

The effect of top-chilling a silver-rich silver-copper alloy should 
have the effect of increasing the liquation due to gravitational separa
tion. This was found to be the case. An 80 per cent, melt was “ soaked” 
and chilled with the steel plunger, as in the case of the copper-rich 
alloys. The assays show an impoverishment of silver at the top, as 
compared with the bottom , of 1-98 per cent. This indicates an im
poverishment due solely to chilling, of 0-98 per cent., that due to gravi
tational separation having been found to be 1-00 per cent, as above. 
The microstructuxe at the top consisted of very fine crystallites with 
definite orientations, whilst that of the lower portion of the ingot, 
unaffected by the chilling, resembled the structure of the unchilled 
specimen.

These results again arc entirely in accord with the effects of 
“ liquation ” in casting silver-rich silver-copper alloys, these effects 
being explained by the same mechanism that was applied to the 
copper-rich alloys.

S um m a ry .

The experimental work described above appears to show quite 
conclusively that the phenomenon which was originally referred to as 
“ liquation,” and is now perhaps more commonly spoken of as “ in
verse segregation,” is, in fact, correctly described as liquation in the 
original and true sense of that term. The procedure adopted has had 
the effect of accentuating the influence of this gravity separation to  
an extent far beyond that which could be observed in ordinary practice, 
and has consequently enabled the movement of the primaries to  be 
confirmed by microscopic examination.

I t  has also enabled it  to be shown that for all the alloys of the silver- 
copper series, under the influence of a chilling surface, the first formed 
primaries, whether of silver or copper, move away from the chilling 
surface, even against the influence of gravity.

Thus in silver-copper alloys having a solidification interval, pri
maries are capable of migrating upwards or downwards under the 
influence of gravity, and of being scattered by the influence of a chilling 
surface, and of undergoing an alteration in shape and size from the 
same cause.

The failure of the application of the Ludwig-Soret effect to account 
for segregation in alloys is seen to be due to the very different nature



358 " Inverse Segregation ” in the Silver-Copper Alloys

of the phenomenon in which, this effect was originally established. In  
that case, very dilute salt solutions were considered, and the differentia
tion observed %Vas concerned with the movement of ions. In the case 
of the segregation in alloys, however, the movements are those of 
discrete and relatively large particles, to account for which, a physico
chemical mechanism, such as is involved in the Ludwig-Soret effect, 
is necessarily inadequate.
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the Royal Mint, and the author desires to thank the Deputy-Master 
for permission to publish this paper. H e wishes further to acknow
ledge his indebtedness to the generous advice given by his colleague, 
Dr. S. W. Smith, throughout the investigation.

T a b l e  I .—Summary of Experiments.

No.
Silver

Content.
E eiçht of 
Cylinder Tempéra Time,

Assays (Parts per 
cent.). Range

(Parts
Remarks

(HowParts 
per cent.

"cm. tu re  ° O. Hours.
Top
W-

Bottom
(b).

per cent.)
(b H t)-

chilled).

1 50 4-5 810 4 38-80 57-30 18-50
2 50 7-0 810/840 4 40-60 54-80 14-20 q u e n c h e d
3 50 7-5 890/785 81 45-40 63-72 18-32
4 50 7-5 I S20/790 

1840 
835

y
2 i

47-62 54-08 6-46
5 00 7 0 Tronsver se assays steel rod
6 50 7-0 920 49-71* 50-01* 0-30 top
7 50 8-0 810 3.V 48-95 53-15 4-20 top
8 50 4-0 810 3 | 47-20 51-83 4-63 top
9 25 7-0 940/800 U 2301 25-86 2-82

10 25 7-0 940/800 7 i 33-00 25-37 -7 -63 top
11 60 7-5 795 6~ 55-55 62-20 6-65 top
12 60 7-5 805 6 47-24 65-56 18-32
13 50

(Quatern
8-5

ary)
905 4 46-10 54-40 8-30

14 83-5 6-0 810 4 83-42 83-73 0-31
15 83-5 8-5 810 84-05 83-29 -0 -76 bottom
16 80 8-0 800 4" 81-20 79-30 -1 -9 0 bottom
17 80 7-0 800 5} 78-75 79-75 1-00
18 SO 7-5 800 5 79-79 81-77 1-98 top

* Mean of eight sections.
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D ISC U S SIO N .

P r o f e s s o r  T. T u r n e r , *  M.Sc., A.R.S.M., F .Inst.M et. (P ast-P residen t): 
Tho subject of w hat is called “  inverse segregation ” is one of considerable 
im portance in connection w ith th e  arts, and it  is one to  which I  have given 
considerable attention . Perhaps some rem ember th a t  I  referred to  the subject 
in m y Presidential Address seven years ago.

W ork was done in m y D epartm ent w ith the object of ascertaining facts 
in connection w ith  this phenomenon. The difficulty has been to  got a proper 
explanation.' W e know, of course, th a t  w hat we call “  inverse segregation ” 
occurs when tho more infusible m aterial is found collected in th e  centre of the 
ingot instead of a t the outside. Wo know th a t it  occurs particularly  when 
wo have a  considerable in terval between tho solidus and  the liquidus, and 
when the cooling of the alloy is rapid.

The question naturally  arises as to  the explanation of w hat was a t  first 
regarded as an  extraordinary phenomenon. We now find th a t  i t  is fairly 
common, and when i t  is frequently observed i t  ceases to  become extraordinary. 
There have been various explanations. The one m ost commonly adopted 
is th a t, during solidification of the mass, a  concentrated liquor from tho 
interior is squeezed into interstices between tho dendritic crystals on the o u t
side, and  th a t these interstices are due to  contraction during solidification.

If a  vessel containing w ater which is ho t is allowed to  cool, the w ater 
tow ards tho outside of the vessel will be colder th an  th a t nearer tho m iddle. 
Any w ater from th e  in terior mixing w ith tho cold exterior m ust be cooler than  
the  ho t in the middle. I t  is possible to  get past th a t only on the assum ption 
th a t during cooling a  very rich liquid is produced in  the centre—a concentrate. 
W e do not, however, find th a t such concentration takes place during rapid  
cooling. If  i t  is desired to get cream from m ilk the milk is allowed to  stand. 
If a  concentration of some particular constituent is required a  largo body of 
m etal—a big ingot—is cooled slowly and a concentration is then obtained a t 
the centre. Further, there are no voids between the dendrites, when dendrites 
are formed. These dendrites are surrounded by a liquid, and i t  has no t 
been proved th a t there are any voids, so th a t the explanation s ta rts  by 
assuming th a t a  liquid which does no t exist is squeezed into voids which are 
no t th e r e !

Then w hat is the explanation ? I  th ink  th a t Mr. W atson has given us a 
very great aid in proving th a t w ith rapid  crystallization the  crystals do no t 
form as adherent dendrites, b u t th a t they  form as very small separate crystals. 
They m ay bo regarded as something like sand in w ater. Now, w hat will 
happen w ith sand in  w ater ? If  a  motion is given to  the w ater i t  will carry 
the sand w ith it. If  w ater is allowed to  freeze, i t  will separate the suspended 
particles, and yield clear ice. I  picture, then, th a t  these crystals, which IVIr. 
W atson has shown, are separate, and can bo influenced by gravity  during the 
tim e of their separation. These crystals are pushed forward. There has 
been the in itial na tu ra l separation in  the first place of tho high m elting-point 
m aterial, and these grains, in th e  form of a powder in the liquid, are pushed 
forward, by tho force of the solidifying m aterial th a t is behind them , or possibly 
to  some small ex ten t by gravity , although there is no t much tim e for gravity  
to  a c t;  and also partly—and to  an  am ount which a t  present is quite un 
determ ined—by the fact th a t a  ho t body repels solid particles in its vicinity. 
T h a t is illustrated, for example, in  the deposit of dusts by a  radiator, on tho 
ad jacent walls.

* Emeritus Professor of Metallurgy, The University, Birmingham.
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W hat the forces are which cause the pushing of these m etallic grains 
tow ards the  centre we are no t able to  say definitely a t  p resen t; b u t the fact 
th a t  the grains are formed and are able to  m ove; th a t  they  do no t form parts 
of a  dendrite, all stuck together b u t th a t  they  are able to  move and th a t they 
are pushed forward towards the centre and thus enrich the centre a t  the expense 
of the outside, appears to  bo a very reasonable explanation. A fter searching 
for a long tim e for a  satisfactory explanation, th is  is the one which to  me is 
m ost to  be commended.

D r. S . W . S m it h ,* A.R.S.M. (M em ber): A t this la te  hour I  do n o t propose 
to  say more than  a  very few words w ith  regard to  th is paper, to  the con
clusions of which I  entirely subscribe. The work recorded simplifies, to 
m y mind, a problem which in recent years has given rise to  a  g reat deal of 
hypothetical discussion w ith very little  ac tua l experim ental observation 
to  support it. As the au thor points out, wo have long known the main 
facts regarding th e  behaviour of the silver-copper alloys in respect to 
this particular property of unequal d istribution  of the constituents during 
solidification. Those who have been concerned w ith the precise valuation 
of these alloys and their application in practice have been able, w ith this 
knowledge, to  make duo allowances for these variations, b u t i t  has always 
been a  drawback th a t we have had  no actual direct evidence of the mechanism 
by which this lack of uniform ity, or unequal d istribution  of constituents, 
occurs. This has been duo largely to  the fact th a t differences in composition, 
which are of extrem e practical im portance from the point of view of close 
accounting, are not, as a  rule, sufficient to  m anifest themselves in differences 
in  m icrostructurc. The author, by  adopting experim ental devices to  
accentuate the separation of the constituents, has been able to  show in polished 
and etched sections, w hat actually occurs. The m obility of the first formed 
prim aries and their tendency to  move from the cooler to  the ho tter regions 
is an observation which should lead to  a  closer exam ination of w hat happens 
in molten m aterial between the “  liquidus ” and the “  solidus ” and to  a 
better understanding of the causes of segregation, no t only in  the particular 
cases of the non-ferrous metals, b u t also in regard to sim ilar occurrences in 
cast irons and steels and in  the wider problem of the variations of mineral 
concentrations in rock masses.

Mr. E . A. Smith,!  A.R.S.M. (M em ber): I  endorse w hat Professor Turner 
has said, and am inclined to  accept the au tho r’s explanation of the phenomenon, 
known originally as “  liquation.”

All those engaged in the commercial production of silver alloys have for 
some tim e been seeking some more satisfactory explanation of liquation 
th an  those h itherto  p u t forward. I  should, therefore, like to  congratulate 
Mr. W atson on a very useful piece of work, which has been made possible 
only by the application of the  la test methods of research, thus enabling him 
to examine much more closely the d istribution of the constituents during the 
solidification tem perature range between the liquidus and solidus. In  this 
connection I  note th a t  Mr. W atson gives for the 50 : 50 silver-copper alloy a 
tem perature range of 90° C., w hilst previous work by Ueno gives a  difference 
of only 75°. Perhaps Mr. W atson has some explanation for this difference ? 
Mr. W atson’s da ta  have emphasized the very im portant p a r t played by the 
melting and  casting conditions in controlling liquation. I t  has long been 
recognized in  industrial practico th a t liquation cannot be entirely prevented, 
and  casting conditions have always been regarded as of fundam ental im 

* Royal Mint, London.
f Research Metallurgist, Oakes, Turner and Co., L td., Sheffield.
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portance, in  order th a t liquation m ight be kep t a t  the minimum and sterling 
silver produced th a t would satisfactorily pass th e  official tes t a t  the Govern
m ent Assaj1- Offices. W here proper precautions are taken, the difference 
in silver content in  different parts  of commercial silver ingots is no t great.

I t  is gratifying to know th a t this research has been carried ou t a t  the Royal 
Mint, which m ay be regarded as the birthplace of research on liquation, 
since the pioneer work of Roberts-A usten, T. K . Rose, S. W. Smith, and 
others was done there.

Mr. R . G e n d e r s ,* M.B.E., M.Met. (M em ber): W hile adm iring the care
ful and interesting experim ental work described in tho paper, the results 
of which should be valuable in  any consideration of th is im portan t problem, 
I  disagree w ith the au thor in  certain of his conclusions. G ravity  liquation 
effects m ay occur in very slowly cooled masses of tho alloys described, bu t are 
unlikely to  exert any appreciable influence in rapidly  solidified ingots, and 
deductions from tho results of locally chilling a  suspension of dendrites are 
no t necessarily applicable to  the conditions in a  mould where the alloy is 
initially wholly fluid. From  th is point of view i t  would have been useful 
had  the au thor included the results of chilling experim ents on unsoaked melts, 
a t  tem peratures above tho liquidus. The fac t th a t  some degreo of reversal 
of liquation can be produced by local chilling, and the evidenco of m ovem ent of 
the suspended prim aries require explanation, however, and th a t p u t forward in 
tho paper suggests th a t  tho prim aries are repulsed and scattered, even against 
the influence of gravity , by contac t w ith the cold surface. Such a repulsion 
effect n o t only requires a  forco whicli so far has no t been discovered, bu t is 
also in direct opposition to the observed fact th a t in  tho solidification of an 
ingot the prim aries are actually  formed in  contact w ith  the chilling surface. 
One is, therefore, led to  look for o ther explanations of th e  experimental 
results described, and I  would suggest th a t  the setting up of convection 
currents by the chill surface and slight mechanical disturbances during m anipu
lation would bo capable of producing the  effcets observed. Tho present 
da ta  aro of considerable interest, b u t do not, in m y view, justify  any new 
hypothesis.

Mr. W a t s o n  (in rep ly ): I  m ust confess to  being extremely gratified to 
have corroboration from such em inent authorities as Professor Turner, 
Dr. S. W. Smith, and Mr. E . A. Smith. I  was very glad to  hear Professor 
T urner’s use of the w ord “  repulsion.” I  used tho word “ repelled ” in  the 
paper w ith  some misgiving, as I  realized th a t  i t  connoted a  certain am ount of 
force, and I  was no t prepared, and still am no t prepared, to  say exactly  w hat 
th a t  force is. Perhaps I  ought to  have said th a t  th e  prim aries “  moved aw ay 
from the cold surface ” ; th a t  is ra ther long-winded, so I  boldly said “ re 
pelled,” and Professor T urner has also used th a t expression.

I  shall have to  look up th e  figures' w ith  regard to  the 90° C. solidification 
interval, b u t I  th ink  th a t although 15° is a considerable am ount, i t  does no t 
affect tho conclusions, because the m etal was held a t  various tem peratures 
between tho liquidus and solidus w ithout any  great differences in  the results.

I  am surprised th a t Mr. Genders considers my theory  more extraordinary 
th an  any others which have been p u t forward. Mr. Genders suggests th a t 
if the prim aries are repelled by tho cold surface they  are repelled by a  force— 
which is quite true, and  there are m any possibilities as to  w hat th is force might 
be, which I  will no t go in to  now. H e has also questioned the fact th a t  the 
prim aries do actually  move away from the chilling surface, and th a t th is 
m ight occur owing to  disturbances in the experiment, or to  convection currents.

* Research Department, Woolwich.
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If th a t is so, i t  is ra ther rem arkable th a t  the disturbances should always be near 
to  and away from the chilling surface. W hether the chilling surface is applied 
as solid metal to the top, or w hether it  is effected by lowering the crucible in 
the w ater, if the movements were duo to  convection currents or to  mechanical 
disturbances, they  would be more generalized and less differential than  they  
appear to  be from the results given in  the paper.

[AToie:— The 90° C. solidification in terval queried by Sir. E . A. Sm ith is 
taken  from Heycock and Neville, Phil. Trans. Roy. Soc., 1897, [A], 189, 35. 
The eutectic tem peratu re is here given as 778-65° C. and th e  m elting po in t 
of the  50 :50  alloy by in terpo lation  is 870-7° C., a  difference of 92-05° C.]
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SOME ATTEMPTS AT MAKING BERYLLIUM- 
MAGNESIUM ALLOYS.*

By RONALD J. M. PA Y N E,t B.Sc., M e m b e r , and 
JOHN L. HAUGHTON4 D.Sc., M e m b e r  o f  C o u n c i l .

S y n o p s i s .

A description is given of various methods which were tried for the 
production of beryllium-mngnesium alloys, all of which were unsuccessful.

Owing to the low densities of magnesium and beryllium, and to the 
remarkable results obtained by the addition of the latter element to 
copper, various workers have tried to produce alloys of beryllium and 
magnesium, but so far as the authors have been able to find, without 
success.

The high melting point of beryllium and the low boiling point of 
magnesium preclude the melting together of the metals, at any rate 
under normal pressures, and no action appears to take place between 
solid beryllium and molten magnesium. Thus, Knoll and Jess § found 
that lumps of beryllium were entirely unattacked after prolonged heating 
in boiling magnesium. This was confirmed by the authors.

I t  was thought possible that if molten beryllium were poured into 
molten magnesium, the intimate contact of the two metals obtained 
m ight result in the formation of an alloy on subsequent annealing of 
the mixture. Some beryllium was therefore melted {in vacuo) in a 
high-frequency furnace and poured into a pot of molten magnesium; 
the mixture was well stirred and quickly cast into a steel mould. A  
portion of the material thus obtained was prepared for microscopic 
examination, which revealed the beryllium, in the form of small lumps 
possessing clear-cut edges, irregularly distributed throughout the 
magnesium. A piece of the casting was then annealed at a temperature 
of 600° C. for a period of 7 days, and although there were some slight 
indications of attack at the boundaries of the included beryllium, the

* Manuscript received April 30, 1032. Presented a t the Annual Autumn 
Meeting, London, September 13, 1032.

f  Observer, Department of Metallurgy and Metallurgical Chemistry, National 
Physical Laboratory, Tcddington.

Î  Principal Assistant, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.

§ Jt'ws. Veroff. Siemens-Konzern, 1931, 10, (2), 29-32.



364 Attempts at Making Beryliium-Magnesium Alloys

mixture was in sensibly the same condition as that which obtained 
before annealing. Pilings secured from the annealed material were 
given a further short keat-treatment to remove the effects of cold- 
work and subjected to X-ray examination. From lattice measurements 
it  was concluded that no beryllium was dissolved in the magnesium.

I t  was considered that the mutual grinding of the surfaces of adjacent 
pieces of metal, when a mixture of beryllium and magnesium was 
briquetted in a press in a hydrogen atmosphere, might have the effect 
of abrading any existing oxide film. This treatment, however, yielded 
only lumps of beryllium set in magnesium—apparently no diffusion 
takes place even after prolonged annealing.

The scheme of electrolytically depositing beryllium on to a cathode 
of molten magnesium was suggested to the authors by Dr. W. Rosen- 
hain, it  being hoped that the nascent beryllium might attack the latter 
metal. I t  was intended that the magnesium should float on the stock 
bath of fluorides and oxides used for the preparation of beryllium, and 
that the latter metal should be deposited on the under surface of the 
magnesium. The act of adding magnesium to the molten bath, however, 
caused the bath itself quickly to become pasty and ultim ately quite 
hard. An American publication, “ Chemistry of Beryllium,” came to 
hand at this juncture, in which it was stated that magnesium possessed 
the power of reducing beryllium fluoride, and that in the presence of 
excess magnesium an alloy would be obtained. The scheme was put 
forward as a method of preparing beryllium and was protected by patent 
rights. To test the claim some of the feed material used for the beryl
lium deposition bath, and consisting of a mixture of sodium and beryl
lium fluorides, was crushed and added to a crucible of molten magnesium. 
A slight exothermic reaction appeared to take place, the added material 
glowing visibly, and a hard infusible residue was left together with the 
metal in the crucible. The metal so obtained was cast and examined 
microscopically. Very small black specks were seen on a background 
of magnesium, but a chemical analysis showed the presence of no more 
than 0-07 per cent, beryllium, aD amount which might readily be present 
in the form of included fluoride. In another similar experiment a 
beryllium content of 0-14 per cent, was found. In yet another attempt, 
this time using pure beryllium fluoride, 0-05 per cent, beryllium was 
found on analysis.

Sum m ary .

I t  w ill be seen that all attempts to introduce beryllium into mag
nesium have proved abortive. I t  is just possible, however, that the 
problem m ight be solved by the simultaneous electro-deposition of 
magnesium and beryllium on to the same cathode.
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RESEARCHES ON BERYLLIUM.*
By H. A. SLOMAN.t M.A., M e m b e r .

S y n o p s i s .

Details of the research on the preparation of pure beryllium a t tho 
National Physical Laboratory are described. I t  is shown th a t with tho 
progressive elimination of metallic impurities the brittle nature of the early 
metal was not greatly altered. This brittleness was subsequently found 
to be duo to  a beryllium/beryllium oxido cutectic surrounding the metal 
grains.

Most of the work has been directed towards tho elimination of this 
oxide. Of all the methods attempted and described here, sublimation in 
vacuo has been tho most effective. Even by this method it has not been 
possible to obtain sufficient metal for determination of its mechanical 
properties in the pure form. Comparatively thin films of the metal of 
more than 99 9 per cent, purity have, however, been produced. From 
their properties it  is suggested tha t pure beryllium is likely to be similar in 
mechanical properties to, for instance, iron—ductile, strong and of medium 
hardness (Brinell hardness about 55-60).

During tho course of the work a successful method of plating beryllium 
on other metals from fused electrolytes a t temperatures of 600° C. and 
upwards was found.

Certain evidence tha t beryllium undergoes a transformation a t  room 
temperatures has been obtained. Whether this chango is associated with 
tho residual impurities or with an allotropic transformation is not yet 
determined.

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

T i ie  objects of the work on beryllium which has been in progress, in the 
Metallurgy Department of the National Physical Laboratory, for the 
Minor Metals Committee of the Metallurgy Research Board, Department 
of Scientific and Industrial Research, m ay be broadly divided into two 
sections. Firstly, the preparation of the metal in a pure, compact form, 
and secondly, an investigation of the constitution and properties of 
beryllium alloys. The present paper deals only with the former object, 
but it  is hoped in the near future to describe the properties of some of 
the alloys.

The research on beryllium was commenced in 1923, partly at the 
suggestion of the then Superintendent, Dr. W. Rosenhain, F .R .S., whose 
attention had been called to the possibilities which might reside in some

* Manuscript received, April 30, 1932. Presented a t the Annual Autumn 
Meeting, London, September 13, 1932.

f  Assistant, Department of Metallurgy and Metallurgical Chemistry, National 
Physical Laboratory, Teddington.
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of the lesser known metals by his participation in the work of the Minor 
Metals Committee of the Imperial Mineral Resources Bureau (now the 
Minor Metals Committee of the Imperial Institute). At the request of 
that Committee, the Department of Scientific and Industrial Research 
set up a “ Minor Metals Research Committee,” under which Dr. Rosen- 
hain and his collaborator, then Dr. A. C. Vivian, commenced the study 
of beryllium. Tins metal was chosen for investigation because what was 
known about it suggested that it might have important possibilities in 
combining strength and lightness, and the problem before the investi
gators in the first instance was that of producing beryllium metal. Up 
to a certain point that problem was quickly solved by the work of Dr. 
Vivian, who by 1926 had succeeded in producing solid electro-deposits 
by the fusion electrolysis of an electrolyte consisting mainly of beryllium  
and sodium fluorides. The degree of purity achieved, as described in 
Dr. Vivian’s paper,1 was approximately 99-5 per cent. From the present 
point of view the most important fact is that metal of this degree of 
purity was entirely non-ductile, and it was realized that the production 
of beryllium of high purity presented problems of an entirely different 
order from those which had been overcome in the preparation of the 
metal having the degree of purity indicated above. Dr. Rosenhain, 
however, strongly maintained that if the metal could be prepared in a 
sufficiently high state of purity it  should possess valuable properties 
differing materially from those of the impure substance. The fact that 
the metal possesses a close-packed hexagonal crystal lattice suggests 
that it should be reasonably ductile, and that the hardness and brittle
ness observed in the samples so far prepared must be due to impurities. 
The researches described below wTere therefore undertaken in order 
to determine whether beryllium of high purity could be produced by 
any available method and whether, if produced, it would possess the 
properties anticipated.

The experimental difficulties which have had to be overcome in the 
effort to  produce the pure metal have proved exceedingly formidable, 
and as will be seen below it  has not yet been possibleto produce beryllium  
of really high purity in sufficient quantities to determine these properties 
fully, and still less to render feasible the production of ductile beryllium  
even on the smallest industrial scale. It is claimed, however, that the 
ductility of the metal has been established and that the impurities which 
rob the commercial product of this valuable property have been identified 
and their origin ascertained. It is hoped, therefore, that while, from the 
fundamental point of view, the present research confirms the anticipa
tion with which it was begun, it  may also serve as a step towards the 
ultimate solution of the problem of the industrial production of bigh- 
purity, ductile beryllium.
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The present investigation commenced with the publication at the 
end of 1926 of the paper referred to above, in which was described the 
method evolved at the National Physical Laboratory for the electrolytic 
production of beryllium, but before proceeding to an account of the work 
which has followed, it may perhaps lead to a better understanding of the 
problems which had still to be faced, if a brief summary of the position  
at that tim e is included here.

The paper 2 described the method in detail and pointed out that the 
metal produced was contaminated by small amounts of iron, carbon, 
silicon, aluminium, and nitrogen, present in decreasing quantities in the 
order named, giving a beryllium content of more than 99 per cent. It  
was not found possible to  determine the oxygen. It may be noted that 
the carbon was present as beryllium carbide and the nitrogen as 
beryllium nitride.

A study of the source of the above elements was then made. It was 
found that the Acheson graphite was responsible for the carbon and part 
of the iron and silicon, whilst the beryllium carbonate or oxide purchased 
from various sources, and used as the starting point in the preparation 
of beryllium fluoride, was responsible for the aluminium and the remainder 
of the iron and silicon. The nitrogen was, of course, derived from the 
atmosphere.

The method of purifying the graphite from iron and silicon was 
described, and it was further shown that on remelting the metal, most 
of the beryllium carbide segregated, by reason of its  greater density, to 
the bottom of the ingot, and could thus be removed by sawing oil that 
portion. A typical analysis of metal so produced was :—

The mechanical properties were very disappointing. The metal was 
brittle, fractured very readily, could not be worked, and had a Brinell 
hardness of about 140-160. The melting point was given as about

It is now proposed to consider in  detail the subsequent attempts 
which have been made to  prepare pure beryllium.

The first step was a complete study of the technique of the actual 
electrolysis, chiefly with the ob j ect of increasing the length of tim e during

Beryllium
Iron
Carbon
Silicon
Aluminium
Nitrogen
Oxygen

Per Cent. 
99-5-99-6 
0 - 1- 0-2 
0-05-0-1 
0-01-0-05 
0-01
0-005

not determined.

1280° C.
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which deposition was continuously possible. In the earlier work, the 
lim it was about 7 -8  hrs., after which the bath became increasingly high 
in resistance, whilst disintegration of the auxiliary graphite anode plates 
occurred. The latter trouble was caused by the burning of the graphite 
above the level of the m elt in that region where the temperature was 
about 800°-1000° C. The method of protection described in the earlier 
publication was to  evacuate the air from the pores of the graphite under 
concentrated sodium chloride solution, and allow them  to  become filled 
with the salt. After careful drying, a surface glaze was produced by  
immersion in fused sodium chloride. Several other methods of protec
tion were tried without much success. The original process wras, there
fore, readopted with the following modification : instead of filling the 
pores once or twice only with salt solution, this process was repeated 
several times, allowing the graphite to dry between each. In this w’ay, 
the pores became completely, instead of only partly, filled with sodium  
chloride after the water had evaporated. The glaze was then applied 
as before. Anodes so treated can be used for 15 or more hours before 
disintegration becomes serious.

The increase in the resistance of the electrolyte noted above wras due 
to  a gradual change in composition owing to  the removal of beryllium by 
deposition and to  the different rates of volatilization of the fluorides of 
beryllium, sodium, and barium present in the bath. These losses were 
not completely compensated by the particular mixture of fluorides 
added to  the bath in the earlier work, but by the use of a more suitable 
mixture it is now possible to  keep the composition and quantity of the 
bath constant and to  operate continuously for many hours, the limit 
being fixed by the life of the graphite anodes, which, as previously stated, 
has been increased to more than 15 hrs. This has an important bearing 
on the commercial production of the metal, where continuous electro
lysis is of considerable economic importance. If at the end of, say, 
every 15 hrs., the auxiliary anodes are changed and a new beryllium  
cathode tip  is inserted, there seems no reason why the deposition cannot 
be carried on continuously for several such periods, the final lim it in this 
case being the life of the graphite containing crucible, which is approxi
m ately S0-100 hrs.

Concurrently with this improved technique, increased purity of the 
cathode metal was attained. In 1929, a British P a ten t3 was obtained 
covering a method for the production of pure beryllium oxide from 
beryl and other sources. Full details have already been published.4

The use for the electrolysis, of beryllium fluoride prepared from oxide 
produced by this method, together with a much more careful purification 
of the graphite parts of the electrolytic furnace, immediately lowered the 
percentages of certain impurities, so that it now became possible con-
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sistently to obtain metal which, after remelting to segregate the major 
portion of the beryllium carbide, had the following typical analysis :—

Per Cent.
. ..  99-7-99-8

0-01 
0-05

trace

0-005 
. ..  not determined

All further attem pts to improve the purity beyond this point were 
unsuccessful, and it  became obvious that some subsequent treatment 
would be necessary to  obtain pure metal. Moreover, the properties of 
these more recent deposits were not very different from those produced 
much earlier, the chief change being a fall in Brinell hardness from 140- 
160 to 100-120. This drop in hardness was found to follow the decrease 
in the iron content (cf. the two analyses given above). The metal was 
still very brittle, and to obtain it  quite pure became of increasing 
importance, in order to  determine whether beryllium itself was essentially 
a brittle m etal or whether this undesirable property was due to one or 
more of the very small amounts of residual impurities.

A careful microscopic examination of the metal was therefore under
taken to correlate as far as possible the impurities identified under 
the microscope with those revealed by chemical and spectrographic 
analyses. It was hoped that if this correlation could be made complete, 
it  would then be possible to ascertain which impurity, if any, was 
responsible for the brittleness. To avoid confusion, each impurity will 
be considered separately.

Alum inium .— In the earliest metal, aluminium was determined 
chemically and found not to  exceed 0-01 per cent. Later, as shown in 
the analysis above, th is was reduced to  a “ trace.” The presence of 
aluminium in these quantities was never demonstrated microscopically, 
a conclusion which was later confirmed by work on the beryllium-rich 
aluminium-beryllium alloys, where the solid solubility of aluminium in 
beryllium was found to be well above the maximum quantity ever found 
in electrolytic metal. Moreover, slight additions of aluminium up to  
0-07 per cent, had no appreciable effect on the general properties of 
the metal.

Silicon.— The decrease in the silicon content from between 0-01 and 
0-05 per cent, to  a “ trace ” closely followed that of aluminium. Among 
those impurities visible under the microscope was one usually pale blue 
in colour which occurred as somewhat rounded grains in the crystal 
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boundaries. (Fig. 1, Plate LV.) The fact that the visible amount 
of this impurity decreased as the purity of the beryllium increased, 
suggested that it was due to iron, silicon, or nitrogen. It seemed most 
probable that it  was silicon or a beryllium silicide, and accordingly about
1 per cent, of silicon was added to beryllium. The microscope revealed 
a very much larger quantity of the blue constituent (Fig. 2, Plate LV), 
whilst the other visible impurities remained unaffected. In the chemical 
analysis silicon was always found as metal, and not as beryllium silicide. 
As confirmation seemed desirable, X-ray analysis was employed. 
Several grammes of beryllium were dissolved in very dilute hydrochloric 
acid (about 1 in 9) and the insoluble residue was collected, washed, and 
dried. B y sieving through a 200-mesh sieve a small quantity of fine 
metallic-looking material mixed with a small amount of a brown powder 
was separated. The latter was very finely divided beryllium carbide 
(Be2C). An X-ray photograph of the material gave an excellent 
spectrum of silicon with fainter lines exactly corresponding with Be2C.

Attem pts were made to  determine whether silicon has any solid 
solubility in beryllium. In the purest m etal examined, isolated pale 
blue grains are visible, which persist even after prolonged heat-treatment 
near the melting point. It seems probable, therefore, that there is no 
solid solubility in this case.

Carbon.— Beryllium carbide, Be2C, formed by the action of the 
graphite on the metal during electrolysis was the first impurity definitely 
to be recognized. It occurs in brown or grey, sharply angular crystals 
or as dendrites (Fig. 3, Plate LV). As already pointed out, remelting 
allows a segregation of the major portion of the carbide to the bottom  of 
the ingot, and it can thus be removed.

On solution of the metal in very dilute hydrochloric acid, pink 
crystals are always readily detected in the insoluble residue. These have 
been separated by hand and analyzed. The composition closely approxi
m ates to  Be2C, which was confirmed by X-ray photographs of the same 
material. During the course of this investigation, a portion of remelted 
metal with the carbide segregated to  one area was obtained and examined 
(Fig. 4, Plate LV). While with ordinary vertical illumination the colour 
of tho carbide under the microscope was the usual greyish-brown, it  
was noticed that with a wide angle lens it showed an intense pink 
coloration. This affords an excellent method of confirming the presence 
of carbide, which is a very hard, highly crystalline, p ink* material 
similar to  carborundum (silicon carbide) in abrasive properties.

Iron .— Under the microscope, traces of a white constituent, usually 
somewhat in relief, were noticed, and the quantity seemed to vary with  
the iron content. Like the silicon, it  occurred in the crystal boundaries,

* The pink colour may be due to a trace of iron carbide.
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but was never resolved under the highest magnification. I t  seemed 
probable, therefore, that it was not a eutectic, but was either iron, or 
an iron-beryllium compound. A little electrolytic iron was, therefore, 
added to beryllium. The resulting ingot showed a considerable increase 
in the quantity of this white constituent (Fig. 5, Plate LVI), which was 
assumed, therefore, to be associated with the presence of iron. No 
work on the constitution of the beryllium-rich iron-beryllium alloys has 
been carried out, with the exception of some heat-treatments of beryllium  
containing 0-01-0-05 per cent. iron. As a result of this work it was found 
that the white constituent disappeared on annealing, suggesting a 
certain, if limited, solid solubility.

Nitrogen.— The presence of nitrogen or beryllium nitride was never 
observed microscopically. Certain minute specks of a brownish colour 
have been noted from tim e to  time. These did not show the typical pink 
coloration mentioned above in connection with the carbide, and it is 
thought that they were probably due to nitride. In view of the almost 
negligible quantity (0-005 per cent.) of nitrogen present, it  was not con
sidered necessary to investigate the matter further, particularly as it was 
hoped that nitrogen-free metal would be produced as the result of other 
work then in progress and to be described later (p. 377, B l).

From the above it will be seen that as far as possible each of the 
impurities revealed by chemical analysis had been correlated with the 
microstructure of the metal, and although secondary effects might be 
expected from their presence, no solution had as yet been obtained to  
the problems of ascertaining the real cause of brittleness or of identifying 
one particular impurity always visible under the microscope and not 
connected with any so far shown by chemical and spectrographic 
analyses.

This impurity was referred to in the earlier publication, and was 
there ascribed to  iron. This has, however, since been shown to be 
incorrect. It occurs as a eutectic in the crystal boundaries, and is the 
one always present in the largest quantity (Fig. 6, Plate LVI). Changes 
in the purity of the metal seemed to  make no difference to this amount. 
If this impurity could be identified and shown to be of a brittle nature, 
its  presence in varying amounts around each crystal grain would go far 
towards explaining the brittleness of the metal.

In the course of the investigation of the impurities listed above, some 
beryllium was, on one occasion, dissolved in very dilute hydrochloric 
acid (about 1 in 15 to 20). A sponge-like skeleton of greyish material 
formed which remained insoluble. I t  was comparatively easy to  
separate this from the remainder of the residue, which consisted princi
pally of Be2C. The spongy structure must have been derived from the 
eutectic impurity, from each cell of which the beryllium had been
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dissolved. A very careful analysis of this insoluble residue was there
fore undertaken. The only elements present were beryllium and oxygen, 
and the material was definitely identified as a beryllium/beryllium oxide 
eutectic. Such a mctal/metal oxide eutectic is uncommon. This, 
coupled with the difficulty of directly estim ating the oxygen in such a 
compound as beryllium oxide, may have been the reason why the 
recognition of this impurity presented difficulties. From its very nature, 
brittleness would be anticipated from such a eutectic, and it  now appeared 
fairly certain that beryllium itself was not essentially brittle, and that if 
the oxygen could be eliminated, the resulting metal would be ductile. 
From the analysis on p. 369, the percentage of oxygen was (by difference) 
about 0-2 per cent., and if, as seemed probable, all were combined with 
the beryllium, about 0-3 per cent, beryllium oxide would result, leaving 
the actual beryllium metal content at 99-7 per cent. The complete 
analysis is, therefore, as follows :—

Per Cent.
Beryllium (as m eta l)..............................  99-6-99-7
Beryllium (as B e O ) .................  0-1 ) t> r> n o
Oxygen (as BeO) .................  0-2 J
Iron .........................................................  0-01
Carbon.........................................................  0-05

............................. traceSilicon \
Aluminium J 
Nitrogen ............................................ 0-005

It  may be mentioned here that a thermal analysis, in  vacuo, was 
carried out with metal of this purity to obtain a more definite figure for 
the melting point of beryllium. This was found to b e l2 8 1 °  C. ( i  2°C.), 
with a second point at 1265° C. In view of the knowledge of the 
existence of the eutectic, th is second point is of some significance, and 
the author is inclined to believe that it represents the solidification point 
of the Be-BeO cutectic. It may, however, be connected with an 
allotropic change in beryllium itself, a matter which will be dealt with  
later (p. 386).

The work on the production of pure beryllium now resolved itself 
into attem pts to remove oxygen, and the main portion of the following 
pages will be devoted to a detailed account of the various ways in which 
a solution to  this problem has been sought. They may be broadly 
divided into two groups :

A. Preparation of the metal under such conditions as to prevent
the formation of oxide.

B. Treatment of metal containing oxide so as to remove the
oxygen or render it harmless.
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A . A t t e m p t s  t o  P r e p a r e  O x y g e n - F r e e  B e r y l l i u m .

1.—Alteration of Electrolysis Conditions.

The access of air to the molten beryllium during its  electrolytic 
preparation probably accounts for practically all the oxide subsequently 
found in the metal. If, therefore, the conditions could be suitably 
varied, oxygen-free m etal might be produced in the first stage. An 
inert or reducing atmosphere was called for, and of the gases available, 
carbon dioxide seemed the most promising. Nitrogen was avoided on 
account of the ready formation of nitride when beryllium is heated in 
it ;  hydrogen offered possibilities if the danger of explosion could be 
definitely overcome, whilst argon was considered too expensive. Carbon 
dioxide was, therefore, selected. This was not ideal, owing to  the risk 
of reduction to  the monoxide by a balanced reaction of the following 
nature :—

Be +  C 02 ^  BeO +  CO.

A preliminary investigation by heating beryllium almost to  the 
m eltingpoint in  pure carbon dioxide, showed that up to  that temperature, 
at any rate, the risk was very small. Several depositions were, there
fore, carricd out using a stream of carbon dioxide over the surface of 
the melt. As had been feared, the electrolysis could not be conducted 
for any appreciable time, owing to the gradual accumulation of graphite 
scum, which bridged the electrodes and become entangled in the solidi
fying metal. The scum is normally burnt away in air. This pheno
menon would have occurred with any of the other atmospheres under 
consideration, and they were therefore not tried. The substitution by  
other materials of all or most of the graphite offered possibilities, and a 
large number of trials with different refractory materials was carried out, 
but none was found which would withstand fluorine attack. Heat- 
resisting “ stainless ” steels were examined, but while they did not 
actually break up, contamination of the melt by iron fluoride was serious 
at the temperatures involved. All attem pts to alter the existing  
technique were, therefore, discontinued.

2.— Preparation of Beryllium by Deposition Below its Melting Point.

As mentioned in the earlier paper, some attention had been given to  
the deposition of beryllium from fused electrolytes at relatively low  
temperatures, but with no very marked success. With the failure of the 
above attem pts to produce oxygen-free metal, this type of experiment 
again came under consideration, and a large amount of work has been 
carried out on these lines. It was realized that the difficulties inherent 
in methods employing temperatures above the melting point of beryllium  
would be much simplified here, and m m y might disappear completely.
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The electrolyte m ust have a low melting point so that at about 
600° C. it  shall be reasonably fluid and have a high conductivity. A t 
the same time, serious volatility is very undesirable. Of the compounds 
containing the beryllium cation, the fluoride is again the only one that 
can be employed, but as it is a non-conductor in the fluid state, sodium  
fluoride is added. A mixture of sodium fluoride with twice its weight of 
beryllium fluoride was found to possess very satisfactory properties. 
Even below 600° C. it  is sufficiently fluid to  electrolyse.

In the first trials, a mixture of this composition contained in a 
graphite or nickel * crucible, heated externally to  650°-700° C. in an 
electric furnace, was electrolysed using a copper rod as cathode and 
graphite as anode, with a current density at the former of about 
0-5 am p./cm .2 at 3 v . It was decided to  work without any special 
atmosphere until the conditions of possible deposition were better under
stood. In contrast to tho earlier experiments described in the previous 
paper, this led immediately to promising results. After electrolysis 
for 1 hr., the cathode was removed. The superficial fluoride crust which 
is readily soluble in water was dissolved off, exposing a definite compact 
layer of steel-grey beryllium. This film was, however, too thin to  
polish satisfactorily for examination. In  some areas, where the coating 
was completely removed in the attempt to  polish, a yellow material was 
noticed, which formed a continuous layer between the beryllium film 
and the copper, and was subsequently shown to be a beryllium-copper 
alloy formed by diffusion.

Further experiments were then performed with the object of obtaining 
thicker deposits. The first variable to be altered was the duration of 
the electrolysis. It soon became apparent that if this was continued for 
more than about 1-5 hrs., the resistance of the bath gradually increased, 
and at the end of 2 hrs. it behaved almost as a non-conductor. This 
tendency could, however, be overcome by stirring by hand up to a 
lim it of about 4 hrs., at the end of which tim e it had no further eSect.

The most obvious explanation of the trouble was change in com
position of the bath, but a series of experiments carried out to  test this  
showed that within the lim its of experimental error the composition 
remained unchanged (very little beryllium was being removed by the 
electrolysis) whilst volatilization of the mixture as a whole occurred at 
the rate of approximately 1 per cent, per hour under the particular con
ditions of apparatus design and operation and was not important 
either as a bath loss or as a factor in influencing resistance.

The possibility of the formation of a high-resistance film around the 
anode or cathode or both was next investigated. Beryllium was sub

* Nickel is unattacked by tho melt a t these temperatures.
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stituted for graphite as anode, but showed no advantages. A rotating 
anode of graphite was then tried, with excellent results. The resistance 
remained constant over several hours, as was also the case when the 
rotating anode consisted of beryllium. It seems certain, therefore, that 
the increase in resistance is a function not of the anode material itself, 
but of the anode-bath interface.

Several experiments were conducted with a rotating graphite anode, 
other conditions such as temperature, current density, &c., being as 
above. The electrolyses went very smoothly, but the resulting deposits 
could not be obtained thicker than about 0-01 in., however long the 
experiment was continued. The only difference between the results of 
one lasting 1 hr. and another lasting 5 hrs. was that in the latter case the 
extent of diffusion and the percentage of beryllium in the intermediate 
alloy layer were considerably greater. It seemed, therefore, that the 
currcnt density was such as to make the rate of deposition less than the 
rate of diffusion. The current density was, accordingly, altered within 
wide lim its. An interesting phenomenon was then observed. Below a 
certain value, variations of currcnt density had no effect whatsoever on 
the character and thickness of the deposit. Above this value, however, 
the thin compact film of beryllium was always covered by a mixture of 
fluorides and coarsely crystalline beryllium particles. On washing in 
water, these particles fell away, leaving the normal film of about 0-01 in. 
thickness underneath. The critical value of the current density, there
fore, corresponded with a rate of deposition approximately equal to the  
rate of diffusion.

Further experiments were then conducted in an attem pt to  find 
operating conditions which would obviate the non-adherent coarsely 
crystalline nature of the thicker deposits. A  rotating instead of a 
fixed cathode, substitution of nickel, iron, &c., for copper as 
cathode, variation of current density within wide limits, alteration 
of working temperature and beryllium content of the bath over a 
wide range, were all successively investigated, and found to be un
successful.

While disappointing, this result was not altogether surprising, 
as it had been maintained for some tim e that in order to  produce 
com pact metal from fused electrolytes it  was essential to  conduct 
the electrolysis at a temperature above the melting point of the metal 
required. Moreover, several earlier workers had failed completely to  
produce compact beryllium at temperatures similar to those employed 
in this part of the work. The early success in the formation of plated 
films, therefore, led the author to hope that by a suitable variation of 
conditions, deposits of any desired thickness could be obtained. It 
seems, however, that the limiting thickness is of the order of 0-01 in.
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and from the point of view of the main objective, which was to  produce 
pure beryllium in large quantities, low-temperature fusion electrolysis 
is  a failure.

The beryllium films which wore produced were always too thin  to  
examine for mechanical properties, oven by the Brinell hardness test, 
the figures obtained being representative of the hard alloy immediately 
below the surface. It is interesting to note, however, that even without 
the use of special atmospheres the microscope did not reveal any oxide. 
The metal is presumably protected from oxidation by being deposited 
beneath the surface of the bath.

Considerable interest in another direction attached to the method 
from the fact that it represented the first successful beryllium plating 
that had been accomplished. Deposits capable of taking a high polish 
were produced on copper, nickel, and iron. They were all strongly 
adherent and accompanied by diffusion and the formation of alloys 
beneath the beryllium. It seems certain that the possibility of plating 
at all is closely associated with this formation of alloy layers. This was 
confirmed b y  the failure of all attem pts to deposit beryllium on graphite 
where the possibility of alloy formation is precluded.

If the rate of deposition on, say, copper is adjusted so as to  bo 
approximately equal to the rate of diffusion at the temperature employed, 
electrolysis can be conducted for several hours, and the resulting product 
will have the usual thin film of beryllium on the outside with a con
siderable thickness of alloy underneath. B y  working at about 850°- 
900° C., the rate of diffusion is much increased so that the current 
density can be correspondingly raised. In a comparatively short time, 
th is leads to the formation of homogeneous alloys of boryllium-copper 
containing up to about 2 per cent, beryllium. If the electrolysis is 
terminated before this stage, a central core of pure copper surrounded 
by a layer of the alloy is obtained. Such an article, whilst retaining the 
desirable properties of copper, protected on the outside by a material 
with the mechanical and elastic properties of the beryllium-copper 
alloys, should prove useful for certain commercial purposes.

As previously pointed out, it  is undesirable to allow the rate of 
deposition to exceed the rate of diffusion as beryllium flakes begin to be 
formed round the cathode. These serve no useful purpose and merely 
represent waste.*

* The results of a very interesting series of experiments carried out in Germany 
on these lines have been published (iFtss. Veroff. Siemetis-Konzern, 1929, 8, (1), S3), 
which confirm the results given above. The bath mixture is not very different. 
The author particularly stresses the application of this type of deposition to the 
preparation of alloys containing small percentages of beryllium.
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3.—Preparation of Beryllium by Deposition from  
Non-Aqueous Solvents.

Owing to its position in the electrochemical table, beryllium is one 
of the metals which it is not considered likely will ever be successfully 
deposited from aqueous solutions.

Some attention has, however, been directed towards the possibilities 
of non-aqueous solvents, particularly those which do not contain oxygen. 
Of these, liquid ammonia is not only easily obtained in bulk, but also 
possesses many physical properties which ally it closely to water in its  
behaviour. Several beryllium salts were found to  be appreciably 
soluble in liquid ammonia, but no evidence of deposition was obtained 
in any of the electrolyses carried out. It was considered undesirable to  
devote further time to it at this point, in view of other work then in 
progress.

Since then, however, an interesting note has appeared in an American 
journal,5 in which the author claims to have prepared very pure beryllium  
by electrolysis of dehydrated beryllium nitrate in liquid ammonia. It 
was hoped that full details would be available later.*

B . A t t e m p t s  t o  R e m o v e  O x y g e n  f r o m  B e r y l l i u m .

1.— Preparation of Beryllium by Thermal Dissociation of 
Beryllium Iodide.

The method is that first described by van Arkelandhis collaborators,6 
and successfully used in the preparation of many metals, in a pure form 
free from oxygen and nitrogen. The mechanism is essentially as follow s: 
a volatile compound of the metal, usually the iodide, is heated and 
vaporized in an evacuated Pyrex vessel in which a thin tungsten wire is 
maintained at a high temperature. Dissociation of the iodide occurs at 
the temperature of the wire, and the metal is deposited thereon in a pure 
form. In practice, the iodide of the metal is prepared in  situ  by heating 
the evacuated vessel containing solid iodine and metal, usually in the 
form of powder. The temperature of the tungsten wire is read with the 
aid of an optical pyrometer. A necessary condition for success is that 
below the melting point of the required metal a temperature region must 
exist in which the vapour pressure of the m etal is lower than the partial 
pressure of the m etal in the gas phase. For any particular metal, the 
temperature of the tungsten wire is maintained within that region. With 
beryllium, the tungsten was normally held at about 700°-900° C., and 
the apparatus was a copy of that used by van Arkel. The beryllium

* Since the abovo was written, further publications by Booth and his collabora
tors have appeared giving more complete details of the method (J . Phys. Chem.,
1931, 35, 3111, and 3303). I t  does not appear, however, th a t it  is likely to prove 
very important as a method for the production of large quantities of puro beryllium.
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iodide was prepared in the reaction vessel by the action of iodine on 
powdered or massive beryllium at about 350°-450° C. The melting 
point of the iodide is about 500° C., below which temperature it readily 
sublimes.

In the course of the earliest experiments, it  became apparent that 
the method would not be successful if conducted in the way described by 
the Dutch workers. In less than 0-5 hr. after the commencement of an 
experiment the Pyrcx glass became opaque, so that the temperature 
of the tungsten wire could no longer be read by a pyrometer, and 
examination of the glass showed that it  was deeply etched. A  similar 
vessel containing iodide only was subjected to  the same treatment 
without suffering any damage. This, coupled with the fact that the 
originators of the method had not apparently experienced corresponding 
difficulties, confirmed the suspicion that the beryllium iodide as distinct 
from iodine or other iodides was sufficiently reactive to  attack the 
Pyrex, etching it very rapidly.

The temperature of the vessel was varied over a wide range in an 
attem pt to reduce the attack, but at those temperatures at which the 
etching action was small there was insufficient iodide vapour pressure to  
give a deposit of beryllium on the tungsten. A method was therefore 
sought, by means of which the temperature of the wire could be ascer
tained in spite of the inability to see it, and ultimately a close approxima
tion to its true temperature was obtained by the use of a molybdenum - 
tungsten thermocouple sealed through the wall of the vessel, with the 
junction very near the centre of the wire.

As a result of several experiments, deposits of beryllium were 
obtained on tungsten wires about 0-1 mm. thick. The deposits, ranging 
from 1 to  3 mm. in thickness, were coarsely crystalline and very brittle. 
Analysis revealed the presence of appreciable quantities of silicon and 
boron, which had been removed from the glass by the action of the 
iodide and deposited with the beryllium.

Other materials for the reaction vessel were therefore investigated to  
overcome this serious contamination. Many glasses of different com
positions were tried, but even with those which did not contain boron, 
the silicon was always found as an embrittling impurity in the beryllium. 
Attem pts were made to sputter a protecting film of tungsten all over the 
interior of the glass vessel, but without success. I t  was not possible to  
obtain a tungsten vessel, but certain nickel-chrome steels which could 
be worked to  the required shape were not seriously attacked by the 
iodide vapour. This attack, however, coupled with the serious problem 
of insulating the electrodes and thermocouple in a m etal vessel, the whole 
of which has to be vacuum tight at 400°-500° C., led to the decision to 
discontinue this line of attack, a t any rate temporarily.
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2 .—Sublimation of Beryllium.

Sublimation or distillation in  vacuo lias been used at the National 
Physical Laboratory with success for the purification of several metals, 
and its earliest application to beryllium was described in the previous 
publication. Essentially the method is as follow s: an ingot of the 
metal is placed in a small refractory crucible, suitably lagged, on which 
a similar crucible stands inverted, with a small hole in its  base for 
sighting purposes. These are contained in a vertical silica tube com
pletely closed at the base with a rubber stopper. At the top is another 
stopper fitted with a small brass tube closed with a glass window, and 
a second, larger tube, for evacuating the apparatus. The m ost suitable 
method of heating is the high-frequency induction furnace, in which the 
metal itself acts as the heating element, and is thus the hottest part of 
the system, whilst the silica tube is comparatively cold, being water- 
cooled on the outside by a helical copper tube which itself forms the 
induction coil of the furnace. A good vacuum can thus be readily 
maintained, although the metal may be in the neighbourhood of 2000° C. 
Moreover, the inverted refractory crucible or hood is heated only by  
radiation from the small ingot of metal, and remains well below the 
metal in temperature, thus forming a condensing surface for metal 
vapour. In the case of beryllium, both the containing crucible and the 
hood are made of pure beryllia (beryllium oxide).*

The earlier trials were carried out with the beryllium at a tempera
ture of about 1750°-1800° C. and a pressure of 0-1-0-05 m m .f A con
siderable quantity of material was collected in the hood, chiefly in the 
form of globules and thin films adhering to the walls. Some of the 
globules were large enough to examine. Analysis showed the composi
tion to be very similar to that of ordinary remelted metal, except that 
carbide was very rare. This was confirmed by microscopic examination, 
which also revealed the intercrystalline Be-BeO eutectic. The Brinell 
hardness was irregular, being 110-120 (as found for the purest remelted 
metal) in some globules and as low as 90 in others. The lower figure was 
found in those specimens having the least intercrystalline impurity. 
The material was still brittle to  a varying degree.

The surprisingly large amount of eutectic strongly suggested that in 
the main the material was not a true sublimate, but was derived from 
splashes ejected from the molten metal below. J Refractory baffles were

* See p. 384 for reasons.
t  Pressures are given in mm. of mercury throughout.
j  This effect of the high-frequency field was already known, but its extent in 

the case of very light metals had not been realized. I t  is due to the fact tha t the 
electrical energy is absorbed by a molten metal partly as heat and partly as move
ment. With a given metal, the ratio of thermal to  mechanical absorption of the 
energy is more or less constant for a particular frequency. I t  varies considerably,
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therefore introduced between the bottom  of the hood and the top of the 
melt, with the result that in these experiments negligibly small amounts 
only of material were obtained. (Temperature and pressure as above.) 
This material, however, was still globular in appearance and contained a 
certain amount of oxide. The most probable explanation w asthatithad  
collected in a region where it  had come under the action of the high- 
frequency field and, owing to lack of cooling, had melted by reason of the 
currents induced in it. Contamination by residual oxygen would then 
lead to the formation of the typical eutectic structure on solidification. 
It bccame essential, therefore, to prevent this formation of liquid.

Alterations in the design of the induction coil to decrease the intensity  
of the field in the neighbourhood of the hood were unsuccessful. The 
application, therefore, of some very powerful form of cooling to the hood 
offered the only chance of success. After careful consideration, it was 
decided to attem pt the use of a water-cooled hood inside the evacuated 
system.

The first form of th is was a spiral of transparent silica fitting round 
the outside of the cylindrical beryllia condensing hood. The choice of 
material was governed by three important considerations: it must be 
capable of withstanding possibly severe temperature gradients, must 
be non-porous to water or water vapour, and a non-conductor of high- 
frequency currents. This last requirement ruled out all metals.

The two ends of the spiral passed out through the top rubber stopper 
of the silica furnace tube. During sublimation water was circulated 
through the spiral, whilst a vacuum of about 0-05 mm. and a metal 
temperature of about 1900° C. were maintained. Considerable reliance 
had to be placed on the ability of the silica to  withstand the severe 
experimental conditions, as a break would involve cold water coming 
in contact with molten beryllium a few centimetres below. All possible 
precautions were accordingly taken to guard against danger should such 
an eventoccur. With a later form of water-cooled hood, this did happen, 
but apart from wrecking the hood and cracking the Triplex glass screen 
through which the experiment was being viewed, no serious damage was 
done. The beryllium ingot was of course oxidized to a large extent.

The sublimate produced during the trials with the spiral cooling 
device was similar to  that previously obtained. The cooling action was 
therefore assumed to be insufficient, owing probably to the poor thermal 
conductivity of the comparatively thick wall of the beryllia hood. It

however, with the density of the metal and with the frequency of the field. 
Henco with a very light metal, such as beryllium, the ratio is low and the agitation 
of the liquid very violent. I t  also follows th a t with a  given frequency and power 
input, beryllium cannot be raised to such a high temperature as a heavy metal such 
as iron in which the heat absorption is much greater and the movement much less.
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was decided, therefore, to go a step further and condense the sublimate 
on water-cooled silica itself. After some difficulty in design, a double
walled vessel of transparent silica was obtained.* It was essentially an 
inverted cylindrical crucible with thin hollow walls and base, between 
which water could be circulated. Inlet and outlet tubes for the water, 
also of silica, were sealed in and passed through the top rubber stopper 
of the furnace tube. The vessel was allowed to rest on the refractory 
baffles above the beryllia crucible containing the metal to be sublimed 
(Fig. 8). It .was during the first trial with this type of hood that the 
accident referred to above occurred. A second hood was then obtained, 
and several experiments were successfully carried out with it.

The quantity of sublimate obtained was still negligibly small. There 
were, however, no indications that it had been molten, although it was 
somewhat oxidized by the residual oxygen. The question of removing 
the residual gases was next investigated, and by the use of elaborate 
precautions, vacua of the order of 0-005 mm. (instead of the earlier 
0-1-0-05 mm.) were obtained with the metal at about 1900° C., which 
represented the lim it of temperature and pressure possible with the 
available resources, and very small quantities of unoxidized sublimate 
were produced. These experiments definitely showed that the vapour 
pressure of beryllium at about 1900° C. must be very low.

In view of the impracticability of improving the conditions, it was 
decided to continue a sublimation experiment for many hours in the 
hope that the amount of sublimate produced would be sufficient for 
examination. A t the end of about 6-7 hrs. the material in the hood was 
examined. A few splashes were present, together with a thin cylinder 
of bright crystalline 'metal about 1 mm. thick. The surface in contact 
with the silica was smooth, the other being ragged, representing uneven 
growth from many centres, of the condensed metal vapour.

This metal was very different in properties from that previously 
prepared by any other method. The beryllium content was directly 
estimated as 99-95 to 99-97 per cent. The Brinell hardness number 
was much more uniform over different parts of the specimen and ranged 
from 60 to 65. The impressions were accompanied by well-marked slip 
bands (Fig. 7, Plate LVI), a definite indication of ductility. The 
specimen itself was not subjected to any mechanical tests owing to the 
insufficiency of material. It could, however, be bent backwards and 
forwards many times before the effect of cold-working led to  fracture. 
The microscope revealed a practically plain field of beryllium crystals 
with very little indication of any impurity.

Many further attem pts were made to  prepare larger quantities of

* Messrs. Thermal Syndicate, Ltd.
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mechanical tests. It seems, however, that the essential ductility of 
beryllium has been established by these experiments on the production 
of sublimed m etal of the above purity. The Brinell hardness of this 
metal, as stated above, is about 60 (slightly higher than that of pure 
iron), and it is not likely that any further increase in purity would lower 
this figure appreciably. W hilst beryllium, therefore, is not so soft a 
metal as copper or silver, it  is ductile in a pure form, and likely to be 
similar to, say, iron in mechanical properties.

3 .— Attempts to Deoxidize Beryllium.

The affinity of beryllium for oxygen, both above and below its 
melting point, is such that it appeared very doubtful if any of the usual 
deoxidizers would be capable of reducing the residual oxide. Serious 
attention was, however, given to the use of hydrogen in this connection.

The gas was circulated in a closed system over molten beryllium, 
contained in a beryllia crucible and heated in a high-frequency induction 
furnace. W ithin the system  were incorporated water vapour and oxygen  
absorbers and freezing mixtures (carbon dioxide snow and acetone), 
together with a means for keeping the gas circulating.

The results of many experiments with different pressures of hydrogen 
ranging from a few centimetres to 1 atmosphere were to show that no 
appreciable reduction in the oxide content of the beryllium was obtained. 
The only difference between m elting the metal in an atmosphere of 
hydrogen and in  vacuo was the much cleaner upper surface of the ingot 
in  the first case on solidification. This was presumably due to the 
complete removal by the hydrogen of the residual oxygen normally 
present in the system  during the melting operation. The ingot was not 
unsound owing to  expulsion of hydrogen on solidifying. It was concluded 
that hydrogen either does not reduce beryllium oxide dissolved in molten 
beryllium, or that it was not in sufficiently intimate contact with the 
interior of the molten m etal under the above conditions.

A more drastic method was therefore tried, which involved the use of 
an atomic hydrogen blow-pipe.* The principle is as follows : an arc is 
struck between two tungsten electrodes held at about 30° to one another, 
along which a strong stream of hydrogen is forced. The part of the gas 
surrounding the arc is atomized, whilst the remainder burns, giving a 
large space occupied by a reducing atmosphere outside the intensely hot 
central atomized portion.

Some preliminary trials were made with copper containing a known 
percentage of oxygen. The metal, held in a small crucible, was melted 
by direct application of the arc from above. After being liquid for

* A commercial Langmuir atomic hydrogen blowpipe was kindly presented to 
the National Physical Laboratory by the General Electric Company of America.
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about 2 minutes, the metal was cast into a small mould, being kept all 
the time within the area of the hydrogen flames until com pletely solid. 
It was found that by once melting in this way, the oxygen content could 
be reduced from 1 per cent, to 0-03 per cent. A disadvantage of the 
method lay in the porosity of the resulting ingot due to  hydrogen gassing. 
The results, however, were of sufficient promise to  warrant similar 
experiments with beryllium, but with this metal no increase in purity 
was obtained, and after several trials the method was abandoned.

Attem pts to  remove the oxide by the use of fluxes did not lead to 
any success. They consisted of various mixtures of alkali and alkaline- 
earth halides in which beryllium oxide is soluble.

4 .— Crucibles fo r  Melting Beryllium.
During this work, an investigation was undertaken into the most 

suitable refractory material from which crucibles to hold molten beryllium  
could be made. The chief aspect of the case was the risk of contamina
tion of the metal by impurities derived from the crucible. The tempera
tures involved in melting, and more particularly subliming, were in the 
neighbourhood of 1900° C., and the choice of refractories seemed to  
lie between beryllia, alumina, magnesia, and thoria. In each case the 
purest material obtainable was used for the tests.

Beryllia .— From the point of view of avoiding all possibility of con
tamination of the beryllium by other metals, beryllia undoubtedly had 
enormous advantages, but the comparatively ready solubility of beryllium  
oxide in the molten metal, which has already been stressed throughout 
these pages, did not make it an ideal material.

Alum ina .—Beryllium was melted in  vacuo in a pure alumina crucible 
in a high-frequency induction furnace. Analysis of the metal before and 
after showed an increase from 0-01 to 0-10 per cent, of the aluminium 
content. A repetition on the resulting ingot led to  a further increase 
from 0-10 to  0-41 per cent. In order to determine whether this 
aluminium was present as m etal or in the form of aluminium oxide 
derived from the crucible by mechanical scouring, the minimum strength 
of hydrochloric acid which would attack the alumina from which the 
crucible was made was first determined. The beryllium for analysis 
was then allowed to dissolve in acid very much weaker than this. Any 
aluminium subsequently found in the solution must therefore have been 
present as metal, and not as oxide.

The figures given above show that an appreciable reduction of 
alumina by beryllium occurs under these conditions, probably in 
accordance with the reaction

3 Be +  A120 3 ^  3 BeO +  2A1.
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The beryllium oxide formed led to  a slight increase in the quantity of 
the beryllium/beryllium oxide eutectic visible under the microscope.

Magnesia.— Similar experiments were conducted using pure magnesia 
crucibles. In  th is case, a trace only of magnesium was found in the 
metal. The amount of the eutectic impurity, however, had increased 
considerably, strongly suggesting that reduction had occurred as 
fo llow s:—

Be +  MgO =5̂ = BeO +  Mg.

The very low boiling point of magnesium made it  possible that the 
reason a trace only had been found was its volatility at the temperatures 
used. Careful examination of the cooler parts of the system  revealed 
the presence of sublimed magnesium.

Tlioria.— Owing to the high cost of tlioria, the crucible used in this 
experiment was made of alumina with a tlioria lining. Reduction 
occurred to  a larger extent than in either of the two previous cases :—

2 Be +  T h 0 2 =f ±: 2 BeO - f  Th.
The resulting metal was extremely brittle and dense, having a 

thorium content of about 33 per cent, by weight (about 16 atomic per 
cent.), whilst the beryllium oxide content rose to  about 5 per cent.

The complete failure of these materials to  withstand the reducing 
action of molten beryllium resulted in a return to the use of pure beryllia 
for all melting purposes.

I t was subsequently shown that beryllium oxide which has been 
heated to about 1600° C., which is normal practice when firing beryllia 
crucibles at the National Physical Laboratory, is not appreciably soluble 
in molten beryllium. The metal can therefore be remelted without 
increasing the oxide content from this source. Oxide, formed by the 
action of oxygen on molten beryllium or by the reduction of another 
metallic oxide by beryllium, appears, however, to behave differently, 
and is appreciably soluble in the molten metal.

5.— Heat-Treatment of Beryllium.

A large number of heat-treatments in vacuo at different temperatures 
with and without subsequent quenching have been carried out on samples 
of beryllium.

As a rule, annealing at 900° C. for a few hours is sufficient to produce 
two effects which are closely associated. These are a drawing together 
of the eutectic network into rounded areas which still retain their 
eutectic structure, and a distinct if irregular lowering of the Brinell 
hardness number. The total amount of eutectic does not alter, but the 
fact that it  is now irregularly dispersed accounts for some areas being 
unchanged in hardness, whilst others are much softer. For instance, 
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starting with metal having a Brinell hardness of about 100, we may 
subsequently find any value from 100 down to about 65 in various parts 
of the specimen. Examination of the impressions shows that the 
smallest (highest Brinell number) are those in areas where the eutectic 
is most concentrated, whilst the largest (lowest Brinell number) are found 
in places where it  has been practically entirely removed. These are 
usually surrounded by slip-bands.

I t  thus appears that portions of annealed beryllium are very similar 
in properties to the thin films of pure metal obtained by sublimation. 
It has not been possible, however, to obtain uniformity over any 
particular specimen, despite prolonged heat-treatments under various 
conditions. The mechanical properties of such metal, being largely 
determined by the remaining brittle and hard regions, are very  
disappointing.

6.— Allotropy in  Beryllium.
W hilst the author feels satisfied that the cause of brittleness in 

beryllium, prepared even under the best conditions, has been con
clusively shown to be due to residual oxide, the possibility of two allo- 
tropes of the metal, one of which may be hard and the other soft, has 
often arisen during the course of this work. In particular, attention was 
concentrated on allotropy by the following observations.

A specimen of beryllium having a composition similar to that given 
on p. 372 with a Brinell hardness of about 110 remained unused for about
3 years. At the end of this period, occasion arose for its use for heat- 
treatments. I t  was decided to retest its Brinell hardness in order to 
ensure that the originally recorded figure was correct. I t  was found, 
however, that on this occasion the value averaged about 75. The 
original impressions which still remained on the surface were re-measured, 
but no doubt could be thrown on the values which had been obtained 
from them. Microscopic examination showed the normal type of 
structure (a network of eutectic with a few crystals of beryllium carbide, 
silicon, and perhaps a trace of iron). Fresh surfaces were cut in different 
directions and further Brinell hardness figures obtained. The average 
value was in the neighbourhood of 70-75. Unless one assumed an 
allotropic transformation in the metal itself, there seemed to be no 
explanation, other than a solid solubility change in one or other of the 
impurities, to account for this startling alteration in hardness over a 
period of time at room temperatures.

An X-ray photograph of the specimen was taken. Normally the 
structure of the beryllium lattice is found to be a close-packed hexagon, 
but in the photograph of this particular specimen several other lines 
appeared, together with those corresponding with the usual structure. It  
consisted, therefore, of a mixture of normal beryllium and a second
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unknown phase. Many attem pts have been made to correlate the 
additional lines with one or other of the standard lattice structures, but 
so far they have proved too complicated and irregular to justify any 
conclusion. I t  has, however, been established that they do not corre
spond with the known structures of beryllium oxide, beryllium carbide, 
silicon, iron, &c. The X-ray evidence, also, does not distinguish between 
the possibility of an allotropic change and a phase change due to the 
impurities.

The fact that the change, whatever its cause, occurred at room 
temperature suggests that it  is a low-temperature eSect, and might there
fore occur more quickly at a slightly elevated temperature. Moreover, 
by holding the specimen at a temperature above the transition point, 
it  should be possible to reverse the change completely. Attempts, 
however, to hasten the production of the change in other specimens by 
annealing for several weeks at temperatures from 0° C. to 400° C., and 
also to reverse it in the particular specimen in which it had been observed 
by annealing and quenching at temperatures up to 900° C., have been 
unsuccessful. Meanwhile other specimens of similar metal have already 
been watched over a period of 18 months at room temperatures, but so 
far no definite changes in lattice structure or hardness have been noted.

Other workers on beryllium have from time to tim e suggested 
allotropy as the cause of unexplained phenomena. Lewis,7 however, 
definitely claims that his work on the electrical resistivity of beryllium  
up to 700° C. proves the existence of at least two allotropic forms of the 
metal. He bases his conclusions on the sudden changes in the slope of 
the curve of electrical resistivity plotted against temperature. The 
curve can be divided into three portions having discontinuities between 
— 50° C. and -f- 20° C. and between 550° C. and 650° C.

The lower of these two transition points revealed by electrical con
ductivity measurement is very significant when considered in conjunc
tion with the change in hardness and lattice structure at room tempera
tures found by the author. Somewhat disturbing, however, is the fact 
that whereas the electrical measurements show the change to be readily 
reversible, all attempts to control the lattice structure and hardness have, 
as pointed out above, failed.

W ith regard to the transformation at about 600° C. noted by Lewis, 
no X-ray or other evidence has so far been obtained to confirm this. 
I t  is possible, however, that if it  is a true allotropic change, it  might be 
more readily found in beryllium-rich alloys than in the pure metal.

I t  appears to the author that while allotropic transitions must 
always produce sudden changes in the values of such properties as 
electrical conductivity, the converse is not necessarily true. Other 
causes, such as the effects of impurities, m ay produce equally marked 
changes in the value of such a property. It may be pointed out that
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the complete analysis of the metal used, by Lewis is not given in the 
account of his work (the total metallic impurities are said to be about 
0-5 per cent.). Sufficient impurity is, however, admittedly present to 
make it  unsound in the author’s view to conclude on the available 
evidence that the phenomena must necessarily be due to allotropy in the 
beryllium, and not to the effects of impurities.

A t this point, reference may again be made to the second arrest point 
found in the thermal analysis of beryllium at 1265° C. As previously 
stated, it  is not thought that this has any bearing on the present problem, 
as it  is difficult to see how a change at such an elevated temperature 
could affect the metal when held at or near room temperatures for any 
length of time whatsoever.
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JOINT DISCUSSION.
Db. W . R o s e n h a i n ,* F.Inst.M ct., F .R .S . (P ast-P residen t): I  cannot add  

very much to  w hat has been said in  these papers. A good deal of the work 
was carried ou t while I  was in charge of the M etallurgy D epartm ent of the 
N ational Physical Laboratory, and  I  was consequently very  in tim ately  
associated w ith i t  a t  th a t  tim e.

Sir. Sloman is to  be congratulated on having carried ou t w hat I  am alm ost 
inclined to  call a  losing b a ttle  w ith  great skill and  perseverance over a  large

* L ondon.
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num ber of years. I t  has been, I  can assure you from the experience of a 
lengthy series of researches, w ithout exception the m ost heart-breaking piece 
of work I  have ever seen anyone a ttem pt. E very  promising m ethod th a t 
one could th ink  of (and we thought of a  great m any and  tried  them ) seemed 
to  fail for some reason which one could no t have anticipated. Take, for 
instance, the m ethod by which certain D utch investigators a t  Eindhoven 
had succeeded in  preparing a  num ber of puro m etals which had never been 
produced before. They did th a t  by the  decomposition of the vapour of the 
iodide of the m etal in  contac t w ith  a  ho t filament, initially  a  very fine wire of 
tungsten, which gradually grew by  the deposition of the other metal, and as 
a  result delightful samples of pure m aterial—chromium, tungsten, zir
conium, and  others—were obtained. I  have a piece of zirconium which is quite 
ductile. I t  was hoped th a t beryllium could be prepared in the same way, 
and a  great deal of tim e was spent in setting up an apparatus for th a t  purpose. 
Dr. A. C. Vivian began it, and Mr. Sloman carried i t  on. I t  was hoped to 
obtain a corresponding result, b u t we found th a t, unfortunately, th e  volatile 
beryllium iodide attacked  the glass-containing vessel, and, instead of depositing 
pure beryllium, both silicon and boron ou t of the glass were transported  on 
to  the filaments, rendering the resulting deposit im pure and brittle . So far 
no one has been able to  devise for this process a  containing vessel which is a t  
once an insulator electrically, strong enough to  hold a vacuum  a t  the tem pera
tu re  which i t  a tta ins, and incapable of being attacked  by beryllium iodide. 
W hen th a t problem is solved, the making of high-purity  beryllium on a  
laboratory scale will bo possible.

Then, again, th is question of sublim ation was hedged about w ith  the 
m ost appalling difficulties n o t anticipated. Quite a good deal of w hat was 
believed to  be sublimed beryllium was obtained, b u t i t  was found th a t  instead 
of being sublim ate i t  was splashed m etal from the boiling beryllium below.

Then an a ttem p t was made to  condense i t  on a  mass of refractory made 
of beryllium oxide; the m olten m etal prom ptly dissolved oxide from th a t 
body. The m etal was molten where i t  condensed because i t  was still in  the field 
of the indu ction furnace. The result was a very exciting experim ent. I t  sounds 
quite simple to  ta lk  about a  water-cooled silica condenser placed im mediately 
above a  mass of more or less boiling beryllium a t  1800° C. in a  high vacuum , 
b u t I  can assure you th a t the first tim e i t  was used Mr. Sloman had a good 
deal of respect for th a t piece of apparatus. I  certainly had. However, 
after a  good m any failures i t  was got to  work, and the  nearest approach to  
pure ductile beryllium th a t  has ever been produced was the result. Mr. Sloman 
is to be congratulated on a very well-deserved success; in fact, I  th ink  th a t 
he deserves a  good deal more success than  he has ye t achieved.

W ith regard to  the fu ture of the whole thing—and th a t, after all, is perhaps 
the  m ost interesting point—it  is highly im portan t (from the scientific point 
of view ra ther th an  from the practical viewpoint) to  endeavour to  produce 
pure ductile beryllium. U ntil a  great m any o ther problems are solved, the 
use of beryllium as a basis m etal—th a t is to  say, as constituting the m ajor 
portion of any  alloy which is used—is im practicable. The question of cost 
alone is a t  present m any times prohibitive. T hat question is for the futuro 
to  solve, and if berj'llium  passes—and I  th ink  th a t i t  very likely will do—  
as aluminium and  tungsten have done, from th e  stage of pounds per ounce to  
shillings per cwt. we shall get w hat we w ant. Nevertheless, i t  is very im portant 
to  have some idea of the fundam ental properties of the substance in  its pure 
sta te , and i t  is in th a t direction th a t th is work has been aiming.

The uses of beryllium, on the other hand, are likely to  be very im portant— 
and im portant in the near fu ture—as an  alloying element. There, of course, 
a  very high degree of pu rity  is no t so im portant, and  i t  offers a tem pting 
p a th  to  research on alloys which, I  am alm ost sorry to  say, the investigators 
a t  the N ational Physical Laboratory have been obliged to  follow under the
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pressure of economic necessity. I t  was, I  th ink, felt th a t  the am ount of money 
spent on research for tlio production of the pure m etal had been sufficient, 
and  th a t work of th is kind would have to  give place to  the more im mediately 
practical, or potentially  practical, research on alloys. I  am afraid th a t  the 
search for the pure m etal is n o t likely to  be continued for the present, although 
I  do no t know w hether other counsels have prevailed during the last twelve 
m onths. I t  is a  p ity , b u t a t  the same tim e there is no doubt th a t  the im 
m ediate practical in terest does centre in the alloys of beryllium where th a t 
m etal is, so to  speak, a  minor constituent in regard to  q u an tity  and to  cost, 
although of m ajor im portance in  regard to  its  effect on the properties of tho 
m aterial.

Mr. S lom an (in reply) : I  should like to  thank  you for the kind w ay in 
wliieh th is paper has been received, and in  acknowledging the rem arks of Dr. 
Rosenhain, to  say th a t  had  i t  no t been for his in terest in  the work and per
severance in  the face of all th e  difficulties w ith  which we were faced, I  am  sure 
th a t  i t  would no t have been possible to  carry i t  to  a  successful conclusion.

C O R R E SP O N D E N C E .

D r . C. B. S a w y e r , *  B.A. (M em ber): Mr. Sloman is to  bo congratulated 
on tho completion of a  difficult laboratory research which, although apparently  
non-commercial in  itself, will have a very great effect on tho developm ent of 
th e  beryllium m etal industry. Tho discovery th a t beryllium can be ductile is 
a  m atte r of the first m agnitude to  the m etallurgical world.

W ork done a t  th e  laboratory w ith which 1 am associated has produced 
single crystals of quite pure beryllium, which possess a  degree of cold m alle
ability . Such m alleability seems to  inereaso after m elting tho individual 
crystals in  hydrogen, even though the resulting pellets are coated w ith a  skin 
of oxide due doubtless to  im purities in the hydrogen. E xcept for this skin 
of oxide, these and other results of ours confirm those of Mr. Sloman.

W hile Mr. Sloman has adhered to  tho use of fluorides, and  obtained a 
m axim um  duration of electrolysis of 100 hrs., I  m ay s ta te  th a t using chlorides 
in a  modification of the m ethod first described by Borchors,f wo have carried 
on continuous electrolysis for 250 hrs. w ithout any indication th a t the lim it 
had  been reached, or th a t a  lim it exists. Tho graphite anodes were no t visibly 
im paired.

I  am  in hearty  accord w ith  Mr. Sloman’s emphasis of the need for pu rity  
of all chemicals (compounds of beryllium and  otherwise) entering in to  tho 
m anufacture of beryllium m etal. This thought, coupled w ith  th a t of m aximum 
eommeroiability, has dom inated our efforts. The pu rity  of our beryllium 
oxide was of fundam ental im portance in  bringing ou t the finer properties of 
beryllium oxide refractories in the pioneer work in  the U nited  S tates by the 
U.S. B ureau of Standards.^

Mr. S lo j ia n  (in  rep ly): I  am  very glad to  learn th a t  th e  single crystals 
of beryllium  obtained by D r. Saw yer possess cold m alleability. This 
undoubtedly  confirms the results recorded in  the present paper.

W ith regard to  D r. Sawyer’s rem arks on the m axim um  duration  of elec
trolysis, I  should like to make i t  quite clear th a t  th e  lim it of 100 hrs. 
referred to  in  m y  paper represents the life of th e  graphite crucible and is in 
no w ay associated w ith any  change in electrical resistance or in  composition 
of th e  b a th  a fte r  100 hrs. continuous running.

* President, The Brush Laboratories Company, Cleveland, 0 .,  U.S.A.
t  Wilhelm Borehers, Z. Jileitrochemie, 1895.
|  Wm. H. Swanger and Frank R. Caldwell, U.S. Bur. Stand. J . Research, 1931, 
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MODERN WORKS PLANT AND EQUIPMENT 
FOR THE HOT-WORKING OF NICKEL AND 
NICKEL ALLOYS.*

By W. R. BARCLAY.f O.B.E., V ic e -P r e s id e n t , G. A. V. RUSSELL,! 
Wir.Ex., and H. WILLIAMSON.§

S y n o psis .
This paper describes a  modern plant erected in this country as the 

result of experience in the hot-working of nickel and its alloys and a close 
study of the conditions under which similar work is carried out in Europe 
and America.

The main features of the plant are :—
(1) Hydraulic forging press.
(2) Hot-rolling mill, consisting of :—

(а) a three-high universal typo mill with horizontal and vertical
rolls for the production of sheot-bar and strip.

(б) a three-high Lauth type mill for the rolling of shcet-bar and
small rectangular ingots into sheets.

A detailed description of each section is given with diagrams and 
illustrations.

Various prevailing methods of practice in other countries arc compared 
and underlying principles discussed.

The tex t includes an outline of tho methods of production adopted in 
working the plant.

Tho heating of shcet-bar for rolling into sheets is carried out in a 
specially designed electric resistance furnace which is described and 
illustrated.

The paper concludes with somo general remarks on the hot-working 
of nickel and its alloys.
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1.—Introduction.
Metallurgical problems in the production of metals and alloys in
what may be termed semi-manufactured forms, e.g., sheets, strips, tapes,

* Manuscript received May 19, 1932. Presented a t the Annual Autumn 
Meeting, London, September 13, 1932.

t  Consulting Metallurgist, The Mond Nickel Co., Ltd., London.
{ Assistant Chief Engineer, I.C.I. Metals L td., Birmingham,
§ Engineer, Henry Wiggin & Co., Ltd., Birmingham.
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rods, wires, tubes, &c., are so intimately bound up with engineering 
considerations of plant and equipment that it  appeared to the authors 
that a somewhat detailed description of a modern installation* for 
the production of metals and alloys necessitating high-temperature 
work (and therefore somewhat special conditions) would be of interest 
to the Institute, especially since such an account will serve to show the 
close interdependence of the metallurgical, engineering, and operating 
factors.

2.—Governing Factors in D esign of Lay-out and Plant.
It  is necessary to point out in the first place that in contemplating 

the mill and equipment below described certain difficult fundamental 
conditions had to be borne in mind. The general object was to provide 
facilities for the production of pure nickel and alloys of varying nickel 
content, but obviously such a field necessarily covers metals and alloys 
having widely different properties, ranging from materials such as the 
binary nickel-chromium alloys possessing a strength at high temperatures 
almost equivalent to • the commoner non-ferrous metals at normal 
temperatures, to materials such as the lower grades of German-silver 
which are reasonably comparable to the brasses and bronzes.

A further factor of importance was that the new plant must tie-in 
so far as possible with existing plant and ensure at least a modicum  
of continuity in tradition and progress of operations.

Prior to the inauguration of the new scheme in the works described, 
hot-rolling of nickel and its alloys had been for the main part carried 
out on a two-high reversing mill of conventional design, and it was 
necessary to use this m ill for every class of finished product whether 
sheets or strips, and whatever the width or gauge.

In addition to the problem of designing plant capable of dealing 
with materials of so wide a range of properties, the added difficulty 
existed that nickel and its alloys, and indeed the whole class of high- 
temperature materials, were relatively in their infancy, and the field 
of their use was rapidly broadening, that new alloys were continually 
entering the field and demanding either to be included in the 
present scheme or to bo considered as more or less formidable 
competitors.

Obviously the foregoing position could only be met by designing 
equipment which not only covered all existing requirements but possessed 
the maximum degree of flexibility for future demands.

A careful study was made of rolling mill practice in Great Britain, 
on the Continent and in America, and particular attention was given

* Works of Henry Wiggin & Co., Ltd., Birmingham.
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to mills carrying on production which bore any resemblance to the fore
going requirements.

A number of rolling mill plants exist in all these countries which, 
inter alia, deal with nickel and its alloys and the conditions in these 
mills were studied, and the experience gained used in working out the 
final plans.

For clearness it will be advisable to describe briefly current practice 
in other countries. Broadly, it  may be said that there obtain two 
classes of opinion in regard to the production of sheet and strip work in 
these high-temperature alloys. One is represented mainly by practice 
adopted in Central Europe, the other by the methods in vogue in 
America. The essential difference between these is fundamentally 
in the form of ingot used, but it is an important difference since it 
involves both metallurgical and engineering considerations.

In the former case ingots are usually cast in rectangular slab moulds 
in dimensions differing from works to works but having approximately 
the following as an average :—

Inches.
Length of slab . . . . 30 to 45
Width of slab . . . . 8 to 12
Thickness of slab . . . 3 to 5

These slabs after the usual machining and surface treatment are 
hot-rolled direct from the ingot, on two- or three-high rolling mills of 
conventional design. Roughly this may be considered as following 
general non-ferrous methods. In the latter case the procedure adopted 
is much more in line with steel works practice. Ingots used are larger 
and heavier and follow the usual form adopted in steel ingot casting, 
i.e., square in cross-section with a slight longitudinal taper. The 
approximate measurements range from ingots of 5 in.2 to 14 in.2, varying 
in length from 40 or 45 in. to 60 in. The smaller range of ingots weigh 
from 500 lb. to 600 lb., the larger may weigh from 1 to 2 tons. The 
ingots are not usually rolled direct, but after machining pass through a 
forging or cogging process and are reduced to slabs or sheet bar before 
rolling into sheet or strip.

It was finally decided, after considering all factors of the case, that 
it  would be advisable to adopt in general outline the second of these 
alternative methods. This decision was arrived at in view of the 
probability, or at least the possibility, that demands would increase 
for the high-temperature alloys of the type of the nickel-chromium  
series, and it was further considered that on metallurgical grounds alone 
the argument was definitely in favour of what may be called the “ sheet 
bar ” scheme rather than the “ cast slab ” scheme. Had it  been
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contemplated to deal only with materials like pure nickel itself or the lower 
nickel-containing binary alloys with copper, undoubtedly the adoption 
of the cast slab scheme of operating would have involved a somewhat 
lower capital expenditure. A factor, however, which weighed very 
considerably in the final decision was the constant necessity for machin
ing whichever type of ingot is produced. This is an unsatisfactory 
factor in the production of sheet metal from cast slabs since slabs must 
be thoroughly machined over a fairly considerable area and scrap losses 
are therefore appreciably higher in percentage than when large square 
ingots are made and the area of surface machined is less in relation to 
the nett weight of the ingot. As hinted earlier, however, close attention  
was given to the purely metallurgical problems involved, and it was 
mainly on this ground that the decisions were ultim ately reached.

Much has been written and more said on the methods of the produc
tion of sound ingots, particularly in the metallurgy of steel, and while 
the case is by no means closed, the weight of evidence does undoubtedly 
tend to show that within reasonable lim its the best results are obtained 
in alloy steels w ith square tapered ingots of reasonable dimensions. 
The conditions of crystallization from liquid to solid are more favourable 
in this type of ingot than in the slab type and unquestionably feeding 
of “ pipe ” can be carried out with greater certainty and uniformity. 
Still further, a good deal of experimental evidence exists in the pro
duction particularly of nickel-chromium alloys showing that if ingots 
are subjected to a forging operation prior to hot-rolling the resulting 
product is distinctly superior to material rolled direct from the ingot. 
This point, of course, finds analogies in certain steels.

The scheme as finally adopted therefore provided for a forging 
operation interposed between ingot production and hot-rolling with the 
aim not only of subjecting material to this form of hot-working prior to 
rolling but to converting a square tapered ingot to a form more suitable 
for rolling, e.g., a rectangular section of requisite thickness and length 
for its ultimate purpose. Since, however, in the present scheme the 
forging press and hot-rolling mill are in close juxtaposition in the same 
building, the forging process m ay be omitted for such materials as can 
be hot-rolled direct from the iijgot, and in actual practice a largo 
proportion of the present production of malleable nickel is so hot-rolled 
without forging, the hot-rolling plant being sufficiently elastic to admit 
of this method of working even with tapered ingots such as described 
above. It should be pointed out, however, that unless the ingots are 
exceptionally sound and free from slag inclusions or cold laps (in
sufficiently cleared in machining) it is very difficult to obtain sheets of a 
first class surface by this direct method, and it will be clear to those who



have had experience in such work that the process of reducing large 
square ingots of this type to sheets of the order of 3 ft. or 4 ft. in width 
necessitates some intermediate “ frazing,” “ scurfing ” or “ grinding ” 
treatment in order to remove internal defects which only reveal them 
selves in the later stages of sheet production.

Scheme and Lay-Out. On the basis of the foregoing arguments and 
conclusions a scheme and lay-out was decided upon in which the 
sequence of operations is :—

(a) Casting of ingots
(b) Machining of ingots
(e) Forging
(d) Fettling or frazing
(e) Hot-rolling to sheet bar or strip
( /)  Hot-rolling of sheet bar to sheets

The flow of operations is illustrated in Figs. 1 and 2.
Ingot practice for sheet and strip work is standardized on the basis 

of production of two sizes of ingots of 5 in.2 and 8 in.2, weighing approxim
ately 600 to 1600 lb. respectively. For the production of rod and wire, 
which operations are carried out in an adjacent plant, smaller ingots 
are made (approximately 100 to 200 lb.) using the same casting equip
ment. Fortunately one disadvantage of the square type of ingot, 
namely, cost of, and tim e occupied in, machining, has been appreciably 
reduced by the introduction of the square turning lathe which machines 
a square ingot in exactly the same manner that a round ingot can be 
treated, i.e., by a simple turning operation. In the present scheme a 
square turning lathe supplements the operation of planing machines.

From the machining operations ingots pass directly either to the 
forging plants or to hot-rolling. For intermediate overhauling of forged 
or rolled surfaces pneumatic fettling hammers are provided and also a 
“ frazing ” or “ scurfing ” machine. Since the latter type of machine 
is more common abroad than in England a short description is inserted 
h ere :—

Tho machino is specially constructed for the overhauling of nickel alloys, and 
is of a  particularly robust design. Tho principle of operation is th a t of the 
ordinary milling machine with a circular cutter, except th a t the cutter mounting 
is not rigid but flexible and driven entirely independently of tho moving table. 
Tho latter, of course, is capable of traversing either transversely or longitudinally, 
and the pressure of the cutter itself is regulated by means of balanco weights.

Tho machine is largely automatic, but the operator can control operations of 
frazing in such a way as to deal with any inequalities in tho surface or abnormal 
flaws or roaks in the metal. For the treatm ent of deep slivers or flaws tho machine 
can be stopped and the milling cutter held in any position until these are completely 
removed so as to leave a smooth-edged indentation.

The method of driving the cutter is by separate motor mounted on a  swinging 
arm through a double worm gear, running in double ball bearings. The cutter 
itself is very accessible and can be quickly and readily changed.
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Broadly, the facilities provided enable forgings both in bloom and 

shaped form, rolled billets, slabs, sheet bar and strip, together with 
sheets and light plates, to be made as required and in accordance with 
the special properties of the materials being handled.

The principal productive units described in the following pages 
comprise :—

(a) A 750 ton high-speed steam-hydraulic forging press.
(b) An 18 in. three-high universal type mill.
(c) A 52 in. Lauth type sheet mill and the requisite auxiliary

equipment for heating and for handling and disposing of the 
rolled product.

3.— Buildings and Services.
In ordinary circumstances the design of the building for the 

accommodation of operations and equipment as here indicated would 
present no serious problem but in the present case the site conditions 
created certain difficulties. The land available consisted of a narrow 
elongated area bounded on the one hand by the space necessary for other 
contemporaneous factory developments and on the opposite by a canal. 
Under previous ownership the site had been excavated in such a fashion 
that the differences in level were both acute and considerable.

After a careful study of the existing conditions which was much 
facilitated by the method developed by one of the authors and described 
by him elsewhere * of employing a plasticine model, it  was decided to 
house the new department in a long building roughly parallel to the canal 
and containing under one crane service the metal storage, melting, 
machining and forging sections as well as the rolling-mill equipment and 
with space available for a future annealing plant. The building as 
finally designed is a compromise between the limitations imposed by 
the site and the technological requirements of the manufacturing 
operations. It consists of a main bay 80 ft. wide and 540 ft. long 
having a height of 30 ft. to the crane rails and 35 ft. to the eaves. This 
is flanked on the canal side by a partial length lean-to for the electric 
equipment of the melting furnaces and the steam boiler plant also 
by a short perpendicular bay or annex housing the shear and coiler 
belonging to the universal mill plant. The general arrangement of the 
building and of the equipment it contains as well as its relationship to  
the contiguous sections of the works is shown in Fig. 2 whilst Fig. 3 
(Plate LVII) gives a good idea of the interior appearance.

The design of the steelwork follows conventional lines but is ex
ceptionally heavy. The roofs, where not glazed, and the side walls

* H. Williamson, Engineer, 1928, 146, 711.
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down to a distance of 8 ft. from the floor level, are covered with asbestos 
protected corrugated steel sheets. Below this point brick curtain 
walls bave been built. The natural lighting has been liberally arranged 
for by glazing approximately 30 per cent, of the roof area and providing 
an almost continuous belt of glazing along the wall under the crane 
girders on the canal side. The artificial illumination has been designed 
to secure a sufficient general intensity of lighting, the illumination 
value at floor level being 6 ft. candles, without necessitating recourse 
to supplementary local intensification.

The shop floor consists principally of cast iron plating laid on ashes 
but the section allotted to machining operations and the area beyond  
the sheet mill are laid with wood block paving.

The building foundations call for no comment, but those for the heavy  
plant are interesting in being built in hard blue brick set in cement in 
lieu of the more usually adopted concrete construction. Owing to the 
com plexity of many of these foundations it  was considered that this 
type would be no more expensive than concrete since the elaborate 
shuttering required with the latter could be eliminated. I t  would 
also possess the advantages of better bonding and comparative facility  
for making alterations during construction should a mistake occur.

The main bay is served by a 10-ton electric overhead crane which 
is provided with a 3-ton auxiliary hoist, later a second crane will be 
added. The shear and coiler annex is commanded by a 1-ton floor 
controlled electric overhead crane having a double lift. The track 
for this crane is extended from the annex into the main building below 
the main crane to enable the direct transference of loads to be made. 
(See Fig. 2.)

Electrical energy is derived from the City of Birmingham Electric 
Supply, which is now in course of being changed over from 25 cycles 
to 50 cycles periodicity to  bring the area in line with the standardized 
frequency adopted by the Electricity Commissioners. A t present a 
1,500 kw. frequency changing set has been installed which will be taken  
out of service as soon as the change-over has been effected. High 
tension current at 11,000 v. will then be transformed down to 400 v., at 
which pressure it  will be utilized throughout the new plant. To reduce 
conversion losses it was decided to adopt alternating current for all 
auxiliary motors.

The steam requirements for the forging press and other miscellaneous 
purposes are met b y  a multi-tubular dry-back oil-fired boiler with an 
evaporative capacity of 8000/9000 lb. of steam per hour at a pressure 
of 150 lb./in.2

The water requirements are taken from the town supply.
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For the operation of various auxiliary movements on the mill and 
for furnace pushers, &c., a low-pressure hydraulic power plant is 
installed comprising a 15 H .P. three-throw pump and an 8 in. X  8 ft. 
weight loaded accumulator. The working pressure for this system  is 
700 lb./in.2 The pump is of the horizontal three-throw type with 
all working parts totally enclosed and splash lubricated.

The fuel oil required for the press and universal mill heating furnaces 
and boiler is stored in a main reservoir situated on the canal side with a 
capacity of 37 tons. From this point it is distributed to service tanks 
placed near the points of consumption by an electrically driven rotary 
pump.

4.—Plant D etails.

The Forging Press.

The forging press is designed primarily to form the cogging unit 
and serves to reduce the ingots to the most appropriate sections for 
feeding the universal mill, although the latter can as already stated, 
when such a course is considered desirable, itself cog down ingots having 
a cross-section up to 9 in. X  9 in. In addition, it  is able to undertake 
the production of forged pieces of simple or relatively easy shape, the 
demand for which in some nickel alloys is growing.

The design of this press, see Fig. 5 (Plate LIX), whilst following 
conventional practice in main essentials, embodies several improvements, 
some of which may be mentioned. Instead of the usual press 
“ columns ” or tension bolts of circular section, these are made square 
over the length traversed by the crosshead guide slippers. This affords 
a much larger and better guiding surface for the crosshead, especially 
as, in this instance, the crosshead slippers are adjustable and can, 
therefore, be set-up to make proper allowance for the differential 
expansion occurring between the crosshead and the top and bottom  
plattens of the press. One of the press columns is further utilized as 
the inlet pipe to the main cylinder by being bored up hollow, which 
reduces the amount of piping about the press and imparts a clean 
appearance to  it. The intensifier is of the inverted type arranged for 
the working stroke to be made in the upward direction, so that the return 
stroke is more easily accomplished than when the reverse procedure is 
adopted. The hydraulic cylinder is equipped with a differential ram. 
The press is controlled by a single-handing lever which is coupled to 
the steam admission valves of the intensifier and of the press crosshead 
pull-back cylinders and also the pre-filling valve of the main press 
cylinder in such a manner that the movements of the press crosshead 
follow accurately and at all times those of the operator’s hand. The
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principal shafts of the control gear are mounted in ball bearings and these 
coupled with the equilibrium type valves employed for controlling the 
steam admission render the operation of the press extremely easy and 
call for practically no muscular effort on the part of the driver.

The press is at present served by a single hearth-type oil-fired re
heating furnace with a hearth area of 6 X  8 ft. Space has been left for 
the installation of a second unit. Manipulation of ingots at the press 
and furnace is controlled by a 1-ton electrically-operated self-contained 
jib crane. A t a later date the forging plant will be completed by the 
installation of a simple type of press manipulator which will at least 
double its productive capacity.

The IIol-Rolling M ill Plant.

The two hot-rolling mills mentioned above are arranged on either 
side of a common gear reduction unit. A t present this is driven by a 
single 750 H.P. forced ventilated induction motor with a synchronous 
speed of 585 r.p.m. which provides adequate power to operate one of the 
mills at a time. When the production required is such as to call for the 
simultaneous running of both mills, a duplicate motor running in parallel 
with the first machine will be added at the other end of the driving 
pinion shaft of the gear unit. The gear unit is designed to transmit a 
normal horse power of 1,500 and peak loads of up to 4,500 H.P. The 
gearing ratio is 9-6 : 1 giving a speed of 61 r.p.m. to the final drive 
shaft.

Between the gear unit and the pinion housing of each mill is inter
posed a hydraulically operated main coupling of the improved Ortmann 
type, cradle supported, totally enclosed and continuously lubricated. 
These couplings enable either mill to be connected or disconnected 
from the drive in about 2 minutes. The casing of one of these is shown 
in the general view of the gear unit reproduced in Fig. 6 (Plate LX).

The gear unit is of the double reduction type with symmetrically 
arranged gearing and a pair of flywheels over-hung on the motor pinion 
shaft. The first reduction comprises a pair of single helical gears, 
the pinions being integral with the pinion shaft, and the gears lying 
on either side of the single double-helical second reduction pinion. 
The advantages of the symmetrical disposition are the equal loading 
of the bearings carrying each shaft which results in the maintenance of 
the alignment and consequently of the tooth contacts when eventually 
some wear occurs. The gearing is mounted in a massive bedframe and 
is of course totally enclosed, below, by the bedframe constituting a 
pan, and above by means of a heavy welded steel casing. The total 
weight of this gear is approximately 100 tons.

v o l . x l i x . c c
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The lubrication of the gear unit is effected from a central automatic 
gravity return lubrication system which also serves the disengaging 
couplings, the two pinion housings, the screw down gear mechanisms 
of the two mills and the vertical roll drive for the universal mill. About 
30 gall, of oil are circulated per minute. The oil gravitates from a high- 
level storage tank, carried from two of the shop columns, to the points 
to be lubricated and is sprayed on to the various gear teeth and fed 
into the bearings. The supply to each point is individually adjustable 
and visible. After use the oil is drained away by gravity to the main 
return tank located in a special cellar in the mill foundations. This 
tank is equipped with settling compartments and duplicate fdters to 
clean the oil and remove water and sludge. The oil is circulated by a 
pair of rotary pumps, one driven from the gear unit and the other, 
a standby, by an independent motor. The extensive employment of 
such a lubrication system is fully justified commercially by the reduced
oil consumption, less wear and tear on the plant resulting from the con
tinuous lubrication of the important working parts with oil in good 
condition, coupled with their thorough enclosure, also by the saving 
in attendance and increased reliability.

(a) Three-High Universal Type M ill. When the decision to employ 
relatively large ingots of square section had been taken, it became 
necessary to investigate the most economic equipment for the production 
of both the requisite sheet bar and strip. As has already been indicated, 
the normal practice is to utilize the forging press for the preliminary 
reduction to a convenient slab section. In view of the diversity in 
requirements for semi-finished material the flexibility of the universal 
type of rolling mill appeared likely to afford the most rational solution, 
as by its means it is feasible to produce stock of any cross-sectional dimen
sions within the capacity of the mill without changing rolls or making 
any other lengthy adjustments. Hitherto the intermediate or semi
finished products for sheets in alloys of the type under consideration 
have been rolled in mills with fixed grooved rolls, following the con
ventional methods for the production of steel sheet bar, with the draw
back of limitation in range of section without roll changing. One of the 
authors has already drawn attention to the advantages in sheet bar 
production attendant upon the adoption of a universal mill and references 
are given below to the sources where these arguments have been more 
fully developed.*

I t  was considered that in addition to rolling sheet bar of the various

* G. A. V. Russell, “ Possibilities in Re-habilitation of Existing Rolling Mill 
Equipment in British Steel Works,” Iron and Coal Trades Rev., 1928,116 , 555, 665; 
and Engineering, 1928, 126, 243, 274, 379.
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weights required for further processing, the universal mill should be 
capable of rolling strip up to 15 in. in width. The maximum length 
of product to be taken carc of was fixed at 65 ft. In view of the relative 
hardness of the majority of the alloys to be dealt with the question of 
stiffness and rigidity of the mill became most important and for this 
reason a departure from the usual design of universal mills was made 
by arranging the mountings of the vertical rolls on the outside of the roll 
housings. This permits of the horizontal of main rolls being made of 
such a length as to deal satisfactorily with the maximum width of product 
desired without reference to the need further to lengthen the barrels to 
provide space for the accommodation of the vertical rolls and their 
mountings between the roll housings as in the normal design of universal 
mill. To keep the distance between the centres of the vertical and hori
zontal rolls of the mill to that usually obtaining in universal mills, the 
shape of the roll housing posts on the side upon which the vertical 
rolls are mounted is of a special form. In this case the horizontal rolls 
have a barrel length of 21 in. All rolls have a diameter of 18 in. and are 
positively driven from .the pinion housing. The rolling speed- of the 
mill at the synchronous speed of the main driving motor is 300 ft./ 
minute. The vertical rolls have a diameter of 14 in. These rolls 
are carried in a novel fashion on the extremity of stiff rectangular rams 
sliding in guides cast with the roll housings. They are driven from 
fixed mitre gears totally enclosed through the intermediary of flexible 
spindles. This arrangement is superior to the usual method of driving 
the vertical rolls of universal mills in that it  permits the gearing to be 
more liberally proportioned and effectively enclosed and lubricated. 
Furthermore, with the type of mounting above described, the liability  
for scale and dirt to damage the bottom guiding surfaces of the vertical 
roll frames is entirely eliminated. The appearance of these new develop
ments in universal mill design is well shown in the general view of the mill 
on the builder’s erecting floor reproduced in Fig. 4 (Plate LYIII).

Several improvements have been embodied in connection with the 
mounting and adjustment of the main rolls. To reduce power con
sumption, roll neck and bearing wear and increase accuracy of product, 
the main chocks are of the totally enclosed type, having compound 
wearing surfaces of white metal and phosphor bronze, and further the 
chock bodies are made hollow for water cooling. The lubrication of 
the roll necks together with that of the chocks in the housing windows 
is effected positively by grease under pressure from a mechanical 
grease pump with independently adjustable multiple feeds operated 
from the vertical roll driving shaft. The screw down gear is of the two- 
motor type. Each motor is connected to the worm gear operating one



404 Barclay, Russell, and Williamson :

screw by a train of réduction gearing but the two sets of gearing can 
be connected at will by means of an electromagnetic coupling so 
that either screw or both may be operated as desired. The movements 
are controlled by a six-point push button type master controller situated  
on the operating pulpit. Further, two screwing speeds are provided, 
the higher speed of 40 in./m inute for shect-bar rolling and the lower 
of 12 in./minute for strip production. The screwing torque available 
a t the slow speed is sufficient to enable the operator actually to screw 
down on the metal during a pass to correct a tendency for the stock to 
curve.

The necessity of maintaining the surfaces of the rolls in first class 
condition has been fully appreciated and to facilitate frequent grindings 
the roll changing procedure has received special consideration. The 
main rolls complete with their chocks are removable axially through 
the window of the outer roll housing by means of an hydraulically 
operated shifting device to a position sufficiently far away from the roll 
stand to afford easy access of the shop crane to the assembly. All the 
subsidiary operations in roll changing have ajso been made equally 
convenient so as to be speedily accomplished.

The pinion housing rests directly on the foundations and is connected 
to the bedframe of the gear reduction unit through the disengaging 
coupling bedframe and on the other side the m ill bedplates are rigidly 
attached to it, thus the whole train is self-contained. The lower 
portion of the housing which accommodates the pinions for the hori
zontal rolls is constructed on the usual lines with the pinion bearings 
located in deep jaws or windows at either end, but the upper part which 
contains the gearing for the vertical rolls drive is built up on the layer 
system with a joint at the axis of each shaft.

The drive is by the central pinion and to equalize the rate of wear 
on the teeth a separate zone on the faces of the pinions is reserved for 
the transmission of power to the vertical rolls drive. The intermediate 
gear in the latter transmission is arranged as a “ free-wheel ” drive to 
permit the slippage of the vertical rolls when the piece has been engaged 
by the horizontal rolls and thus relieve the drive of any undue strain.

The total weight of the universal mill with its main tilting tables 
and their operating mechanism amounts to 165 tons.

The general arrangement of the universal mill and its auxiliary 
equipment will be gathered from Fig. 9 (Plate L X III). On either side 
of the roll stand are tilting tables. These tables are hydraulically 
operated. W ith the operating mechanism is associated a hydro- 
pneumatic balancing device, which entirely eliminates all shock and jar 
in spite of extremely rapid motion of the tables, a complete stroke of



Hot-Working of Nickel and Nickel Alloys 405

which in either direction takes less than 1 second. The movement for 
the raising and lowering of the middle roll is also derived from the 
operating mechanism of the tilting tables. The rollers of all roller 
tables in the plant arc carried in roller bearings and the gearing is totally  
enclosed and bath-lubricated.

Beyond the tilting tables the roller gear is extended on the entry 
side to the discharge from the reheating furnace and further to a pinch 
roll unit leading to a subterranean strip chute running under the road 
which parallels the new building, and on the delivery side to an 
electrically driven cropping and cutting up shear. Beyond the latter 
is located a stacking pocket for cut-to-length material up to 5 ft. long. 
This pocket is hydraulically displaceable in a transverse direction. 
When “ cut-to-length ” stock is being produced the pocket is positioned 
directly behind the shear where it remains until full when it is traversed 
to one side to permit of discharging by means of the special 1-ton floor- 
controlled crane operating in the shear annex. Strip material is required 
coiled and for this purpose an automatic electrically driven strip coiler 
is located beyond the stacking pocket. When coiled stock is being 
produced the latter is moved into its discharging position which 
simultaneously brings up a short length of driven roller gear into line 
with the approach table to the shear to conduct the stock into the coiler.

The shear is designed for a maximum blade load of 110 tons and can 
cut either flats, billets or sheet bar within its capacity. It is of the up- 
cutting type with the bottom blade and bolster flush allowing piling 
to take place directly behind the blades. The motor reduction gearing 
and clutch are mounted in a housing carried directly over the shear 
approach table to economize space. The driving mechanism, 
including the hydraulically operated automatic disengaging clutch, 
is totally enclosed and lubricated on the automatic gravity return 
system. A stop and measuring gear to deal with lengths up to 5 ft. is 
provided. The shear is driven by a 20 H .P. motor geared to give a 
speed of 30 cuts per minute.

The coiler is located below the run-out table to permit of stock 
running out beyond it, should it be advantageous at a later date to roll 
increased lengths. For this purpose provisions have been made to 
instal further live rollers in the coiler frame and also to add a hinged 
chute with dead rollers capable of being swung outwards over the 
adjacent canal. The strip is diverted downwards into the coiler by a 
deflecting switch, arranged between adjacent table rollers and passes 
through pinch rolls into the circular space bounded by a nest of six 
positively driven rolls. Here it is coiled up, the rolls gradually opening 
out into an ever increasing circle. The radial movement of the guide
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rolls is controlled by an adjustable weight counter-balance which can 
be varied within limits to modify the radial resistance imposed upon 
the strip to suit its character and the desired degree of closeness of 
wrapping of the coil. When the strip is completely coiled up the rollers 
are opened out still further against the resistance of the balance weight 
by an hydraulic cylinder, whereupon the coil drops on to a centrally 
disposed core and hangs there until a hydraulically-operated stripper 
ejects it  on the coil receiving stand from which batches of coils are 
removed by the annex crane. The coiler is capable of dealing with 
strip up to 15 in. wide and 0-375 in. in thickness at the full delivery 
speed of the universal mill. It is driven by a 50 H.P. induction motor 
through totally enclosed and automatically lubricated reduction and 
transmission gearing.

The mill is served by a continuous-heating furnace of the end- 
discharge type having a hearth length of 15 ft. and equally adapted 
to the heating of ingots or forged slabs. This furnace is equipped with 
dual means of firing by oil or town’s gas. The stock is pushed through 
the greater portion of the hearth length upon nickel-chromium skids 
by a hydraulic pusher. Towards the exit end the skids are discon
tinued and the material enters the equalizing or soaking zone from 
which it is at present withdrawn manually on to a sloping skid plate 
which discharges it on to the approach table of the mill. Provision 
has been made, however, to mechanize this operation when desired.

(b) Three-High Lauth Sheet M ill. This m ill is intended for the 
production of sheets up to 48 in. wide. Initially both roughing down 
and finishing will be performed on the one stand. At a later date if it 
is found necessary to put down a second stand for finishing it is intended 
to instal a two-high type arranged in line and driven from the bottom  
roll of the present stand through a connecting spindle of sufficient 
length to permit of the incorporation of a common roll changing device 
to serve both stands. The connecting spindle would be hydraulically 
movable transversely after sliding off the coupling boxes to provide 
the requisite space for the withdrawal of the rolls. The present three- 
high stand has also been designed to roll heavy sheets or light plates 
in  lengths up to 12 ft. and from slabs ranging up to l i  in. thick. The 
top and bottom rolls have a diameter of 26 in. and the middle roll 
16 in. while the common barrel length is 52 in. The normal speed of 
the main rolls is 37 r.p.m. giving a rolling speed of 250 ft./minute. The 
reduction in speed from that of the slow speed shaft of the main gear 
drive of the plant is obtained by the employment of a speed-reducing 
pinion housing, the central or driving pinion of which is offset to maintain 
a sufficient diameter by the increased gearing centres.
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The general character of the detailed design of the Lauth mill is 
similar to that of the universal mill. A view of the plant is given in 
Fig. 7 (Plate LXI). The screw down gear is operated by a single 30 H.P. 
motor which is coupled to hollow driving pinions of individual reduction 
gears for each screw by electro-magnetic couplings to permit of simul
taneous or independent operation of the screws. For serving the rolls a 
pair of substantial tilting tables is provided equipped with dead rollers. 
These tables are sufficiently robust to stand up to the heaviest work the 
mill is called upon to perform whilst not being too cumbrous to impede 
the manipulation of the ordinary weights of sheet produced. As in the 
case of the universal mill they are hydraulically operated in conjunction 
with the middle roll of the mill. The Lauth mill plant with its tables 
weighs 170 tons.

The heating of sheetbar for this mill is carried out in a special 
semi-continuous electric furnace, see Fig. 8 (Plate L X II). The furnace 
is double-ended and the material is carried through by a walking beam 
conveyor. This conveyor is not worked continuously but is actuated 
through push button control when required. When a heated bar has 
been removed for rolling, a cold one is placed in at the charging 
end and the mechanism set in motion. The bars in the furnace are 
moved forward the width of one bar, and the conveying mechanism 
then automatically stops. In order to prevent any possibility of grit 
sticking to the material, metal rods and not refractory materials 
support the charge in the furnace.

The furnace is heated by means of silicon carbide (“ Globar ”) 
elements arranged vertically in each side of the chamber. Electrical 
contact with the elements is obtained by means of spring-loaded (water- 
cooled) terminals. A pump circulation system is employed for circulating 
the water through the “ Globar ” terminals, thus preventing waste.

The furnace is designed for operation at temperatures up to 1300° C., 
and can deal easily with an output of half a ton per hour. The electrical 
rating is 300 kw., which is divided into two separately controlled 
zones. The supply taken at 400 v ., 3-phase, 50 cycles, is stepped down 
to a lower voltage at the furnace by means of a transformer. This 
transformer is provided with tappings, so that the voltage on the elements 
can be increased as their resistance increases, and their usual life pro
longed. Control of temperature is entirely automatic; the two zones 
being controlled within close limits by means of two potentiometric 
controllers.

The furnace chamber is 12 ft. long inside the doors and 4 ft. 6 in. 
wide. The heat losses are small, as the furnace is well insulated with
12 in. of highest quality insulating brick (Kieselguhr) and powder.
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5.— G e n e r a l  R e m a r k s  o n  t h e  H o t - W o r k in g  o f  N ic k e l  a n d

it s  A l l o y s .

The hot-working of nickel and such of its alloys as are intended 
for service at high temperatures gives rise to certain special problems 
which centre mainly round two points :—

(a) The necessity for obtaining and maintaining temperatures 
of the order of from 1000° C. to 1300° C. during working.

(b) The heating of ingots, billets, &c., in an atmosphere as free 
as possible from deleterious gases (e.g. containing sulphur) with 
the avoidance of excessive oxidation.

(a) In the range of temperature indicated most of the high nickel- 
content alloys of commercial compositions can be fairly readily forged 
or rolled, but it is characteristic of some of them (e.g., nickel-chromium  
alloys) that round about 700° C. or 800° C. they pass through a brittle 
range and develop edge-cracking and other similar faults which give 
rise to much trouble in later stages of working.

It is therefore very essential that the metal to be forged or rolled 
shall be thoroughly and uniformly heated throughout to the required 
temperature, and the speed of “ working ” be such as to maintain 
the temperature well above this brittle range so long as hot-work of any 
kind is being applied.

These remarks relate in some degree also to coiling operations if 
such are to be carried out hot, although, of course, strip and rod in 
the thinner gauges may be coiled in the cold. It is obvious therefore 
that a close study must be paid to such factors as :—

(1) Heating methods and practice;
(2) Percentage reduction per pass or per press or hammer 

stroke in rolling and forging operations respectively;
(3) Speed of deformation;
(4) Quickness of manipulation.

(b) The problem of heating furnace design is vitally important for 
the successful hot-working of these materials, and it  is, unfortunately, 
not yet possible to say that it has been satisfactorily solved. In general, 
coal-fired furnaces are cheaper if regard is paid only to cost of fuel, but 
these are not as a rule convenient to use or satisfactory so far as furnace 
conditions and atmosphere are concerned.

Oil or gas-fired furnaces are more convenient, but even in the best 
of these it is difficult to get an atmosphere sufficiently non-oxidizing. 
More important, however, is the question of a satisfactory degree of 
freedom from sulphur. It is well known that sulphur is very deleterious 
to nickel and its alloys, and this fact is of supreme importance in hot- 
working practice. If the material to be worked is attacked by sulphur,
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at high temperatures, nickel sulphide is formed, and immediately 
gives rise to local surface cracking. This is aggravated if the metal is 
covered by a layer of oxide, since nickel oxide readily reacts with 
sulphur. Under such conditions surface interpenetration of crystal 
grains by nickel sulphide takes place and serious troubles ensue.

Electric heating is unquestionably the most satisfactory method of 
heating, but to bring it within the possibilities of reasonable economic 
practice considerable skill in designing the furnace is essential. The 
type described and illustrated on p. 407 and Fig. 8 (Plate LX II), so far as 
the present authors are aware, is one of the best yet evolved, and is 
giving satisfaction in practice.
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In conclusion the authors would like to record their indebtedness 
for advice and assistance to many friends and colleagues. They are 
particularly grateful to Mr. A. F. Dixon, of Messrs. Brightside Foundry 
& Engineering Co., Ltd., builders of the forging and mill plant, and 
to Mr. A. Glynne Lobley, of Messrs. Birmingham Electric Furnaces 
Ltd., for valuable co-operation. They also desire to thank Messrs. 
The Mond Nickel Co., Ltd., through its Delegate Director, Mr. D. 
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D ISC U SSIO N .
D r . W. J . P . Roirtf * (M ember): I  should like to  congratulate the authors 

on the work described in this paper, which shows very clearly the nature of 
the development which may be expected in future so far as non-ferrous metals 
are concerned. The fact th a t the alloys w ith  which the authors have been 
dealing are of greater strength than steels a t rolling tem perature, and th a t 
their ou tpu t must, of course, bo much smaller than th a t of iron and steel, 
makes the problem even more complicated and difficult, and I th ink  th a t 
we m ust all admire the way in  which the authors have dealt w ith it.

This kind of work seems to  me to  bo a sort of link between iron and steel 
and the non-ferrous metals, so th a t this paper forms a  very suitable in tro 
duction for a jo in t meeting of the two Institutes. Perhaps i t  m ay be of 
special interest to look again into the same subject after another decade, and 
to  see then whether the general line of development has followed th a t de
scribed in the present paper or the other one dealt with in  the paper presented 
to  the London Local Section in  November 1931.

Dr. W . H .  H a t f i e l d  * (M ember): I  have read this paper w ith very great 
interest indeed. I  am one of those members of both Institu tes who fully 
appreciate the great value of these jo in t meetings. We in the steel world 
have much to  learn from those who are working in  the non-ferrous 
industries, but, if the authors will forgive me for making the observation, 
we are no t so much interested in the precious metals. Nickel is one of those 
metals which has a  great affinity for gold ! I t  seems in  a  mysterious way 
to  follow the fortunes of gold; and, speaking now as a  member of the Iron

* Director, Heraeus Vacuumsehmelze A.G., Hanau a. M., Germany, 
f Director of the Brown-pirth Research Laboratory, Sheffield.
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and Steel Institu te , I  th ink  th a t I  m ay say th a t wo shall be far more interested 
in the authors’ researches on nickel when the economic aspects of nickel aro 
such th a t we can really take a  practical interest in  th a t metal. I  hope th a t 
the authors will pass th a t on to  thoso concerned, who can be the means of 
encouraging th is greater interest which we should like to  take, since wo know 
th a t nickel is quite a  valuable m etal to  add to iron w ith a  view to modify its 
properties.

W ith regard to  the paper itself, there are only two points which I  should 
like to mention. .First of all, a  very im portant point arises in  Section 2 of 
the paper, where the authors saj' th a t they found it  necessary to  piano all 
the nickel ingots, to  machine the surfaces. T hat is probably one reason why 
the m etal is a t  such an uneconomic level; bu t it  would bo interesting if tho 
authors would explain technically w hat the difficulties aro as regards tho 
surface of these nickel ingots which necessitate those machining operations. 
Is i t  cold lapping or trapped slag, or is it  a  case of occluded gas being given 
off under tho skin w ith the formation of subcutaneous blowholes ? In  other 
words, if the authors can sta te  the nature of tho defects which make i t  necessary 
to remove th is metal, members of both Institu tes will probably learn a  good 
deal. Incidentally, i t  is conceivable th a t members of tho Iron  and Steel 
In s titu te  m ay be able to  give tho authors some helpful comments.

The only other point th a t I  wish to  mention is th a t emphasis has been 
placed on tho desirability of keeping these nickel ingots and nickel metals 
away from sulphurous gases. I  believe th a t th a t is necossary, bu t we do 
find in ferrous metallurgy 10, 12, 15, or 20 per cent, of nickel m ay bo added, 
and i t  would appear th a t those alloys are immune from action from tho 
sulphurous gases. T hat is a  very interesting fact.

Jlr. R u s s e l l  (in reply) : I  thank you for the very kind reception you 
have given to  our paper. Wo should have welcomed a critical discussion 
of some of the features embodied in  the plant, bu t perhaps in  tho w ritten 
discussion members will be good enough to  give us the benefit of their reactions 
to  our ideas.

Mr. B a r c la y  (in rep ly): We thank Dr. Rohn very much for his kind 
remarks. I  will see th a t Dr. Hatfield’s comment is passed on to  the proper 
quarter; personally, I  am  not responsible in  any shape or form for tho 
particular m atters to  which ho refers.

W ith regard to  tho necessity for planing nickel ingots, i t  is possible to 
produce quite respectable-looking material w ithout planing a t  all, bu t tho 
trade requires an extraordinarily high standard of finish of sheets, and one 
of our difficulties, particularly w ith pure nickel and very rich nickel alloys, 
is duo to the fact th a t we aro using magnesium as a desulphurizing and de
oxidizing agent. Anyone who has had experience in  casting rich nickel 
alloys to  which magnesium has been added will bo familiar w ith the difficulty 
of getting perfectly clean ingots. The metal pours, as the caster says, “  more 
like treacle than  like w ater,” and it is difficult to get a  perfectly clean surface. 
Wo do get a  very high standard, bu t we find th a t the operation of planing 
is a profitable one from the point of view of getting a  very high-grade finish 
on sheets and strips.

W ith regard to sulphur, I  quite agree w ith Dr. Hatfield th a t when nickel 
is present in  alloys to the extent of only 10 or 12 per cent, the sulphur problem 
is by no means so serious as wo find i t  to be in the case of the rich nickel alloys. 
In  the p lan t described in  the paper, we are dealing inter alia  w ith alloys of 
from 70 to 90 per cent, nickel content, and w ith pure nickel itself, and I  am 
sure th a t Dr. Hatfield will agree w ith me th a t with th a t class of material the 
problem of sulphur is serious,
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OBITUARY.
R o b e r t  B o w r a n , J .P ., died on October 24, 1932, a t  his homo in Gosforth, 
Newcastle-upon-Tyne, a t  the  age of 64. Ho had been active to  w ith in  a few 
days of his death, for, as Chairm an and Managing Director of Messrs. R obert 
Bowran & Co., L td ., he was a t  his office as recently as Thursday, October 13.

Mr. Bowran founded his Company in  1893, and on its incorporation in 1909 
became its  first Chairman and Managing Director, which offices he held un til 
the  tim e of his death.

For the past five years he had been President of the Newcastle Chemical 
Industry  Club, and was a  Member of the N orth-E ast Coast Engineers and 
Shipbuilders.

Eor m any years he was interested in the public life of his native tow n of 
Gateshead, being for some years a Councillor, and for over 20 years a Justice  of 
the Peace. In  th is public work his chief interest was concerned w ith the 
Education Committee. A part from this, his m ain interest lay  in  musical 
circles, and he was for over 30 years musical director of the Prim itive M ethodist 
Psalmody Association and conducted massed choirs of the d istric t in the 
Newcastle City Hall.

Notw ithstanding his intense application to  his business, Mr. Bowran 
found tim e to  bo of service in  m any directions of value to  others, and in ad 
dition to th a t already stated , his work as Chairman of the Newcastle Branch of 
the N ational Commercial Temperance League is w orthy of mention.

H is funeral, which took place a t  Gosforth on October 27, was attended 
by representatives of practically every firm and institu tion  connected w ith the 
engineering world, and the In s titu te  of Metals was represented by Mr. H . 
Dunford Sm ith and Mr. J .  W. Craggs, both Past-Chairmen of the Local 
Section. Mr. Craggs also attended as a D irector of R obert Bowran and 
Co., Ltd.

I t  can be tru ly  said th a t Mr. Bowran spent his life in the service of others. 
The evidence of ah  th is is in the affection w ith which his Staff spoke of him 
as the “  Guvnor.” They recognized in  him not only master, bu t friend.

Mr. Bowran joined the In s titu te  of Metals in  1911, and was always en
thusiastic in  promoting its welfare.

P r o f e s s o r  D ip l. -Inc. D r .  R u d o l f  H o ffm a n n  died suddenly on Sep
tem ber 7, 1932, on his return  from a  long excursion w ith  a  p arty  of his 
students.

He was born in  Ingurtosi, Sardinia, on Ju ly  23, 1873, and studied a t  the 
Bergakademie a t  Freiberg i. Sa., w here ho took his metallurgical degree in  1S98. 
In  1903 he was appointed D eputy Director of the chief works of the S taatlich 
Sachsischen H iitten- und  Blaufarbenwerken. Ho obtained his Assessor’s 
exam ination by means of his theses “  Advances of the L ast Twenty Years in 
the E xtraction  of Zinc by D ry and W et Methods and their Application to 
Conditions in Freiberg ” ( Jahrbuch fiir  Berg- m id Uiittemvesen in  Kgr. Sachsen, 
1904, pp. 19,107) and “ The Care of the W orker in  the G overnment Foundry.”

On November 1, 1906, he was appointed Professor of M etallurgy and  
Electrom etallurgy a t  th e  S taatlichen Bergakademie, Clausthal-i. H arz, and 
held this post for more than  twenty-five years.

Professor Hoffmann visited m any districts in  Germany in order to  study 
foundry conditions, and came to  England in  1909, when he took p a rt in the
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In ternational Congress of Applied Chemistry in  London, and in 1911 made a 
journey to Austria, the U nited States of America, Mexico, and Canada. He 
took p a rt in  the G reat W ar, and won the Iron  Cross, Second and F irst Class.

H e was the au thor of m any scientific papers, dealing chiefly w ith rolling 
processes of which he was th e  inventor and density determinations of metals 
in th e  solid and  liquid states, his m ost notable publications being the 
section on the metallurgy of the metals arsenic, lead, cadmium, copper, nickel, 
cobalt, silver, zinc, and zinc white in U llm ann’s “ Encyclopadic der technisehen 
Chemie,” and the section on “ General M etallurgy ” in  Kogler’s “  Taschenbuch 
fiir Berg- und  H iittenleute.”

Professor Hoffmann was a  member of the American In s titu te  of Mining and 
Metallurgical Engineers, the Electrochemical Society, Gesellschaft deutschen 
M etallhiitten- und Bergleute, the Deutsche Gesellschaft fiir M etallkunde, the 
Verein deutscher E isenhiittenleute, th e  Verein deutscher Chemiker, tho 
Verein deutscher Giessereifachleute, and the Bunsen Gesellschaft.

He was elected a  Member of tho In s titu te  of Metals on March 8, 1920.

H a r r y  A r t h u r  R u c k -K e e n e ,  an Original Member of the In s titu te , a 
Member of Council from 1922 to  1930, and Chief Engineer Surveyor of Lloyd’s 
Register of Shipping, died a t  his home in Finchlcy, London, on October 14,
1932, a t  the ago of 66.

The th ird  son of the Rev. B. Ruck-Keene of Copford, near Colchester, ho 
was educated a t  Cheltenham and on tho Continent. He served his apprentice
ship on the Tyne w ith  Sir W. G. Armstrong, Mitchell & Co., and R . and 
W. Hawthorn, Leslie & Co., L td. He rem ained w ith the la tte r company on 
the completion of his apprenticeship until 1890, when he was appointed an 
engineer surveyor to Lloyd’s Register. A fter serving the society, a t  Middles
brough, London, and Antwerp, he was appointed in  1907 as a  principal surveyor 
on the staff of Dr. Jam es T. Milton, then th e  chief engineer surveyor. In  
December 1908 he was prom oted to  bo assistant to  th e  chief engineer surveyor; 
and in  October 1921, on the retirem ent from active service of Dr. Milton, ho 
succeeded him as chief engineer surveyor.

Mr. Ruck-Keene was a vice-president of the Institu tion  of N aval Architects 
and of the In s titu te  of Marine Engineers, and he was a  member of tho In s titu 
tion of Civil Engineers, the Iron  and Steel Institu te , tho N orth-East Coast 
Institu tion  of Engineers and Shipbuilders, and the B ritish Association of 
Refrigeration. Ho was ono of the pioneers in  the developm ent of autogenous 
welding for boiler repairs in G reat Britain, for, so far back as 1907, ho contri
buted  a paper to  the Engineering Conference of the Institu tion  of Civil 
Engineers on th is subject. This paper was the first contribution to  a  B ritish 
technical society dealing w ith the possibilities of th is method of repair. In  
the same year he followed i t  by a  further paper on the subject, entitled, “  New 
Methods of Effecting Boiler Repairs,”  read before the In s titu te  of Marine 
Engineers.

In  his long term  of high office in  the service of Lloyd’s Register of Shipping 
he was recognized as a  leading authority  on tho far-reaching effects of the 
developments which occurred in  marine propulsion, and was prom inently 
associated in the m any am endm ents and additions made to  various im portant 
rules of the society. He coupled his wide technical knowledge and experience 
w ith a  personal charm of m anner which endeared him alike to  his colleagues 
and his many business friends. Mr. Ruck-Keene was an  enthusiastic sports
man. He was a keen golfer, and he also took a great and active in terest in the 
affairs of Lloyd’s Register cricket and rifle clubs.

M r .  L a  V e rn e  W a rd  S p r in g  died on March 23, 1932, at the age of 50.
H e was born in Coldwater, Michigan, and attended the U niversity of
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Michigan, from which lie graduated w ith an  A.B. degree in  chem istry. A fter 
serving for some tim e as chemist w ith  the Illinois Steel Company, South 
Chicago, 111., he accepted a sim ilar position w ith  the W olverine Portland  Cement 
Company. L ater ho returned to the Illinois Steel Company to  undertake 
metallurgical and superintendency work in the plate mill. In  1906 he became 
connected w ith the Crane Company, Chicago, w ith  whom ho rem ained to the 
day of his death. Here he served first as chemist, and was later placed in 
charge of the laboratories. In  1914 he was prom oted to  chief chem ist and 
metallurgist.

Mr. Spring, jointly  w ith J .  J .  K anter, received th e  Charles B. Dudley Medal 
in 1929. The medal was aw arded by the American Society for Testing 
Materials, following the presentation of a  paper on research on engineering 
m aterials. He was presented w ith a  posthumous John  A. Penton Gold Medai 
by the American Foundrym en's Association for outstanding scrvice to  the 
foundry industry.

H e was the au thor of an  interesting book on “  Non-Teclmical Chats on Iron 
and Steel ” and of m any papers for the technical press, one of which was an 
American Foundrym en’s Association exchange paper on “ Considerations and 
Tests for Cast Materials for High-Tem peraturc High-Pressure Servicc ” for the 
In s titu te  of B ritish Foundrym en, which was read in 1931.

j\Ir. Spring was a  member of the American Foundrym en's Association com
m ittees on cast iron, non-ferrous metals, and malleable iron, and represented 
th a t association and the American In s titu te  of Mining and Metallurgical 
Engineers on the advisory com m ittee to  the U.S. Bureau of Standards. H e 
also served on various comm ittees of the American Society for Testing Materials 
and was a member of the j oint American Society for Testing M aterials-Am erican 
Society of Mechanical Engineers com m ittee on research on the effect of tem 
perature on the properties of metals. He was also a  mem ber of the American 
Society for Steel Treating, the American Chemical Society, and the American 
In s titu te  of Mining and Metallurgical Engineers.

Mr. Spring was a  great lover of a r t ;  photography was one of his greatest 
hobbies and some of his landscape photographs won recognition in  nation-wide 
contests. He was also an expert player of several musical instrum ents.

Mr. Spring was elected a Member of the In s titu te  of Metals on March 8, 
1926.
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