
No. 1 1932

THE JOURNAL
O F T H E

INSTITUTE OE METALS

YOLUME XLVIII

E D IT E D  B Y

G. SHAW SCOTT, M.Sc.
S e c r e t a h y

The Right oj Publication and oj Translation is Re$erved

p C \ o Tą  

(POLITECHNiK,''

The Institule oj Metals is not rcsponsible cither for the statements madę or 
Jor tlie opinions expressed in  the Jollowing pages

LONDON 
PU B L ISH E D  BY T H E  IN S T IT U T E  OF METALS

36 YICTORIA STREET, LONDON, S .W .l 
1932

Copyright] [Entercd at Stationers' Iia ll



Form A. (Alembership Application)
Reed.....................

The INSTITUTE of METALS
3 6  V ic t o k ia  S t r e e t , L o n d o n , S .W .l.

Founded 1908. Incorporated 1910. / ^ y

------------------------------------------------------- 8 / B U o r E K A  w 1

!To the Secretary, 1 ' i  fi i |J y-/ j( ą gj ii
2Vie Institule of ileials.

No................

being...................yeara of age and desirous of beooming a f ........................................
Member of the I n s t it u t e  o f  M e t a l s , agreo th a t if eleeted I will bo governed by 
the Regulations and Bye-laws of tho Institute from timo to time oxtant and 
observe tho obligations imposed on Membors under tho Articles of Association 
of the Institute, and tha t I  will advanco tho interests of tho Instituto so far as 
may bo in my powor; and we, the undorsigned, from our personal knowledge, 
do hereby recommend tho said................................................................... for cleetion.

JJame of applicant in fuli...........................................................................................

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

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

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

Degreo and/or honorifie distinctions........................................................................

Dated tliis...................................day of.....................................................  19.......

Siguatures 
ot three 

Mtmbcra.

The Council, having approyed the above recommendation,
deolare the applicant to be duły eleeted as...........................................
M em b e r of th e  I n s t i t u t e  o f  M e t a l s .

To be GllecJ up 
by the 

Council.

36 V ic t o r ia  S t r e e t , Chairman.
W e s t m in s t e r , L o n d o n , S .W .l .

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

f  F o r  Q u a l if ic a t io n s  o f  M e m b e r s , s e e  R u l e  0, o t h e r  s i d e .

{It would be a concenience i f  the Candidate's Card were seni with this form.)



SIR HENRY FOWLER, K.B.E., ŁL.I)., D.Sc. 
Presideiit.

[Frontispiece.



EXTRACTS FROM THE RULES
(MEMORANDUM AND ARTICLES OF ASSOCIATION.)

MEMBERS AND MEMBERSHIP
Rule 5.—Members of the Institute shall be H onorarj Members, Fellows, Ordinary Members, 

or Student Members.
Rule 6.— Ordinary Members sball be of sucb age (not being less tban twenty-one years) as sball 

be determincd from time to time by tbe Council and/or provided in the Bye-laws. Tbey sball b3 
e ither:

(а) persons engaged in tbe manufacture, working, or use of non-ferrous mctals and alloys;
or

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

Studeiil Members sball be adinittcd and retained as Student Members within such limits of age 
[17-23 years] as sball be determincd from time to time by tbe Council and/or provided in the Bye-laws, 
and sball be either

(а) Students of Metallurgy; or
(б) pupils or assistants of persons ąualified for ordinary membersbip, whether such persons

arc actually members of tbe Institute or not.
Sludait Members shall not be eligible for election on the Council, nor sball tbey be entitled to 

vote a t tbe meetings of the Institute, or to nominate candidates for ordinary membersbip.
llulc 7.—Subject to the foregoing two clauses, and as hereinafter prorided, election to member- 

ship sball be by the Council, and all applications for membersbip sball be in writing in the form 
[overleaf] marked 4‘ A,” or such other form as may from time to time be authorized by tbe Council, 
and such application must be 6igned by tbe applicant and not less tban tbree members of the 
Institute.

Membersbip sball not begin until the entrance fee and flrst annual subscription have been 
paid.

Rule 8.—Application for membership as Ordinary or Student Members shall be submitted to 
the Council for approral. The names of the  approvcd applicants shall be placed on a list which 
sball be exhibited in the library of the Institute for a t least iifteen days immediately after the Council 
Meeting a t which such names were approved. Copies of such lists sball be supplied to the Secretaries 
of Local Sections of the Institutc for inspection by members, and in any other manner to members as 
may from time to time be prescribed by the Council.

Any objection to any candidatc whose name is so eshibited or notifled to members shall be 
made in writing to the Secretary within fwenty-one days of the date when the list shall first be so 
eshibited.

At a subseąuent Council Meeting the applications for membership of persons whose names shall 
hare  been so exhibited shall be further considered, and tbe Council may, in their absolute discretion, 
elcct or reject such applicants, and may refuse any application although preriously approred without 
giviug any reason for such refusal. Non-election shall not necessarily prejudice tbe candidate for 
election concerned in any futurę application for election.

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

the subscription of each Ordinary Member shall be £3 3s. per annum, and of each Student Member 
£11 s. per annum. Ordinary Membersshall pay an Entrance Fee of £2 2s. each and Student Members 
an Entrance Fee of £1 l i .  each.

Rulcs and/or regulations may be made by the Council from time to time for the transference of 
Student Members from th a t status to tba t of Ordinary Members, including the fising of an entrance 
fee to be payable on any such transfer of such a sum as the Council may from time to time prescribe, 
and/or the waiver of any such.

The Council may, in fising such sum, take into consideration the prior payment of entrance fees 
by Student Members.

Subscnptions sball be payable on election and subseąuently in adrance on July l s t  in each year, 
or otherwise as shall be deterinined from time to time by the Council and/or prorided in the Bye- 
laws.

DTJTIES AND OBLIGATIONS OF MEMBERS
Rule 12.—Every member shall be bound:

(а) To further to the best of his ability and judgment the objects, purposes, interests, and
influence of the Institute.

(б) To obserre the provisions of the Memorandum of Association of the Institute, the Articles,
and the Bye-laws.

(c) To pay a t all times, and in the manner prescribed, such entrance fees on election, such
fees on transference from one class of membership to another, and such annual sub-
scriptions as shall for the time being be prescribed.

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

Rule 13.—Every member, in all his professional relations, shall be guided by the highest principles 
of houour, and uphold the dignity of his profession and the reputation of the Institute.
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THE INST1TUTE OF METALS
S E C T I O N  I .

M INUTES OF PROCEEDINGS.

AXSTAL GENERAL MEETING.
Th e  T w o n - F o r K i H  Ax x c a l  G e n e r a l  M e e tesc  of th e  In s t i tn te  w as h eld  in  
th e  H ouse  of th e  In s r iru tio a  o f łfec h an ic a l E ngineers, S to rcy ’s  Ga te , W est- 
m in ste r, L ondon , S .W .1, on  W ed n esd ay  a n d  T h u rsd ay , I fa rc h  9 a n d  10, 1932, 
D r. R ich a rd  Seligm an, P re sid en t, occupying  th e  C hair a t  th e  opening of th e  
m eeting .

W id n u d a y , ila r c h  9 .
T h e  M inutes of th e  Anr.nal A u tu m n  H eetin g  held  in  Z urich  from  Septc-mber 

13 to  18, 1931, tre re  tak e n  a s  read .

W e LCOHE TO M d IEEES TECH OtEESEAS.
T he P e e s i d e n t  w elcom ed those  m em bers w ho h a d  com e fro m  overseas 

to  a r te n d  th e  m eeting , a n d  in  p a r ticu la r  I>r.-phil W . B o h n , M em ber, w ho a t-  
ten d ed  th e  m eeting  a s  re p re sen ta tiv e  o f th e  D eutsche G esellschaft fu r  M eta 11- 
tu n d e .

D r.-ph iL  W . R o h x  : I t  is  a  specia l p leasure  a n d  a  g re a t h o n o u r to  m e to  
b rin g  y o u  th e  v e iy  h ea rtie st g reetings of y o u r  G erm an s is te r  Society . W e are  
a lw ays h a p p y  to  ta k e  p a r t  in  th ese  m eetings, a n d  w e a re  g lad  to  be  ab le  to  
co -operate  w ith  y o u . W e a re  s o n y  th a t  th e  generał s itu a tio n  is n o t  o f th e  best, 
so  th a t  n o t  so  m an y  of o u r m em bers a s  u su a l a re  ab le  to  be  p re sen t a n d  to  tak e  
p a r t  in  th is  m eeting . W e w ere especially  g lad  th a t  a t  th e  la s t  G eneral M eeting 
o f o u r  Society  in  G erm any  w e h a d  th e  p leasu re  o f h a r in g  w ith  us D r. Seligm an 
a n d  D r. H u tio n , a n d  w e hope  th a t  th is  co -operation  w ill eo n tin u e  to  th e  m u tu a l 
benefit o f o u r  in s tim te s  a n d  to  th e  d e re lo p m e n t o f o u r  science a n d  th e  in d u stry .

T h e  PEESUiEST th an k e d  D r. R o h n  fo r  h is m essage.
T he S e c r k ia b t  M r. G . Shaw  S c o tt, iL S c .) tb en  p resen ted  th e  follow ing 

R e p o rt o f C o m je il:

REPORT OF THE COUNCIL
fo r  the. Y ear a td td  D ecem btr 31, 1931.

I s  i is  la s t  re p o rt th e  C ouacS deseribed  th e  y e a r  1930 a s  one of “  unpreecden tcd  
d is tc rb a n ce  in  th e  econoim c łife o f th e  w oridJ”

T h e  fa c t t h a t  th e  I n s l i to te  h as sińce passed  th ro u g h  tw e lre  m o n th s  of fa r  
g re a ie r  s ire ss  w itb o a t be ing  com peBed to  c tir ia il i ts  a c ir r it ie s  o r  to  d im in ish  
in  a n y  w-ay i ts  se rrice s  to  i ts  m em bers, to  science, o r  to  ind ust r y  should  give 
i t  co arage  to  face  w h a tev e r lies a h ead .

B a t  a  rsote o f w am in g  m u s t  b e  sounded , fo r  th e  fu li effects o f th e  d isastro u s 
coiidit k tns o b ta in in g  in  th e  w orki h a v e  n o t  y e t  been  fe lt, a n d  th e re  is  e re ry  
reaso n  to  t h a t  u n k s s  so s ie  n n e ip e c te d  tu m  fo r th e  b e t te r  ta k e s  p lace

Y O L. X L V IU . B
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the In s titu te  m ay be faceci witli grave difficulties before the year 1932 ia out. 
There is, thercfore, room neither for complacęney nor for any slackening of 
effort.

There aro, howcver, also eneouraging and hopcful elements in  the situation. 
Onee moro an increase of membership can bo recorded—tliis tim e alm ost 
double the increase achieved in 1930—and th a t in  spite of the faet th a t more 
members than  usual have found i t  impossible to  m aintain their conneetion 
w ith the In s titu te ; while death  has claimed twiee as m any vietinis as in 1930.

One featurc of this inereased membership, which is particularly gratifying 
a t  sueli a  tim e as the present, is th a t a num ber of firms, no t directly interested 
in tlie work of the Institu te , have rccognized the indircet benefits aeeruing to 
them  from its  activities, and liavc encouraged members of their tcelmical 
and other staffs to  apply for membership.

This sliould stim ulate those who are trying to secure fresli strength  for 
the In s titu te  among the large engineering firms and other users of non-ferrous 
metals. I t  should, a t  the samo tim e, furnish the m ost eonvincing argum ent 
witli which to  approach the many engineers and even metallurgists who 
rem ain outside the ranks of the Institu te , allhough largely depending on the 
work which it  is carrying on so energetically and so successfully. No one 
who gains advantage from th a t work should be willing to  leavc his sliare of 
the burden to  be borne by others.

In  one respect the year 1931 has becn defmitely less favourable th an  its 
predeeessors. L ast year the Couneil was able to  say th a t th e  In s titu te ’s 
finaneial position had been more than  maintained. The accounts presented 
this year tell the same or an  cven b e tte r tale, if allowanco bo made for certain 
non-recurring items of expenditure. Since they were made up, howerer, it 
has becn necessary to  trench upon the smali capital of the In s titu te—the 
exiguous savings of more than  tw enty years—to m eet the eost of publishing 
the exceptional num ber of papers offered during the year, no fewer than  forty  - 
two in  number. So far the Couneil has tliought it  b e tte r to  draw upon capital 
than  to decline to  publish the results of researches held to  be of value to  one 
branch or other of non-ferrous metallurgy, b u t i t  is obvious th a t there n iust 
be an early lim it to w hat can be donc in  this direction. I t  is essential, there- 
fore, if the work of the In stitu te  is not to  be curtailcd by sheer inability to  
defray the eost of publication, th a t new sources of income be tapped. I t  
is to be hoped th a t every mc-mber who has the true  interest of his profession a t  
heart will take his share in  the work of strengthening the position of the 
Institu te .

A substantial increase in the  num ber of members on the Roli of the 
In s titu te  is to be recordcd. On December 31, 1931, the to tals for the various 
elasses of Membership were as follows :—

R ot.l  o f  t h e  I n s t i t u t e .

Honorary Members 
Fellows
Ordinary Members 
Student Members .

. 214G 
74

2232
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The following table shows tlić growth in  the membership of the In s titu te  

during the past five years :—

Dec. 31, 
1927.

Dcc. 31, 
1028.

Dcc. 31, 
1029.

Dcc. 31, 
1030.

Dec. 31, 
1931.

Honorary Members 4 4 5 5 5
Fellows 2 2 9 7 7
Ordinary Members 1792 1900 2035 2083 2146
Student Members . 105 97 73 65 74

1903 2003 2122 21G0 2232

O b it t j a b y .

Losscs by death during the year were unusually numerous. Among the 
Original Members thus lost to  th e  In s titu te  were Sir H ugh Bell, B art., the  
H on. Sir Charles Parsons, and Colonel C. T . Heycock.

I n  addition to  the aboye the deaths of the following were notified to  the 
Secretary during th e  past year : Professor A. B a r r ; P . B row n; Thomas 
B row n; W . H . C olp itts; Sir Trevor D aw son; G. F itzB row n; W. C. G ray ; 
W. J .  Gregg; R . J a r ry ;  A. Laing; Colonel R . L aw ; Sir Jam es M eKeehnie; 
and Dr.-phil. L. R . J .  Nowack.

G e n e r a ł  M e e t i n o s .

Three General Meetings of the  In s titu te  were held during the past year— 
one th a t was partieularly  notable in  th a t it  witnessed the first A utum n 
Meeting of th e  In s titu te  to  take place in Switzerland. A t th e  Annual General 
Meeting, which took place in London on Mareh 11 and  12, fourteen papers 
were presented, and Dr. R ichard Seligman was re-elected P resident for a 
further year. The m eeting was followed by  a  D inner and Bance a t  the 
Troeadero R estau ran t. A t the seeond General Meeting of the year—the 
Twenty-first Annual May Lecture—a  discourse was delivcrcd by Mr. W . B. 
Woodhousc on « The Progress of Power Production.” The Annual A utum n 
Meeting, which took place in Switzerland from Septem ber 13 to  18, was well 
a ttended  by members from sixteen countries. No fewer th an  twenty-five 
papers, including the A utum n Lecture by Mr. U . R . Evans, M.A., on “  T hin 
Films in R elation to  Corrosion Problcm s,” were presented. Following the 
reading and discussión of these papers a t  Zuricli the members visitcd wmks 
in  Tarious parts  of Switzerland, in  the  course of the ir journeyings passing 
through some of the m ost beautiful portions of the country. A fter leaving 
Switzerland a  p a rty  of members visited Milan to  take p a rt in the In ternational 
Foundry Congress and to  visit- the E xhibiticn  arranged in connecticn there- 
with.

S p e c i a l  M e e t i n g s .

On February 20 an official visit of members was paid to  the B ritish 
Industries Fair, Birmingham, the p a rty  being entertained to  luncheon by the 
F air authorities.

On Septem ber 25 the In s titu te  paid an official y isit to  the Sliipping,
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Enginecring, and Machinery Exhibition a t  Olympia, a t  which tlie visiting 
membcrs were entertained to tea  by tlie Exliibition organizers.

The first jo in t mecting of th e  Institu to  and tlie Manchester Metaliurgical 
Society was lield in Manchester on October 7, when the President of the 
Institu te , Dr. R ichard Seligman, was present in support of the Chairman 
of the Society, Mr. J .  S. Glen Primrose. Four of the papers from the Zuricli 
Meeting of the In stitu te  werc re-presented and discussed. I t  is the hope 
of the Council tlia t similar joint mectings m ay be lield in Manchester and 
elsewhere.

P o s t p o n e d  A m e r ic a n  A u t u m n  M e e t i s o .

Througliout the ycar activo preparations werc continued in conneetion 
w ith the meeting which, as far back as 1928, had been planned to  be held 
in  the U nited States and Canada in  the autum n of 1932. L ast summer Dr. 
Poster Bain, the secretary of the invitm g body—the American In s titu te  of 
Mining and Metaliurgical Engineers—visitcd London in order to assist the 
Council in  giving finał sliape to  the programme for the American Meeting. 
A t the end of the year the disturbed financial and cconomic conditions pre- 
yailing in Europę and America made i t  necessary for the Council to  postpone 
the American Meeting, which was to  have been held jo intly  w ith the Iron 
and Steel Institu te . The American hosts of the two Institu tes , w hilst 
sym pathetically rcceiving the suggestion th a t the meeting be postponed, 
mado i t  ąuite  elear th a t they  wished the visit to  take place a t  the carliest 
opportunity. In  the meantime, plans werc set afoot by the Council w ith a 
view to hołd the fortheoming autum n mecting in  London jointly w ith the 
Iron and Steel Institu te.

P u b l ic a t io n s .

The year 1931 will bo memorable in the history of the In s titu te  in  th a t i t  
witnessed the publication of the Journal in  an entirely new form. U p to 
Decembcr 1930 forty-four volumes of the Journal had been published, these 
having appeared a t  half-yearly intervals sińce the foundation of the In s titu te  
in 1908. These Tolumes eonsist of two sections, of approxim ately the 
same number of pages, containing, in the first section, original papers and  the 
diseussions thereon, and in the second section, abstracts of the world’s m etal
iurgical literature. Since January  1931 the abstracts, together w ith an 
Editorial section, havc been published monthly, the two half-yearly “  Proeeed- 
in g s’1 volumes consisting entirely of papers and diseussions. The year’s 
publications include the issue of a  tliird yolume containing a re-issue, in  bound 
form, of all the abstracts issued monthly during the year, together w ith a 
fuli index to  these abstracts and the Proceedings. The Council has been glad 
to learn th a t this change in the method of issuing the Jow nal has m et w ith 
the widcly expressed approval of the members.

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

In terest in the work of the six Local Sections has been stim ulated as a 
result of the issue of the new monthly Journal, in  whicli tkere has been
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published, in advance of Cftoh Local Section meeting, a  synopsis of the paper 
to  be presented, th is being followed, after th e  paper had been read, by a 
sum m ary of the paper and any disoussion thereon. The particu lar thanks of 
tho In s titu te  are due to  th e  H onorary Secretaries of the Local Sections for 
th e ir co-operation in the work of collecting the m ateriał for these synopses and 
sum maries. The Council is appreeiatiye of the constant efforts m ade by 
the Committees and honorary offieers of the several Local Sections to secure 
useful programmes of papers, th e  la tte r being planned particularly  w ith a  
view to m ect the reąuirem ents of tliose engaged in local Industries. D uring 
the year the  annual g ran t from tho In s titu te ’s funds to  th e  funds of the Local 
Sections was increased from £120 to  £125.

L i b r a r y .

In  the last R eport a tten tion  was directed to  the increasing use th a t  had 
been mado of the L ibrary  facilities of the In s titu te , and  to  the fac t th a t  
members, a fter studying the abstracts published in the Journal, were applying 
to  the L ibrary for the originals of those th a t interested them . W ith  the 
publication of th e  m onthly Journal th is tendency has become much more 
m arked. I t  has become custom ary for the L ibrary to  receive, a  few days after 
th e  publication of tho m onthly abstracts, considerable demands for th e  
originals of the articles abstracted.

D uring the past year the num ber of yisits paid to  the L ibrary by members 
has increased, several members having como from the Continent to  spend 
sonie days in the L ibrary in order to consult literaturo which they were unable 
to  obtain elsewhere.

The num ber of periodicals received in  tho L ibrary  has increased, and 
m any valuable text-books have been added during th e  p as t year, these being 
noted in  th e  Bibliography published in  th e  m onthly issues of the Journal, 
where the additions are m arked w ith an asterisk.

Onee again liearty  thanks are offered to  Sir H enry Lyons, F.R .S., D ireetor 
of tho Science Museum, for his courtesy in allowing the In s titu te  to  borrow for 
its  members any  boolc, or periodical, contained in  the great Science L ibrary 
a t  South Kensington. Much increased use has been made of these facilities 
during the past year. The a tten tion  of members is particularly  directed to  
tho fact th a t  very few books or periodicals on scientific and teehnical subjects 
in  which they  are likely to  bo interested are now unobtainable for them . 
If  they are no t contained in the In s titu te ’s own speeial L ibrary  they  will be 
secured from the Science L ibrary through the In s titu te .

Overseas members are rem inded th a t  pho tostat copies can be obtained 
through the In s titu to ’s Library, b u t th a t  a certificate m ust be sent w ith the 
application sta ting  th a t tho copies are no t reąuired for sale, hire, or distribu- 
tion. The wording of tho certificate is given on p. 443 of Volumo X LIV  
(1930) of the Journal, and in the preface to  the abstracts of previous volumes. 
The In s titu te  does no t possess pho tosta t apparatus, so th a t copies have to  be 
prepared by a commereial office; the  charge mado to  members is th a t made to 
the In s titu te  by the photostat office. A t present, tho In s titu te  makes no 
charge for L ibrary serviee beyond th a t coming under the headings “ postages
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and “ fares ”  (to and from otlicr libraries and photostat offices to obtain boolts 
and prints for members). As the work is growing very rapidly, however, it  
m ay bo necessary to  engage outside assistance, a  proportionate share of tho 
cost of which would be debited to each member concerned, tlras enabling the 
L ibrary serrice to  be placed on an cconomic basis.

During the past year Mis8 L. Onistein, B.Se., was appointcd to  tho post 
of Łibrarian of tho In s titu te  in tho płaco of Miss C. Stenhoiise, F.L.A., who 
left the In s titu te  prior to hcr rceent marriage.

J o in t  B u i l d i n g  S c h e m e .

In  the appeal for a  Central Building in London for Scientific and Tcchnical 
Socictiesand Institu tions, which was issued in  February 1931 to the members 
of each of the constituent societies and institutions, i t  was sta ted  th a t options 
had bcen secured for a  lim ited period on a sito near W estm inster Abbey and 
th a t an estim ated sum of £350,000 would be reąuired to  defray the cost of 
tho complete building, ineluding t-hc purcliase of leases. I t  was furtlier 
mentioned th a t the options on the site would expire on June  24,1931, and th a t 
to  complete the purchase of the leases it  would be necessary to  securo £100,000 
in cash by th a t datę. Though a  considerable response was receivcd from the 
members of tho constitucnt societies and institutions—amounting in  all to 
£42,000—the sum availablo thus fell short of the £100,000 reąuired, and after 
careful consideration of all the  circumstances tho Council of Management 
deeided to  allow the options on the leases to  lapse. This involvcd the forfeit of 
the deposits and incidentals connected therewith, am ounting to  £3592 18.s. Id .— 
a sum th a t has been m et substantially by amounts contributed specifically for 
the purpose of im-estigation.

Tho acute financial and industrial conditions prevailing during th e  past 
year have rendered i t  impossiblo to securo certain substantial contributions 
which i t  had been anticipated would have bcen received. The Council of 
Management, thereforc, have had no alternative b u t to  postponc a  public 
appeal until national conditions liave improved.

Altliough regretting the conscąuent delay in proceeding w ith th e  project— 
imposed by conditions beyond their control—the Council of Management 
will no t re!ax their efi orts to  bring the scheme to  fruition a t  the earliest possible 
moment, and it  is hoped th a t financial and industrial conditions m ay improve 
and render i t  possible to  proceed w ith the scheme in the near futurę.

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

Rcpresentatives of the In s titu te  as follows were appointed by  the C ouncil:
Jubilee of the Society of Chemical In d u s try : Dr. R ichard Seligman, 

President.
B ritish Association Centenary : Dr. R ichard Seligman, President,
American Society for Testing Materials (Committee on Die-Cast Metals 

and Alloys): D r, W . Rosenhain, F.R .S., F .Inst.M et., Past-President.
Faraday Centenary Celebrations: D r. R ichard Seligman, President.
Empire Council of Mining and Metallurgical In s titu tio n s : Mr. A. H . 

Mundey, Member of Council, and  D r. Sydney W . Smith, A.R.S.M,
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H enri Moissan Commemoration : Dr. R . S. H utton , Vicc-President.
Association of Scientific and Teclinical Institu tions : D r. R ichard Selig- 

man, Prcsident.
Professional Classes Aid C ouncil: Mr. H. B. Wooks, Member of Council.
R am say Memoriał Laboratory Advisory Committee : D r. R ichard Selig- 

man, President.
B ritish Non-Ferrous Metals Research Association, In s titu te  of Metals 

Corrosion Research : Dr. R ichard Seligman, President, Sir H arold Carpentcr,
F.R .S., F .Inst.M et., Past-President, Mr. H . B. Weeks, Member of Council.

Third International Confercnce on Bituminous Coal (P ittsbu rgh ): Professor 
C. II. Dcscli, Member of Council, D r. F . N. Speller, Member.

B ritish Standards In s titu tion  :
Chemical Division.

Technical Committee C/3 Containcrs for H eavy Acids and  Cor- 
rosives : Dr. R ichard Seligman, President.

Teclmieal Committee C/G Chemicals and Chemical P lan t for Electro- 
plating : Dr. R . S. H utton , Vice-Prcsident.

Engineering Division (Mcchanieal Section):
Technical Committee ME/22 Marking and Colouring of Foundry 

Patterns : Mr. A. H . Mundey, Member of Council.
Technical Committee ME/25 Testing of Metal Sheets and  S tr ip s : 

Dr. W . Rosenhain, F .R .S., F .Inst.M et., Past-President.

Non-Ferrous S ection :
Non-Ferrous M etallurgy Industry  Committee N F /- :  D r. W. Rosen

hain, F.R .S., F .Inst.M et., Past-P resident; Mr. F . Tomlinson, 
Member of Council; Mr. H . B. Weeks, Member of Council; Mr. G. 
Shaw Scott, M.Sc., Secretary.

Technical Committee N F/1 , Copper: Mr. F . Tomlinson, Member of 
Council; Mr. G. Shaw Scott, M.Sc., Secretary.

Technical Committee N F/2 , Cast B ra ss : Mr. H . B. Weeks, Member 
of Council.

Teclmieal Committee N F/3 , W rought B ra ss : Mr. F . Tomlinson, 
Member of Council.

Technical Committee N F/4, Cast B ronze: Mr. H . B. Weeks, Member 
of Council.

Teclmieal Committee N F/6 , Speeial Alloys of C opper: Mr. F .
Tomlinson, Member of Council; Sir. II. B. Weeks, Member of 
Council.

Teclmieal Committee N F/8 , Z in c : Professor T . Turner, M.Sc., 
A.R.S.M., F.Inst.M et., Past-President.
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CORRESPONDING MEMBERS TO THE COUNCIL.

Valuablo services have continued to  be rcndered to  the In s titu te  during 
the year by the following Corresponding Members to  the Couneil, to  each of 
whom the Couneil desires to  express its  th a n k s : Mr. H . N orm an B assett 
(E gypt); Professor C. A. F . Benedieks, Ph.D . (Sweden); Monsieur L. Boscheron, 
O.B.E. (Belgium); Professor P . A. J .  Chevenard (France); Mr. W . M. Corse, 
S.B. (United States o f America); Professor J . N . Greenwood, D.Sc. (Australia); 
D r.-lng. M as H aas (Germany); Dr.-Ing. E . Honegger (Switzcrland); 
Mr. Pt. Mather, B.Met. (India); Professor G. H . Stanley, A.R.S.M. (South 
Africa); Professor A. Stansfield, D.Sc., A.R.S.M. (Can ad a ) ; and Professor K . 
Ta wara, Sc.D. (Japan).

I t  was partieularly gratifying to  the Couneil th a t four of their abovc- 
mentioned Corresponding Members were able to  participate in  a  meeting of 
the Couneil th a t was hcld in Zurich in September 1931.

Signed on behalf of the Couneil,
R ic h a r d  S e l ig m a n , President. 
H e n r y  F o w l e r , Vice-President.

Fehruary 8, 1932.
G. S h a w  S c o t t , Secretary and Editor.

APPENDIX. 
LOCAL SECJTIONS’ PROGRAMMES, 1931-32.

B IR M IN G H A M  LO CAL SE C T IO N .
Chairman : T. G. B a jif o b d ,  M.Sc. Ilon. Secretary : R. C. R e a d e h , 51.Sc.,

Ph.D., Servico Castings Company, 
King’s Road, Tyseley, Birmingham.

1931. P rogramme.
Oet. 22. S i r  W il l ia m  L a r k e , K.B.E. Inaugural Address.
Oct. 31. D i n n e r  a n d  D a n c e .
Kov. 12. Open D isc tjssion  on “ Mechanical Testing.” (Oponed by W. A. 

B e n t o n .)
Nov. 26. W. F. B r a z e n e r . “ The Casting of Tougli-Pitch Copper."
Dec. 10. R. J a c k so n . “ Pulverized Fuel.”

1932.
Jan. 12. J . H. G. M o n y p e n n y . “ Recent Developments in Stainless Steels.” 
Jan. 21. A. B u r s t a l l , D.Sc. “ The Testing of Electric Welds.”
Feb, 4. X. P. A l l e n , M.Met. “ The Dilatometer in tho Study of Steels.”
Mar. 3. S. L. A b c h it o t t . “ Gases in Metals.”
Mar. 17. R. G e n d e r s , M.B.E., M.Met. “ The Extrusion of Metals.”

Tho papers form part of a joint programme arranged by the Co-Ordinating 
Committee of the Birmingham Metallurgical Society, the Staffordshire Iron and 
Steel Institute, and the Birmingham Local Section of tho Institute of Metals.

Tho Meetings are held in the Chamber of Commerce, New Street, Birmingham, 
a t 7 r.M. (unless otherwise stated in tho monthly notices).
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LO ND ON LO C AL SE C T IO N .
Chairman: W. T. G r i f f it h s , M .S c. Hon. Secrelary : J . M cN e il , A.R.T.C.,

Tho Mond Nickel Co., Ltd., Thames 
House, Millbank, S.W .l.

1931. P r o g r a m u e .

Oct. 8. W. T. G r i f f it i i s , M.Sc. Chairman’s Address.
Kov. 12. W. J . P. R o h n , Dr.pliil.nat. “ Somo Rcccnt Advanecs in Rolling 

Plant.” (Mecting a t the Royal School of Mincs, South Kensington, 
S.W.)

Dec. 10. G. L. B a il e y , M.Sc. “ Deoxidizcrs and Fluxes.” (Joint Meeting with 
the Institute of British Foundrymen.)

1932.
Jan. 14. G. D. P r e s t o n , B.A. “ X-Ray Examination of Alloys.”
Feb. 10. II. S u t t o n , M.Sc. “ Some Recent Advances in Protective Coatinga 

on Metals.” (Joint Meeting with the Electroplaters’ and Depositors’ 
Technieal Society a t the Northampton Polytechnic Institute, St. 
John’s Street, a t 8.15 f.m.)

Mar. 17. H. J. Gouoh, M.B.E., D.Sc., Ph.D. “ The Efficacy of Testing Methods.”
A p l. 14. A n n u a l  G e n e r a l  M e e t in g . Open Discussion on “ Welding, Brazing, 

and Soldering.”

The Mcetings aro held in the Rooms of the Society of Motor Manufacturers and
Traders, Ltd., 83 Pall Mail, S.W.l (unless otherwise stated), a t 7.30 r.M.

N O R T I I -E A S T  C O A S T  L O C A L  S E C T IO N .

Chairman : J . W. Cr a g g s . Ilon. Secrelary and Treasurer: C. E.
P e a r s o n , M.Met., Armstrong College, 
Newcastle-on-Tyne.

1931. P r o o r a m m e .

Oct. 13. J . W. Cr a g g s . Chairman’s Address.
Nov. 10. A. H. M u n d e y . “ Die-Casting.”
Dcc. 8. -T. T. L o w e . “ Industrial Heat-Treatment Furnaces.” (Joint Mecting

with Society of Chemical Industry.)
1932.

Jan. 12. R. D o w s o n , B.Sc., S. G. H o m f r a y , B.A., and A. L o g a n . “  D e fcc ts  
in Non-Ferrous Castinga.”

Feb. 9. N. P. A l l e n , M.Met. “ Some Causes of Unsoundness in Xon-
Ferrous AHoys.” (Joint Meeting with Newcastle Brancli of the 
Institute of British Foundrymen.)

Jlar. 15. R. D. Burn, M.Sc. “ Refining of Copper.”
A n n u a l  G e n e r a l  M e e t in g .

The Meetings are held in the Electrical Engineering Lecture Theatre, Armstrong 
College, Kewcastle-on-Tyne, a t 7.30 r.M.
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SC O T T ISH  LO CAL SE C T IO N .

Chairman: II. II. A. G r e e r , J.P . Ilon. Secretary : H a r o ld  B u l l , Messrs.
Bull’s Metal & Melloid Co., Ltd., 
Yoker, Glasgow.

1931. P r o g r a m m e .
Oct.. 12. L. S iio r t . “ Some Bandom Beflcctions on Industriai Problcms and 

Economics.”
N o t . 9. W. L . G o v ie r . “ Experienccs with Somo Electric Fumaces for Mclting 

Copper and Copper Alloys.”
Dec. 14. J . A r n o t t . “ New Alloys in the Brass Foundry.”

1932.
Jan. 11. H. C. B ig o s . “ Somo Propertics of Fire-Bricks.”
Feb. 8. B. B. D e e l e y , B.Sc., A.R.S.M. “ Aluminium-Silicon Alloys—Their 

Propertics and Somo Applications.”
Mar. 14. A n n u a l  G e n e r a l  M e e t in g .

J . Stirling. “ Somo Notes on Condenser Tubes and their Packing.” 
J . W. Donaldson, B.Sc. “ Non-Ferrous Alloys in Marinę Engincering 

—Somo Becent Bevelopments.”
The Meciings are held in the Booms of the Institution of Enginccrs and Ship- 

buildcrs in Scotland, 39 Elmbank Crcscent, Glasgow, a t 7.30 p .m .

SH E F F IE L D  LO CAL SE C TIO N .
Chairman : E. A. Sm it h , A.R.S.M. Hon. Sccrdary: H . P .  G a d s b y , Assoc.

Met., 193 Sandford Grovo Road, 
Sheffield.

1931. P r o g r a m m e .
Oct. 9 . W. B o s e n h a in , D.Sc., F.Inst.Met., F.B.S. “ Gases in Metals.” 

(Conjoint Meeting with the Sheffield Soeicty of Engineers and 
Metallurgists.)

K ot. 13. E. A. S m i t h , A.B.S.M, “ Engincering Silver Solders.”
Dec. 1. S y d n e y  W il k in s o n . “ The Teehniquo of Enamclling.”

1932.
Jan. 15. A. Weacg, B.Sc. “ Stresses in Metals.”
Feb. 12. H. W. B r o w n s d o n , M.Sc., Ph.D., and E. H. S. van  S o m e r e n , B.Sc.

“ Spectrographic Methods of Chemical Analysis.” (Conjoint Meeting 
with tho Sheffield Societ.y of Engineers and Metallurgists.)

Mar. 4. W. R. B a r c la y , O.B.E. “ Defccts in Spoon and Fork Blanks.” 
(Conjoint Meeting with the Sheffield Tcchnical Trades Society.)

The Meetings are held in the Non-Ferrous Seetion of tho Applied Science 
Department of the TJniversity, St. George’s Squarc, a t 7.30 p .m .

S W A N S E A  LO CAL SE C TIO N .
Chairman : A . M . K e m p so n . Ilon. Secretary : B o o s e v e l t  G k i f f i t h s ,

M.Sc., Metallurgical Department, TJni- 
yersity College, Singleton Park, 
Swansea.
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Oct. 13.
Nov. 10.

Dec. 8.

1932.
Feb. 9.
Mar. 8.

1031. P r o c r a m m e .

A. M. K ejitson. Chairman’s Addrcss.
P r o f e s s o r  I). H a n s o n , D.Sc. “ Some Causes of Unsoundness in 

Non-Ferrous Alloys.” (Paper read by I. G. S la te r ,  B.Sc.)
A. L. N o r b u r y , D.ScT. “ Uso of Cast Iron in the Non-Ferrous 

Industry.”

E. Evans, B.Sc. “ Zinc—the Utility Metal.”
R o o s e v e l t  G r i f f it h s , M.Sc. “ Metallography in Industry.”
A n n u a l  G e n e r a ł  M e e t in g .

Tho Meetings are held a t the Y.M.C.A. a t 6.15 P.M., unless othcrwise stated. 
Tca served before Meeting.

The P r f .s id f .n t , in  moving tho adoption of tho R eport, said : I t  is 
customary for tho President to  m ore tho adoption of tho R eport of tho Council, 
and to  say a few words on tho salient points in it. I  havc noted threo 
paragraphs to  which to direct your particular attention . The m ost iniportant, 
probably, is the second, which tells you th a t, in spite of everything which lias 
occurred during the last ycar, we haye becn able to  carry on our mission. T hat, 
I  th ink, m ust bc a source of gratification to  all thoso who are connected w ith 
the In s titu te  or who are connected w ith tho much larger field which tlio 
In s titu te  attem pts to  scrve. I  m ust a t  the same tim c emphasizo the notc of 
warning contained in the nex t paragraph, which points ou t th a t  wc have no t 
ye t felt the fuli weight of the terrible conditions existing in  tlio world. Pcr- 
haps i t  m ay bc safe to  say th a t a t  the present mom ent ono can ju s t see a  littlo 
light alm ost from beyond the horizon, and th a t wo m ay liope th a t before very 
long the rim  of the sun itself will be showing. I  th ink  th a t I  am righ t in 
saying th a t the signs of im provem ent a t  present show only in  this co im try ; 
b u t th a t  should be good news for everybody. I  have never spoken on behalf 
of the Institu te , either hero or in other countries, w ithout testifying to  my 
belief th a t we, a t  any ratę, can never benefit, nor can cver bc happy or wcll, 
unless all o ther peoples are in  the same happy condition as we would like to  be. 
If th a t be true, i t  is evcn more true  to  say th a t  unless this country and its 
institutions, and its Institu tes perhaps, are thriving, nono of the  res t of the 
world can rcally be prosperous. Thcreforc I  liope th a t all our many overseas 
members will feel th a t if we herc are beginning to  see the light, i t  will no t bo 
verv long before i t  reaches them.

The nex t point to  which I  wisli to  direct your a tten tion  concems the A utum n 
Meeting, rem arks on which are to  be found on p. 4. I t  is sta ted  there th a t tho 
Council had set about trying to  organize a  jo in t meeting in the A utum n w ith 
the Iron and Steel Institu te . I  am happy to  be able to  inform you th a t th a t is 
now assured. The two Institu tes will m eet together in Septem ber, and I  am 
further able to  say tha t, a t  a  smali meeting which has becn held for the purpose, 
the organization was pu t on foot, and I  th ink  th a t there is every hope th a t we 
shali havc a  thoroughly successful jo in t meeting. I  am  particularly glad to  bo 
able to  say this. I t  oflers to  all the members of both Institu tes an opportunity  
to  get together and to  solvc their problems together, which I  th ink  cvery mem
ber of the In s titu te  of Metals will take, and  will use to  the fullest extent.

The nex t paragraph of the R eport is one dealing w ith the Local Sections. 
The Local Sections are amazingly aliye. I  am particularly glad to  be able to 
testify to  this. I t  has been m y good fortunę to  be able to  be w ith all of them  
a t  least once during the year, and I  can assure all members th a t the ir sp irit 
continues in the fullest a c tm ty . I  th ink  th a t n o t only are the thanks of 
the Council due to  tho local sccretarics and their eommittees, b u t th a t the
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thanks of tho local members and the associates aro especially due to  tliose 
gentlemen. The associates are, as we all know, no t regular members of the 
Institu te, bu t w e  have Y ery  fratem al feelings towards them  and I  am glad to 
say th a t the Council has reeently been considering some smali steps which i t  
hopes to be able to  take to  further their interest in the In s titu te  and to  help 
them  in their daily work.

I  now come to my last point, which is no t in  the R eport, b u t which deals 
w ith the year’s work” We have had on seyeral occasions during the year, no t 
demands bu t reąuests from hard-pressed members (and I  am sorry to  say there 
are many members who aro liard-prcssed a t  the present time) as to w hether we 
could not easo the burden on them , either by rcducing subscriptions or in  
somo other way. We have listened wTith  keen sym patliy to  suoh reąuests, bu t 
a t  present we sec no means of complying with them . There are only two ways 
to  my mind by which ono can case th a t burden, because, as the Treasurer’s 
R eport will show you very shortly, we have nothing to  sp a re ; on the contrary. 
One is to  rcduce our seryices to  our members,—and th a t, I  think, would bo a 
very retrograde step for us to  take—and the other is to  try  by all means to  
securc such collaboration betwecn ourselvcs and other kindred societies as will 
enable us to  stop some of tho great am ount of overlapping which goes on, and 
in th a t way constructively recluce the burden on our members. To th a t our 
attention  is dcfmitely directed, and altkougk the road m ay bo long I  hopo th a t 
ultim ately wo shall reach th a t goal.

Mr. H . Sutton, 5I.Sc., Member (Farnborough): I  have great pleasure 
in seconding the motion for the adoption of the R eport of Council, which I  
believe to be a  particularly good ono even in spite of difficulties which have been 
inordinatcly great during the present year. I  am much impressed by the fact 
th a t we have on our Council a large group of mon each of whom is indiyidually 
very busy ; and, if I  m ight say a word to  the Council as an ordinary member of 
the Institu te, I  would rem ark th a t you are making a great sacrifico in deyoting 
your time, energy, and consideration so carefully and offectiyely to  the interests 
of the Institu te.

I  was pleased as an indiyidual to  be called on to  second this m otion, because 
i t  giyes me the opportunity to  say one thing about the In s titu te  of Metals which 
I  have always felt very sincerely, and th a t is this : I  belong,like m ost of you, 
to  seyeral societies, some British and some liaying their headąuarters in  other 
countries, bu t my ideals of the organization and conduct of a seientific society 
aro more closely approaehed by the In s titu te  of Metals than  any other society 
I  know.

There are three portions of this R eport to  whieh our Prcsident did no t refer 
in detail. I t  is a  splendid Report, and there are m any things in i t  which are of 
great im portance; b u t I  should like to  refer briefly to  three sections which 
have interested me yery much.

As regards the publications, the monthly issue of the abstracts has been of 
immense seryice to  mo personally. I t  is a  nice little  yolume which goes com- 
fortably in m y bag and is carried w ith me on tra in  joum eys. I  can read 
in the odd moments which aro a t  m y disposal, the  various items of news of 
what other peoplo are doing and I  find i t  of real assistance.

As regards the Local Sections, I  can see from the accounts in our own 
Journal and in the tcchnical press th a t a  yery fine selection of practical papers 
has been given by members and others to  the Local Sections. T hat is a  very 
fine work. I  am surę th a t we all feel th a t the Council is doing splendid work in 
encouragmg it, eyen a t  some little  expensc.

Lastly, I  would just mention the Library Seryice. I  occasionally wish to 
refer to  ra ther abstruse literaturo, and I  hayo yet to  beat the In s titu te  of 
Metals’ Library when in search of a  remote journal. I t  is a  yery yaluablo
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service to  tliose of us who aro situatcd  a t  some distance from tho moro im- 
portan t libraries, to  be ablo to  sond a note to  the In s titu te  and to  receive by 
post on the following morning some journal containing an  article of special 
interest to us. T hat is a  w ork which has been going on for a  lont; tim e w ith 
increasing efficieney and importanco.

I  do no t wisli to  say any more, except this—th a t I  am  purposely refraining 
from touching upon the financial situation. I  liave the impression tlia t in 
normal times in any society which is busy w ith  its own affairs, and is healthy 
and prosperous, the financcs are all right.

The motion for the adoption of the R eport was then  p u t to the meeting and 
carried unanimously.

Professor T. T u r n e r , M.Sc., A.R.S.M., F.Inst.M et., Past-President and 
Chairman of the Finance Committee, then  presented, in  the absence of Mr. John  
F ry  through a bereavement, the R eport of tho H onorary Treasurer :

R E PO R T  OF T H E  H O N O RA RY  T R E A SU R E R  

(Mr . JO H N  FR Y .)

For the Financial Year ended Jwne 30, 1931.
The Accounts of the In s titu te  for the twelve m onths ending June  30, 

1931, are no t ąu ite  so simple or so easy of explanation as they liave been 
in previous years.

I t  is difficult, if no t impossible, to  make a fair comparison of the accounts 
for 1930-31 w ith those of tho previous year beeause of tho change th a t took 
place during the former period in the m ethod of issuing the Journal. Tho 
inauguration of our new m onthly Journal of “  Metallurgieal A bstracts ”  m eant 
ra ther a roTolution in  our finances. Wo aro now paying our prin ters’ bill 
m onthly instead of half-yearly; and therc is also a  lag in th e  receipts of 
advertiscm ent revenue—a souree of incomc th a t is steadily growing in mag- 
n itude—which tem porarily dislocates the In s titu te  finances. Our nex t set of 
accounts will still no t bo strictly  comparable w ith  those before you, and will 
show an apparent considerablo exeess of expenditure over income due to  the 
new method of publishing—and paying for—tho Journal. In  fact, i t  will no t 
be until we have ended tho financial year 1932-33 th a t our accounts will 
begin to  be directly comparable w ith those of fu turę  years.

Our excess of expenditure over income of £751 Cs. 4d. is largely explained 
by w hat I  have said above. The debit balanee is also swollen by a non-recur- 
ring charge of £248 75. 5d. representing legał charges in eonnection w ith our 
sueeessful income tax  appeal, an  expendituro which has already been more 
than  recouped by the am ount th a t we should have had to  pay  for “  baek ” 
years had wo lost tho appeal. If we had ineluded—as we did until 1928-29 
—in our Income and Expenditure Account the am ount received for Entranco 
Fees—£429 8s. 5d. last year—our debit balanee would have been still fu rther 
reduced. As i t  is, th a t useful am ount goes to  tho Entranco Fees Account 
and now shows in  the Balanee Sheet.

Tho Council is satisfied th a t we aro no t actually  spending moro money 
on the production of our Journal under the  now m ethod than  prcviously. 
The transition stage will explain itself financially in due course.
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Turning now to the Balance Slicot, referenee lias already been made to 

E ntrance Fees. On tlic assets sidc, i t  wili bo noted tb a t the stock of Journals, 
always conservativcly valued, shows an  inerease of £356 12.s. Gd., and also 
th a t a  further £1,000 of W ar Loan was purchased. This was a tom porary 
mothod of employing surplus cash. The stock bas sinco been sold. Beyond 
theso items there are only slight changes, w ith th e  cxception of the Journal 
Account, which, as explaincd above, is in a  stato  of ovolution.

The Incomc and Expenditure Account shows th a t the annual subscriptions 
aro down by £56. A substantial loss occurred on A ustralian subscriptions, 
which the Council acceptcd in dcprcciatcd A ustralian currency to  assist 
members during a t-ime of fłnancial crisis.

In tercst on W ar Loan is up by £50, on account of tho inereased invest- 
ment, and for tho same reason Bank interest is down by £29.

On the expcnditure side, salaries aro up by £163, due to  staff additions 
necessitatcd by tho Institu to ’s ever-inereasing aotivities.

R ent, Telephone, Lighting, and Insurance show an inerease—of £71— 
reflecting tho In s titu te ’s new ac tm tie s  and staff additions, wliilst tho item  
Subscriptions and G rants to local Sections, a t  £38, also shows a  slight 
growth.

Printing and S tationery is down by £200, as th is year we have refraincd 
from reprinting the L ist of Members. L ibrary Expenses aro down by £26, 
and Expenses of Meetings are reduced by £12.

Other slight alterations aro to  bo expected in  the comparison of any 
annual exponditure, and do no t cali for special comnient.

The In s titu te  of Metals, like m ost institutions, has had an  anxious tim e 
fuiancially during the year under review. So far, i t  is weathering the storm 
moderately well, although the anxiety continues, and the Council invites all 
tho support which members can possibly give.

Professor T. T u r n e r , M.Sc., A.R.S.M., F .In s t.M et.: You will, I  am  suro, 
all feel deeply w ith Mr. P ry  in  the eircumstances which have led to  his absenco 
to-day. Tho R eport which he has prepared shows th a t  th e  accounts of tho 
Institu te  are not quite so simple or easy of explanation as they have been in 
previous years. I  may say th a t I  expect a t the end of tho present financial 
year th a t we shall have an even more disconcerting report than  we have a t  the 
m om ent: b u t i t  is merely a  ąuestion of cash and no t of C a p i ta l .  In  futurc 
yoars we believe th a t these things will adjUst themselves.

Our cxcess of expenditure over income is £751, b u t of th is £248 represents 
legał charges for the successful appeal against income-tax assessment, and this 
has already paid itself,

The Council is satisfied th a t we aro no t actually spending moro money on 
the production of our Journal under the new method th an  previously. The 
transition stage will explain itself financially in due course.

We had tem porarily invested money which we had in  tho Deposit Account 
and it  was intended to  seli this. W e'had  to  sell i t  a t  a  bad timc, and un- 
fortunately we lost something like 7 per cent. on the sale, while we had been 
getting 5 per cent. interest in  the meantime. The n e t result of w hat we 
thought was going to be a good investm ent was a  loss.

Mr. H . B. W EEKS> ^Jlember of Council, seconded the motion, which was 
p u t to  the meeting and carried unanimously.
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E l e c t io n  o f  O f f io e r s  p o r  1932-1933.

The S e c r e t a r y  read the following list of officers eleeted to  fili vacancies o n  
the Council for the year 1932-33 :

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

Vice-Presidertfs.
W. R . B a r c l a y , O.B.E.

H . M o o r e , C.B.E., D.Sc., Ph.D.

Members o f Council.
M a u r ic e  S. Gibb, C.B.E., J .P .

R .  L l o y d  G i b b i n s .
E. L. M o r c o m ,  M.A.

J a m e s  S t e v e n .
W. G. T u r n e r , O.B.E.

H . B. W e e k s .

V o t e  o r  T h a n k s  t o  t h e  C o t jn c il .

Professor Dr.-Ing. G e o r g  S a c h s , Member (Frankfurt-am-M ain, G erm any): 
The task  has been allotted to  me on th is occasion of expressing on behalf of 
the members of the In s titu te  our thanks to  the Members of the Council for 
their services during the past year. I  th ink  th a t i t  is rare th a t one can con- 
g ratu late the Council so sincerely as in  this instance. In  these days of generał 
economic confusion and w ant of confidence in  teehnical progress, i t  m ust bo 
regarded as a great achievcment to  m aintain an  existing position. The 
Council of the In s titu te  has no t only accomplished this, b u t has sueeeeded in 
continuing the same astonishing ra te  of inerease of membership as in the last 
decade, and in  improving the scientific position of the Institu te . W e m ay tekę 
th is as an  indication th a t  the fundam ental ideas which havo brought us 
together as an In s titu te  will no t only in  the futuro m aintain their strength, b u t 
will continuo to  inerease in  im portance in  regard to  the other progressive 
branches of teehnology. In  this sense we in  Germany appreciate very much 
the efforts of the Council to  prom ote international co-operation in  m etallurgical 
work, and I  would like to  extend once more to  the Council the m ost cordial 
thanks of the members of the Institu te , and especially tho thanks of the 
overseas members.

The vote of thanks was then  p u t to  the meeting and earried unanimously.

The P r e s i d e n t  : I  thank  Professor Sachs T e r y  c o r d ia l ly  on behalf of the 
Council for the friendly words he has spoken, and you, ladies and gentlemen, 
for the w ay in which you have receivcd his suggestion. The Council has 
undoubtedly had a very difficult task  during the past year. T h a t i t  has 
performed i t  to  your satisfaction m ust be a source of satisfaction to  them  
also. I t  is especially pleasing to  us to  feel th a t the thanks of the members 
can be voieed by one of its  very distinguished overseas members. We shall 
never forget the fact th a t our province is tho world, and  i t  is pleasing to  feel 
th a t our efforts to  draw  all metallurgists together are appreciated overseas. 
Ju s t  recently the Council has been in communication through me w ith every 
one of its German members, and it  has been a  real pleasure to  receive from 
them  replies encouraging us to  proceed w ith  our work. Professor Sachs has 
expressed his thanks to  th e  Council. I  th ink, if I  m ay say so a t  this stage, 
th a t the thanks of the members are a t  least eąually due to  the staff of the 
Institu te . Tho work they  liave done under tho leadership of Mr. Shaw Scott 
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and  Sir. Guillan has becn Horoulcan work. I t  has bcen “ twcnty-four hours 
a day work,” if I  m ay use a phrase which Dr. H utton  used a  little  while ago, 
and their only regrct seems to  be th a t there are no t a  few more hours in  the 
day in which to work. Their duties have bcen very harassing and strenuous. 
They are carrying them out to the adm iration of cvery member of the Council, 
and ccrtainly to  the admiration of those of us who are elosely connected w ith 
the working of tho Institu te . Professor Sachs, I  thank you very cordially for 
tlio friendly words you have spoken.

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 .
The S e c k e t a k y  announeed th a t tho following members and student 

members had bcen electcd on Octobcr 29 and Deccmber 17, 1931, and January  
21 and February 18, 1932.

M e m b e r s  E l e c t e d  o n  O c t o b e r  29, 1931.
B a l d w in , T o n i .
B e n t , Quincey, B .A . . 
B e t t e r t o n , Jeasc 0 . .
B r o w n , William H., Ph.D. . 
D a v y , 0 . H u in p h re y  . 
D a w id e n k o w , Professor N. N. 
F r a n c is , Edgar Llewellyn, M.Sc. 
H e u r t a u l t , H ene  
H il l , Erie Gladstone, B.S. . 
I a c iiin o , Commander Angolo 
dc R r u y f f , Herman .
L o n e s , John Arthur .
M e u c h e , Hans Kugen 
M o u l d , Albert Barton 
S p e r k , Charles . . . .
S w a r t z , Torrence Albert, M .S.

Roehdalc.
Bcthlehcni, Pa., U.S.A.
Weśtfield, N .J., U.S.A.
Manila, Philippine Islands. 
London.
Leningrad, U.S.S.R.
Stockport.
Paris, Franco.
Coatcsville, Pa., U.S.A.
London.
Utrecht, Holland.
Birmingham.
Wcttingen (Aargau), Switzcrland. 
Birmingham.
Kladno, Czechoslovalda.
Prince Bay, N.Y., U.S.A.

St u d e n t  M e m b e r s  E l e c t e d  o n  O c t o b e r  29, 1931. 
B r o w n e , Charles Gordon Kniglit, B.A. . Oxford.
F l a c k , Erie Gordon . . . . .  Glasgow.

M e m b e r s  E l e c t e d  o n  Di 
A n d e r e g o , Charles G. A ., Dipl.-Ing.
A s h e r , Samuel Bernard, A .R .S .M . 
B u rn in g t ia m , Arthur Charles James 
C a r m a n , W. Floyd 
F a ir l ie , James . . . .
F e n n e l l , Charles Augustus Francis 
G r a h , Fritz, Dipl.-Ing.
H acien-T o r n , Yladimir Oscar 
I m a i, Professor Hiroshi, D.Eng. .
K in g , Henry George .
M a r t i n ,  W illiam  M illes 
O k n o f f ,  Professor M ichae l G.
Ro§, Professor Mirko .
S c o t t , Murray Duncan 
T a ia n a , Luis . . . .
Y e r s e l l , Herman

C E M B E R  17, 1931.
Zuricli, Switzerland. 
Johannesburg, South Africa. 
Horley, Surrey.
London.
Kenilworth.
Letchworth.
Hemer i/Westfalen, Germany. 
Leningrad, U.S.S.R.
Port Arthur, South Manchuria. 
Erith.
Bombay, India.
Leningrad, U.S.S.R.
Ziirieh, Switzcrland.
Enfield.
Buenos Aires, South America. 
Zurich, Switzerland.

S t u d e n t  M e m b e r s  E l e c t e d  o n  D e c e m b e r  17, 1931. 
G o u l d , George Herbert . . . .  Co^entry.
H a l l e t t , Michael Mountjoy 
K asz, Frank
M a t t u e w s o n , Albert William 
W hiley, Manning Hedges .

Penarth. 
Manchester. 
Birmingham. 
London.
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M e m b e r s  E l e c t e d  o n  J a n u a r y  21 , 1932.

An'tiies, Lawrcnce Lee
B a r r , Mark . . . . .
B e d in g e r , Margery, A.B. .
C e n t e r , Jakob Alcxandrovich 
Cr o w e l l , Walter S., B.S. .
IIunn, Sidney Charles
M o ir , D o u g la s  M o rto n
Otzen, Gch. Reg.-Rat. Professor Robert
P a t r ic k , J a m e s  . . . .
P onisoysky, James, B.Se. .
R o l l e s t o n , Patrick William, B.A. 
Y o u n g ,  George MacDonald, B.Se.

Toronto, Ont., Canada.
London.
Buttc, Mont., U.S.A.
Leningrad, U.S.S.R. 
Philadelphia, Pa., U.S.A. 
London.
Birmingham.
Berlin-Dahlem, Germany. 
Milngavic, Scotland.
Brusscls, Belgium.
Shawinigan Falls, P.Q., Canada, 
Montreal, Canada.

St u d e n t  M e m b e r s  E l e c t e d  on  J a n u a r y  21, 1932. 
B a il e y , John Clcaver, B.Se. . . . Birmingham.
M e h t a , Faredoon Pirojsha, B.Se. . . Sheffield.
P l a n t , W ilf re d  . . . . . .  T ip to n .
Sandford, Ernest Jack . . . .  Birmingham.
Sayiele, James Patrick . . . Birmingham.

Members E le c te d  o n  F e b ru a ry  IS, 1932.
B r a c e , Porter Hiscoek, B.S.
Cl a p h a m , Dorothy P ., B.Se..
H a r p e r , Charles Douglas 
H a w k e s , Arthur John 
I v a n o -S k o b l ie k o v , Nicolay Nicolayevich 
K a l l in o , Professor Bo Michael Sture . 
K ir k w o o d , David, Jr.
M y e r s , Richard Harold
W il l ia m s , Howcll . . . .

East Pittsburgh, Pa., U.S.A. 
London.
Chesterfield.
Wigan.
Leningrad, U.S.S.R. 
Stockliohn, Sweden.
London.
London.
London.

St u d e n t  M e m b e r s  E l e c t e d  o n  F e b r u a r y  18, 1932.
H a m b u r g e r , Max . . . . .  Birmingham.
H o u d e k , Yladimir . . . . .  Brno, Czeclioslovakia.
T a y l o r , Robert, B.A., B.Se. . . . London.
T r e m l e t t , Henry Frederiok . . . Abingdon-on-Thames.

R e - E l e c t io n  o r  A u d i t o r s .

Dr. O. F . H u d s o n , Member (London), proposed and Mr. H .  J . T a p s f .l ł , 
Member (Teddington), secondcd, tho re-election of tlie Auditors, Messrs. Popple- 
ton  and  Appleby. The motion was p u t to  the m eeting and carriedunanim ously.

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

Tlio P r e s i d e n t  : I  now como to the last task  which I  have to  perform 
before retiring from tho position to  which you called me two years ago, and 
th a t is to  induct our now President to  the Chair.

I t  is custom ary on these occasions to givc an outlinc of the ac tm tie s  of our 
futurę President, bu t in  the ease of a m an w ith so m any and such yariod 
ac tm tie s  as Sir H enry th a t would occupy th e  re s t of th e  morning. H is 
interests rangę from heavy locomotivcs to  light alloys and  from Roman 
remains to  international hoekoy ! Ho is an  engineer who has occupied posts 
of vast responsibility in  pcacc and in war, no t only national, b u t also in ter
national. T hat is a  m atte r which m ust be of great value to  the In s titu te  over 
which we are now asking him to  proside.

F u rther th an  th a t, ho has had a  long and diyerso experience of ju s t such
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duties as we arc now sceking to imposc upon him. Hc has becn President of 
many big organizations, and I  th ink th a t I  am right in  saying th a t this will 
no t be the first tim e th a t ho has actually occupied th is Chair. T hat fact also, 
I  think, m ust bo very helpful to  us.

Looking baek, Sir H enry m ust bo proud of the reeord which all th a t 
implies, bu t I  have a  feeling th a t if one could only look behind th a t genial 
countenance of his one would see th a t his greatest prido was in  y e t another 
thing—a littlo thing perhaps, bu t it  is th i s : th a t he has no t only been a 
student and a practitioner of metallurgy, bu t a  teacher of motallurgy as well. 
And he has taught to  some eflcot, bocauso I find th a t ono of our vcry distin- 
guished members—a provious Vice-President—Professor C. A. Edwards, 
learned his first lessons in  metallurgy from Sir H enry Fowler.

All these are a ttribu tes which m any of us might envy him, b u t there arc 
just two others from which, I  believe, the In stitu te  will derivo the greatest 
possible yalue. One is th a t Sir H enry has a positive genius for tho making of 
fricnds. Hc knows everybody everywhere who is anybody, and I  th ink th a t 
I  am right in saying th a t everybody, everywhere, whcther anybody or nobody, 
knows him. I  am sure th a t in tho position he will oceupy th a t will not only bo 
helpful to  him, but also very helpful to  us.

His second attribu tc  is this—th a t ho has an  unąuenchablc in terest in the 
welfare of young men and young women, members of our In s titu te  or not, to 
whom we look to  carry on the work which we old fogeys have been doing up 
to  now. T hat is another a ttribu tc  which we m ust all welcome in a President 
of an Institu te  such as this.

Now, Sir Henry, I  th ink th a t I  have said much more than  you feel com- 
fortable to hear, and I  now proceed to hand on to  you the toreb which m y pre- 
decessor, Dr. Rosenhain, handed to me two years ago. I  liave tried  to  keep it  
buming through two very tem pestuous years. I  had hoped th a t I  should have 
bccn able to  hand it ovcr when the storm had a t  last passed, b u t the Fates liavc 
willed othcnvise. You, Sir, will fced i t  witli very dilfercnt fuel from th a t  -which 
I  have used, bu t I  am absolutely convinced th a t when the tim e comes for you 
to hand it  to your successor you will do so w ith its  flame uncjuenehed, its 
brilliance undimmed.

S i r  H e n r y  F o w l e r  then  took the Presidential Chair.

Tho P r e s id e n t  (Sir H enry Fow ler): I  have occupied this Chair before, in 
point of fact, as President of two other Institutions, b u t I  have never been 
placed in  such a position as I  am a t  this m om ent; th a t is to  say, I  feel unable 
to  speak as I  should like to  do in thanking you, Dr. Seligman, and you ladies 
and gentlemen, for your kindness to me. B ut I  do thank  you very sincercly 
indeed. You have spoken, Dr. Seligman, about the flame of the torch of the 
Institu te . I  tru s t th a t there may ncver be any chance of tho flame no t burn- 
ing w ith as elear a light as i t  has done throughout the whole of the tim e I  liave 
been associated w ith the Institu te . I  am  placed in  a  vcry difficult position. If 
the stafT has worked twenty-four hours a day, I  would no t like to say how long 
Dr. Seligman has worked on our behalf, and I  do no t know th a t i t  is possible 
for mc to  give the same close attention, beeause, a fter all, I  am a  provincial 
man. I  ought to  have looked up how m any other provincial men you have 
had as Presidents; bu t I  do know this—th a t no one could havc given the tim e 
and the am ount of serious thought and hard work to In s titu te  affairs, which 
Dr. Seligman has given. B u t I  m ust not anticipate w hat Sir Harold Carpenter 
will say later on. I  express my hearty  thanks to  you for having elected me 
President of the Institu te , and I  assure you tha t, w ith  th a t help which I  know 
the Couneil and members will give me, I  will do everything in  m y power to  
forward the interests of the Institu te  in every possible'way.
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V 0 T E  OF TlIANKS TO THE PA ST-PRESID EN T.

Profcssor Sm  H a k o l d  C a r p e n t e r , K t., M.A., D.So., A.R.S.M., F .Inst.M et.,
F.R.S., P ast-P res iden t: I  m ust thank  you very much for tho prm lege  you 
have afforded nie of moving a voto of thanks to  our retiring Prcsident. The 
Institu to  lias now ontered on the tw enty-fifth year of its life. Aa I  speak I  
look a t  tho portra it of our first Prcsident, the latc Sir William W hite, who 
gavc us a splcndid sta rt, due to his unrivalled experience and ability. In  tho 
early days of the In s titu te  i t  was no t particularly difficult for the Prcsident to  
leave his m ark, becauso thero werc m any questions to  bc settlcd and  m any 
policies to be considcred. I t  is no t so easy for tho Prcsident to  leavc his m ark 
in th a t way to-day. My own view is th a t no P rcsident lias lcft a  deeper m ark 
on the In s titu te  th an  D r. Seligman. I  do no t th ink  th a t I  can describo his 
aehieyements be tter than  in th a t sentcnce. Two ycars ago he p u t bcfore us 
his hopes and aspirations in his Prcsidential Address, and  substontially tliey 
have been realized. I t  was a  largo programme. I t  was a lino programme. 
I t  is no t ąu ite  finished. Some of i t  has been finished, and all of i t  is on the way. 
The P residenfs ac tm tie s  m ay be divided roughly into two eategories. If  I  
may speak eolloąuially, thoso th a t he does “  on his own,” and those th a t he 
does as th e  spear-head of the Council. I  would ju s t like to  say a  word about 
these two aspects of Dr. Seligman’s work.

In  tho first category, w ithout any hesitation I  płaco his work in visiting and 
assisting our Local Sections. The headąuarters of th is body are situated  in 
London. I ts  adm inistrative work is done here, and there are, of course, many 
metalhirgists who live and work in L ondon; bu t as a body we ropresent non- 
fcrrous metallurgy in  the country and  overseas, and everything which can be 
done to w hat I  m ay cali de-centralizo the work of tliis In s titu te  is, in  my 
opinion, to  the good. I  think th a t we w ant to  m aintain th is feeling—th a t we 
aro as a body representing non-ferrous m etallurgy as a  whole, and I  do no t 
th ink  there is a  be tter way of doing th a t than  for the Prcsident to go round 
and  assure the local members and comm ittees of his in terest and sym pathy in 
the ir work. Dr. Seligman has somcwhat under-statcd his work in  this eonncc- 
tion. He did say, I  think, th a t he yisited the Local Sections once or twice. 
I  do no t know how m any tiines ho has visited them , b u t he left something very 
im portant out, and th a t was th a t he gave thcrn hospitality. I  should like to  
emphasize th a t. I  think th a t was a  very nice fcature of his visits—and I 
th ink  th a t the  Local Sections appreciated th a t  too.

Then there was th e  Ziirich meeting, which was essentially his ereation. 
Those who had the privilege of attending th a t will always retain  the happiest 
memories of one of our most successful overseas meetings.

W ith  rcgard to  his aetion as the spear-hcad of the Council’s activitics, 
referenee has already been made to th e  new form of the Journal. T h a t seems 
to me to be the outstanding cvent of his work during these two years. I  also 
rcad the m onthly Journal, b u t I  do no t always read the abstraots i t  contains. 
I  read the news about “ th e  o ther fellow,” and I  hope th a t everybody enjoys it  
as much as I  do. B ut, speaking ąuite  seriously, I  th ink th a t they constitute 
a valuable annealing process in the life of the In s titu te ; thoy kecp us in good 
touch w ith one another, and thoy prevcnt any  “ work-hardening strains ” 
from developing a t  any particular point w ith possible conseąuent danger to  
the Institu te .

Our President has also represented us a t  m any meetings. H e has eaten 
many dinners. I  hope th a t he looks upon th a t as as big a  servicc as I  do !

Thcn there is another event, and I  am not sure th a t i t  is no t going to  provo 
ultim ately the m ost im portan t developm ent of Dr. Seligman’s two ycars’ 
Presidency, and th a t  is the fac t th a t  we are going shortly to  hołd a j oint meeting 
w ith the Iron  and Steel Institu te . A num ber of us have had hopes for a long
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tim e of something of this kind happening. I  think th a t I  am  right in saying 
th a t something like 300 members are common to both Institu tes, and th a t a t  
once suggests the ąuestion, Is  i t  really necessary to  have two organizations, 
and particularly two sets of subscriptions ? I  say th a t having regard parti- 
culariy to the younger members. I t  is very diffieult to-day for a young worker 
in  metallurgy to  s ta rt w ith a  proper professional membership outfit, as i t  were, 
rcąuiring two sets of entrance fees and subscriptions. T hat is a  big hurdle 
to  negotiate, and I  will do anything in m y power, as Treasurer of the Iron 
and Steel Institu te , to facilitate tho simplification of this.

Ju s t one thing more. Valuable as have been the many activities of the 
President, and of his acts, 011 behalf of the Institu te , lie has done something 
still more valuable—valuable bccause to  a great exten t i t  has been unconscious. 
He has rerealed himself to the Institu te . The members of th e  Council knew 
something of his ąualities before—not all of them , of course, because every m an 
developsas P resident; bu t l a m  qu itesurę  th a t I shallhaveyou r endorsement 
w-hen I say th a t Dr. Seligman has unconsciously by his work during these two 
years revealed sometliing of w hat he possesses—ąualities of Yision, energy, 
broad-mindedness, and high-mindedness. There is no President from whom we 
p a rt w ith greater regret than  Dr. Seligman. Fortunately  we are no t going to  
lose him. I am sure th a t he will no t give up his splendid work on behalf of the 
In s titu te ; hut in tlianking him I  would like to  assure him on your behalf, as 
well as on my own, of our gratitude, our admiration, and I  t hink th a t I  m ay 
add, our affection.

Dr. H . M o o r e , C.B.E., V ice-President: I t  m ight be thought th a t Sir 
Harold Carpcntcr has no t left me very much to  say, bu t I  assure you th a t th a t 
is by no means the case, and th a t I  could go on talking enthusiastically about 
Dr. Seligman’s work for the In s titu te  for a  very long time. I  do no t propose to 
do so, bu t i t  is a  great pleasure to  me to be able to  say very briefly w hat I  really 
th ink about Dr. Seligman. The pleasure is tem pered w ith the regret which we 
m ust all feel th a t this meeting marks the end of a  very notable Presidency. In  
giving my impression of it, very briefly, I  am bound to use term s which to  those 
who liaye no t seen Dr. Seligman’s work a t  such close ąuarters as myself may 
seem oxtravagant. During these two years he has devoted himself heart and 
soul to the interests of the Institu te. He has worked early and lato and has 
never spared himself. We are delighted to  see w ith us this morning M rs. 
Seligman—by no mcans for the first time, and I  am sure th a t Mrs. Seligman 
could speak very feelingly indeed about the countless hours th a t her husband 
has devoted to  the work of the Institu te . May I  takc this opportunity  of 
saying how very much we have all appreciatcd .Mrs. Seligman’s presence a t  
many of our meetings, and the charm w ith which she has taken a leading p a rt 
in our social gatherings ? Taken as seriously as Dr. Seligman has taken them 
the dutics of a  President of this Institu te  are multifarious and exacting, and g irę 
fuli scope to the abllities of even so many-sided a  man as he is. Metallurgical 
research lost a  most able worker when he turned his a tten tion  mainly to  manu- 
facture, bu t he is still far moro of a  m an of science than  he will evcr adm it. I  
even think tha t, in vicw of our usual practice, there m ight be some ground for 
extcnding Dr. Seligman’s term of office for another two years, considering th a t 
he is so much a man of science as well as a m an of business ! This combination 
of business ability and scientific imagination has bcen singularly successful in 
the Presidential Chair. To these ąualities D r. Seligman adds an  urbanity , a 
tac t and a humour which make him an  ideał Chairman a t  meetings of tho 
Council and Committees, and on other occasions. I  do no t know whether he 
has succeeded in attending all the meetings during his two years as President 
which it  has been physically possible for him to attend, bu t I  am suro th a t he 
has ruade a verv good try . Although Sir Harold Carpcntcr has m entioncd the



Annual General Meeting 23
Ziirich meeting, I  feel th a t I  m ust say a  word about tho two autum n meetings 
a t  Southam pton and Ziirieh. The easy dignity  and distinction w ith  which 
Dr. Seligman presided a t  tliose meetings made us all proud to  havc him as our 
President. Incidentally, I  th ink  th a t the In s titu te  m ust be acąuiring a 
reputation for having as its Presidents men who are a t  home in all the ordinary 
European languages.

B u t D r. Seligman’s great and lasting achieyement has been tho new m onthly 
Journal, and the conseąuent great improyements which haye accompanied i t  in 
our method of publieation. The great am ount of work involved in making the 
change eannot, I  th ink , possibly be realizcd by the ordinary members of tho 
Institu te . Others have helped, in particular the secretary and the staff have 
done an enormous am ount of additional work, b u t it  has been the eourage, the 
enthusiasm, the driyc and the unrem itting work of Dr. Seligman himself which 
haye carried through the change, and carried i t  through so successfully.

May I  conclude on a  note which I  hope is no t too personal ? D uring these 
two years I  have como to regard Dr. Seligman no t only w ith adm iration and 
complete confidence, b u t also w ith a g rea t deal of alfcetion and I  am  suro th a t 
I  speak for all those who haye worked in closo association w ith him . I  liayo 
the greatest pleasure in seconding the vote of thanks to  tho retiring President.

The P r e s i d e n t  : Dr. Seligman, i t  is w ith the greatest pleasure th a t I  p u t 
this m otion to  the meeting. There nevcr was a  tim e when the Chair p u t 
forward a  m otion which i t  was known beforehand would m eet w ith such 
hearty  approbation from every member present. There is one w ay in which 
the Couneil and the members as a  whole can show sonie smali recognition to 
one who has seryed us as you have seryed us. One of our rules w ith regard to 
the members and membership says t h a t : “ Fdlows shall bc cliosen by the 
Couneil. They shall bc Hmitcd in num ber to  twelye, and shall be members of 
tho In s titu te  who liave, in  the opinion of the Couneil, rendered em inent seryice 
to the In s titu te .” This morning the Couneil liaye elected you, D r. Seligman, 
a Fellow of the Institu te . .

The motion was tlien p u t to  the meeting and  carried w ith prolonged 
applause.

D r. R i c h a r d  S e l ig m a n  : I t  seems only yesterday th a t  I  sa t where you now 
sit, Sir, and heard Dr. Kosenhain say th a t we had no t often seen him short of 
words, b u t th a t  on th a t occasion he fclt difficulty in finding them  in replying 
to  the thanks of the members which had then  becn accorded to  him . I  
remember thinking then, as I  th ink now, th a t if he felt th a t  way, how much more 
m ust I  feel i t  a t  this moment. To have th is yote moved by Sir H arold Car- 
penter is in  itself a  m atter of real gratification to  me. I  have always regarded 
Sir Harold as m y fatlier in metallurgy. He really first awakened my in terest 
in  the m atter—an interest which has never ceased, and for him  to  come down 
here to  move this resolution is in  itself a  m atter for which I  am  profoundly 
grateful. H c referred to  the programme which I  laid ou t for myself two years 
ago, and he said th a t much had becn done and th a t  other things rem ained to 
be done. Weil, th a t is the way of th e  world. I  haye only p u t another brick 
or two on to  the strueture which those who w ent before me had bu ilt up— 
more partieularly my im m ediate predecessor, Dr. Rosenhain. I  leavc lots of 
gaps in tho briekwork for you, Sir, to  fili. There was an  old song wliich we 
used to  sing when I  was a t  school which related to  the football field. W e 
had a peculiar gamę a t  th a t school. The objeet was for a boy to take the bali 
down through the field as far as he could and then, ju s t when he m ight haye 
succeeded in getting a goal for himself, to  give tho bali to  another. I t  is much 
the same in life ; in fact, the old song said “ Tho world is a  scrimmage, and life 
is difficult run, bu t often a  brother shall finish the work th a t we have begun.”
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T hat is ju s t the case here. We arc all trying to build this structure, one lielping 
tho other, one carrying on tho work which the other has started.

Turning to  tho very friendly words which Dr. Moore has uscd, I  m ust make 
an adraission there. I  did miss a  Committeo meeting. I t  is true i t  was on an 
occasion when there were two Committee meetings going on a t  the same tim e ! 
Perhaps thereforc i t  would count as one of those which I  could no t physically 
attend. Dr. Moore speaks really from the goodncss of his o r a  heart. He said 
one thing which m ust be more prized by anybody who has been allowed to 
preside over you than  anytliing else—th a t is the feeling th a t he carries w ith 
him  memories of good fellowship, of friendliness, and of the desire to  help of all 
of his colleagues on the Council and the Staff and the yarious Committecs and 
the membership of the Institu te.

You have done me, Sir, a  yery great honour to-day in electing me to  a 
Fellowship of the Institu te . I t  is a  thing which I  shall prize all my life, and 
which I  hope and believo those who owe their being to me will prize long after 
me.

For tha t, and for the many other fayours which have been accorded to me 
during the last two years, I  give you m y very heartiest thanks, and to  Sir 
H arold Carpcnter and to  Dr. Moore I  give m y special thanks for their friendli
ness in voicing w hat you have been good enough to  say is the opinion of tho 
members of the Institu te.

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

Sra H e n r y  F o w l e r  then delivcred his Address (see pp. 27-36).

Professor T. T u r n e r , M.Sc., A.R.S.M., F .Inst.M et. : The honour of moving 
th a t “ our best thanks be accorded to  the President for the interesting Address 
whieh ho has just deliyered ” has fallen to  me, probably because, as he has 
mentioned, we have known each other for many years. H e was a  studen t in 
Mason College a t  the time when, as I  tell him , he was a good-looking boy w ith a 
shock of curly light hair. Hc was one of the youngest students we had, because 
he had already shown unusual ability. I  believe th a t there was no studen t a t 
Mason College who entered a t  so early an age for a system atic course of 
instruction. He has found th a t the study of metallurgy has been of assistance 
to him in conneetion w ith his engineering work, and tha t, of course, is a  m atte r 
which is now fully recognized by engineers. The work which he has done has 
already been briefly referred to, and is well known to m ost of us. One is 
pleased to  know th a t metallurgy is of profit to the generał student, ap a rt 
altogether from its direct and technical value. One remembers, for example, 
th a t the study of metallurgy was no t disadyantageous to  one who afterw ards 
became a Prime M inister; nor was i t  a  disadvantagc to  one who is now the 
Chancellor of the Exchequer; or, going still further afield, i t  will be remembered, 
by some of the older ones among us, th a t the President of the U nited S tates of 
America was connectcd w ith the mining and metallurgical industry. We m ay 
therefore claim th a t the study of metallurgy is one whieh gives a  m an a broad 
and useful outlook upon things in generał. I t  is true th a t m odem  metallurgy 
becomes more and more speeialized and is connccted intim ately w ith certain 
branches of physics. The older metallurgy dealt more w ith the occurrence of 
the metals, w ith their estraction, and w ith economic ąuestions dealing w ith 
their reduction and distribution. I  think from th a t point of view the older 
metallurgy gave a broader outlook to  the student than  the moro speeialized 
subjects which we have a t  the present time.

We are yery much indebted to  Sir H enry Fowler, w ith his m any duties and 
occupations, for coming to us as President and we feel th a t we haye one licro 
who can sympathize with the young, who can appreciate the scientific
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investigator, and who can also spcak w ith experience from the practical side. 
We thank  him for his Address. We look forward to  a  sueeessful period of 
office, and we are, I  am  surę, willing to  promise him our earnest and sincere 
support.

Mr. H a u b ic e  S. G i b b , C.B.E., Member of C ouncil: I  havo bcen associated 
w ith Sir H enry Fowler on so m any and varied occasions th a t I  feel privileged in 
being allowed to  second the vote of thanks for his Address.

W henever I  have como in contact w ith him in railway work, in tho rnanu- 
facture of shells, in the m anufaeture of gun eąuipm ents, or in  the  work of 
technical institutions, I  have been impressed w ith his wide knowledge and the 
practical grip he takes of any subject w ith which ho is concerned. I  am no t 
surprised, therefore, to hear from him such a  delightful and valuable Address 
as th a t which he has given us.

As a mere user of metals, I  thought th a t I  would be fortified in the du ty  
which I  have to  perform by being in the President’s company as another user, 
bu t after listening to  his Address I  feel th a t he has left me high and dry. Cer- 
tainly he has no t left the ranks of the users, b u t ho has disclosed a knowledge of 
metallurgy th a t should entitle him to be classed am ongst tho “ red h a ts ” of 
th a t em inent profession.

I  am glad to  see th a t the President has stressed the point th a t  metallurgy 
is the basis of mechanical engineering, also th a t he pleads for closer co-opera- 
tion between th e  scientist and the  practical m an—a term  which he dislikes.

By a  quotation from “ Eeclesiasticus ” ho exhorts us to  “ observe the 
opportunity.’! May I  quote from the same book in  which th a t w riter of 2000 
years ago states when referring to  practical m en (Cliap, 38):—

“ 31. All these (i.e. practical men) tru s t to  their hands and every one is 
wise in his work.

32. W itliout these cannot a city  be inhabited; and  they shall no t 
dwell w tóre they  will.

34. B ut they  will m aintain the s ta te  of the world and their desire is in 
the work of their craft.”

This is all perfeetly true , even to-day, b u t when “ Eeclesiasticus ” states 
(Chap. 38, verse 24):—

“ The wisdom of a  learned m an eometh by opportunity  of leisure and he 
th a t ha th  little  business shall become wise n

we realize how conditions have ehanged sińce those times, for our President and 
other em inent engineers have become wise in  their profession, no t by oppor
tun ity  of leisure, bu t by opportunity  of work.

The am ount of knowledge th a t  has to be acquired nowadays by those 
engaged in  all technical professions is so vast and so varied th a t some process 
of acąuiring knowledge in tabloid form is alm ost a  necessity : i t  is here th a t 
technical institutions can be of such service, particularly if they  take to  heart 
the advice given by  the President to  employ simple language when writing on 
technical subjeets.

The President’s plea for some b e tte r means of translating the investigations 
and research of the scientist into practical shape is verv vital. I t  is true  th a t 
more is being done in th a t direction to-day th an  ever before. B u t in these 
days of finaneial stringeney i t  is well to  avoid putting  the whole machinę out 
of balance by doing more research work than  industry is able to absorb and 
tu m  to practical account.

The great progress in metallurgy during recent years, referred to  by  the 
President, has madę possible the aeroplane, the motor-car, and other machines, 
which have eaused m any alterations in  our modo of life.
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The President has refcrred to the usefulness of this In s titu te . I  havo 

referred briefly to  the achievements of rnetallurgists. I  think, to  be fair, th a t 
I  m ust also refer to their defieiencies—or a t least to the only defieieney I  know. 
The mathematieian has given us tablcs of areas, ko,., and we liave tables of the 
eharacteristies of steam, air, and water, bu t, although the a r t of metallurgy 
dates back to  tho Bronze Ago, tho metallurgist has not yet given us tables of 
the characteristics of the prineipal non-ferrous metals in the same way as tho 
mathematieian and the physicist have given us their tables.

I t  is truo th a t some th irty  years ago Thurston published in his “  M aterials 
of Engineering ” some tables of alloys w ith their physieal and mechanical 
properties, bu t these are not complete, and in any case are ąuite  ou t of datę.

I  liope th a t tliis Institu te will add further to its usefulness ultim ately by so 
combining tho aetivities of rnetallurgists th a t such tables m ay be available 
for users in sonie years to como.

I  have much pleasure in scconding tho voto of thanks to  the President for 
his able Addrcss, and I  wish him a successful and pleasant period of office.

The motion was pu t and carried with acclamation.

The P r e s id e n t  : I  necd scarccly say th a t I  appreciate your vote of thanks 
vcry much indeed. Not only has my metallurgical work been of benefit to mc 
in my profession, bu t is has also becn a source of veiy  great happiness. I  thank 
you very much indeed for the patien t way in which you have listened to  m y 
Addrcss.

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

The Communications of the following authors were presented and discussed: 
J . Newton Friend; 0 . F . Hudson and J . McKeown; H . J .  Tapsell and A. E . 
Johnson; R . Seligman and P. W illiams; F . B ollenrath ; Professor D. Hanson 
and E. R odgers; and A. J .  Sidcry, K. G. Lewis, and H . Sutton. In  each case 
a hearty vote of thanks to  the authors was proposcd by tho P resident and 
carried with acclamation.

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

The Annual Dinner and Dance was lield a t  the Trocadero R estauran t, 
Piccadilly Circus, London, W .l, and was presided over by the President. 
Nearly 300 members and guests were present. A report of the speeches a t  the 
dinner was published in the April 1931 issue of th e  m onthly Journal.

Thursday, March 10.
On the resumption of the meeting, Communications by  the following 

authors were presented and discussed: G. D. Bengough and L. W h itb y ; 
M. L. V. Gayler and G. D. P reston; C. F . E lam ; W . H . J .  Y ernon; H . J . 
Gough and H. L. Cox; and H . 0 ’Neill and H . Greenwood. A paper by 
Professor P . Saldau and M. Zamotorin was, in the absenee of the authors, not 
discussed. In  cach case a hearty  vote of thanks to  the authors was proposcd 
by the President and carried with acclamation.

A generał discussion took place on the subject of “ The Testing of CastingB,” 
an opening paper to which was contributed by Dr. W. Rosenhain, F.Inst.M et.,
F.R .S., Past-Presidcnt.

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

The P r e s id e n t  proposcd and Dr. R ic h a r d  S e l ig m a n , Past-President, 
seconded, the following resolution, which was carried w ith acclamation.

That the best thanks of the Institu te  bo and are hereby tendered to  the 
Couneil of the Institution of Mechanical Engineers for their courtesy in per- 
m itting the use of their rooms on the occasion of th is meeting.”
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PRESIDENTIAL ADDRESS.
Deliycrcd by SIR HENRY FOWLER, K.B.E., LL.D., D.Sc., Wh.Ex., 

on March 9, 1932.

It has become a custom, and I think a very wise one, for the presidency 
of this great Institu te to be held successively by a producer, or manu- 
facturer, of non-ferrous metals; by a member engaged in academie 
pursuits and investigation; and by one who is a user of the metals 
with which we are concerned.

I  naturally feel very lionoured to have been selected as Prcsident, 
and as a representative of tho la tte r category. I  ani interested to note 
th a t three of the four previous “ user ” occupants of this chair have 
been eminent in our senior service, including as they do our first Prcsi
dent. The other Prcsident, Sir John Dewrance, is one whose namc is 
known throughout the world as a user of non-ferrous metals and as 
a manufacturer of engineering articles; his memory m ust ever be 
associated with the valuable bu t unostentatious work and assistance 
tha t he has always given to educational and research work. I  am very 
proud to follow him here, as I  was when I  previously followed him in 
the presidency of another Institution dealing with engineering.

I represent the users, as exemplified in the manufacture and use of 
steam engines gcnerally; neverthelcss, as a raił way mechanical engineer, 
I have been concerned with many phases of engineering work. Although 
this is so, and engineering represents my life work, I  have always been 
drawn towards the mctallurgical side of my activities. This I  feel has 
been largely due to the interest in the subject which was instilled into 
me, very early in life, by my old teacher, our esteemed Past-President, 
Professor T. Turner. I  am in this respect only one of many who have 
benefited by his instruction, and by tho great facility th a t he possesses 
in being able to make those to whom he speaks interested in his subject.

I  was doubly fortunate in my mctallurgical cducation, for my second 
teacher was Mr. E. Ł. Rhead, another of our Original Members, who for 
many years tauglit metallurgy so successfully a t Manchester Technical 
School (now the Manchester College of Technology).

As you will j udge, those were times when tho tcaching of metallurgy 
was in its infancy, and it  was a subject taught to  engineers usually as 
an adjunct ,to chemistry. When surveying the facilities which exist 
now for the teaching of metallurgy and for research in the subject, it
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is difficult to realize the progress which has bccn made in this respect. 
There is no university or college a t the present time which has not 
either a chair of, or classes in, metallurgy.

No engineer can be said to be properly equipped for his work 
unless he has some knowledge of metallurgy. As has so often been 
said, an engineer nowadays is reąuired to deal with such a wide 
rangę of subjects and problems th a t his education covers so long 
a period th a t tho age a t which he can start his actual professional 
career has been and is still becoming much later than was formerly 
the case. This presents diiBculties in many instances, bu t un- 
doubtedly the broad base on which an engineering training should 
be built ought t o ' include a course of instruction in metallurgy. 
This should not be ferrous only, sińce those non-ferrous metals and 
their alloys which are becoming of inereasing practical engineering 
importance are developing in usefulness so rapidly th a t it  is only the 
specialist who can hope to have an intimate knowledge of the properties 
of them all. One feels th a t a generał knowledge of those most frequently 
met with and used should be obtained by all engineers; whilst when 
one begins to specialize, and to build on the broad foundation, if this 
is in the direction of design, and especially—as is so often the case— 
if the question of lightness or corrosion has to be considered, accurate 
knowledge of non-ferrous metals becomes essential.

I t  has been said th a t no great adyance has ever been made in metal- 
lurgical knowledge but a corresponding advance in engineering practice 
has also taken place. This is undoubtedly true, whether it  has been in 
the perfecting of metals and alloys which we have known and used for 
years, or in the development of new alloys, such as molybdenum steel, 
the light alloys, or the ternary alloys of lead. The work of the engineer 
is facilitated, and in some cases revolutionized, by the discoveries of 
the metallurgist.

This being so, and being myself an engineer, it  is a source of grati- 
fication to me th a t during the past few years there has been a very 
definite tendency for my colleagues in the engineering profession to 
recognize th a t their interests and those of the metallurgists run parallel 
or evcn convcrge. Ever sińce the birth  of the Institu te i t  has counted 
on its roli a large number of engineers, and it  is with the greatest regret 
tha t we have to record the recent death of two of the most cminent of 
these—Sir Charles Parsons and Sir Alfred Yarrow.

I t  is pleasing to note tha t the names of several distinguished engineers 
have lately been added to the list of our members, and th a t two who 
have long been connectcd with the Institute have recently been added 
to our Council.
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I do indeed trust th a t the interest shown in tlie work of our Institu te 

by engineers may grow during my period of office. Not only must the 
Institute derive great and inereasing benefit from tlie activities of our 
“ user ” members, but they also must gain, both directly and indirectly 
— directly by the additional knowledge which they will obtain of the 
metals th a t they are called upon. to use, and indirectly by their contri- 
bution to  our knowledge.

The literature of metallurgy in those days of which I  have spoken— 
more than forty years ago—was very meagre in this country, especially 
so far as non-ferrous metals were concerned. Many of us will remember 
the illustrations of processes—so crude and so often copied from German 
publications. One can imagine th a t the three of our founders (as referred 
to by my predecessor in his recent article on our Origin and Objects)—- 
the late Mr. W. II. Johnson, th e la te  Sir William Whitc, and Sir Harold 
Carpenter—may have been especially urged to found the Institu te by their 
appreciation of this lack, for they aimed—as stated  in the third of our 
original rules—“ To advance the knowledge of metals and alloys, e.g., 
by publication of a journal containing both original papers and abstracts 
of publications relating to these subjects, and in any other way.” 
Dr. Richard Seligman refers in his article to the im portant position 
which the Journal has achieyed during the past twenty-three years. 
I t  is not necessary for me to dwell a t any length on this m atter before 
such an audience as I  am addressing. The Journal speaks for itself, 
supplemented as it now is by our new monthly publication. I  feel 
tha t of our two tliousand odd members, there are very few indeed 
who do not read some portion, a t all events, of the Journal. Although 
I am naturally writing before I  have the opportunity of addressing the 
members personally, past experience teaches me th a t i t  will be a very 
much smaller percentage of our total membership th a t will hear this 
address than will read it in the Journal. The comparatively smali 
number of members who attend our meetings shows th a t we have not 
progressed as one would have liked in the dircction of achieving th a t 
personal contact betwcen members which is of such value in every 
way. I  do, however, feel th a t we are happy in the loyalty of some of 
our friends, for I  remember th a t a t  the first meeting, in 1908, which 
I was privileged to attend, papers were read by W. Rosenhain, C. II. 
Descli, G. D. Bengougli, and O. F. Hudson, amongst others. Our 
Past-President’s name was on the list of authors a few months later, and 
we are so glad to know th a t ho is a t this meeting—with all of those I 
have mentioned, three again being contributors of papers.

W ithout in any way disparaging the great value of the papers 
read a t our meetings, one would like to direct particular attention to
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tlie growtli of the abstracts, which first appeared in our second volume, 
tli on occupying 41 pagcs. In tlie last Journal in which they were 
incorporated tliey occupied (with their index) 436 pages—truły a pro- 
digious growtli. By tliis alone one can judgc, even after allowing for 
the now closer touch with additional journals, of the increase of informa- 
tion available. I t  is not too much to say th a t these abstracts have 
been found—all over the world— to be an invaluable index of non- 
ferrous information. I t  must be a source of the greatest satisfaction to 
our immediate Past-President to know th a t during his year of oflice 
the raonthly Journal, the appearance of which, I  belieye, he has keenly 
desired for so many years—and which Dr. D. Hanson advocated in 1920 
—has become an actuality. No one could leave a greater memoriał of 
work accomplished than tliis monthly Journal furnishes. I t  has, I  know 
well, meant an immense amount of work to Dr. Seligman and to our 
Secretary and Editor, Mr. Shaw Scott, and ono feels th a t their greatest 
reward is in the succoss our new publication has already achieved. In  so 
many ways it  is of the greatest use in fulfilling, cven more completely 
than before, the objects which our founders had in view; and already 
it seems to be extending its scope, as fresh items are being inserted to 
increase its usefulness. May I make an appeal to members to assist 
still further in adding to th a t usefulness by sending to the Editor letters 
on points of interest of which they may see or hear, and by personal notes 
th a t may lielp to increase our knowledge of one another ?

I t  sliould be remembercd tba t more than 1,000 periodicals, in about 
t-wcnty languages, are searchcd for inatter suitable for abstracting for 
our Journal.

The fact th a t these abstracts are now published monthly, instead 
of half-yearly, adds very materially to their value to every metallurgist 
who wishes to keep up to date as regards what is going on in  the wide 
field covered. I  heard with regard to one or two of the  early numbers 
of our “ Metallurgical Abstracts ” some complaint of the slight delay 
in certain cases between the date of publication of articles and the 
appearance of tlie corresponding abstracts. I  felt, however, th a t the 
magnitude of the work had not been fully appreciated. Now—as 
was stated in the Journal for January 1932—it is hoped that, 
in the case of abstracts from all im portant sources, they will be 
published within four to six weeks of their appearing in the original 
publication.

Wlien one remembers tha t the number of abstracts which have 
been published in the Journal in the last twelve months is more than 
4,000—the work of an enthusiastic band of more than th irty  highly 
qualified abstractors—one can appreciate the work th a t has been done,
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and donc so smoothly. One feels satisfied th a t such an undertaking 
is unique as the work of one Institute.

In  a paper I  read recently on research, the writer mentions as an 
essential to anyone about to s ta rt a research the necessity (often, 
alas ! neglected) of ascertaining what has previously been done on the 
subject. With our abstracts a t his disposal, no investigator could say 
tha t there is difficulty in this respect, a t  all events so far as concerns 
work published sińce the Institute of Metals began its invaluable 
abstracting service nearly a quarter of a century ago.

I t  may be well to loolc for a short time a t  the practical object of 
our Institute. I  take it  th a t it  will be agreed th a t an ultim ate aim— 
it will be appreciated th a t I  speak as an engineer—is to ascertain and 
to point out the uses th a t non-ferrous metals may have for the world 
generally. I t  is oftentimes necessary to go a long way back in the 
investigation'of the properties of metals in order to do this. We havc 
to look very closely into the influences of smali percentages of other 
metals and impurities to ascertain how metals and alloys are affected 
by lieat-treatment, ageing, cold-working, and those various processes 
which alter and affect the properties of the metal being investigated.

One feels th a t every encouragement m ust ever be given to  funda- 
mental research. Whilst in the United States of America a short time 
ago, I  took advantage of the opportunity to visit a number of research 
laboratories connected with large manufacturing establishments. I 
found th a t in one of these a considerable number of researchers of high 
scientific ability were employed on problems which they themselves 
bad selected. They worked unrestrainedly a t these problems, the results 
of which, if thought suitable, were published. The work m ight have 
no direct connection with the firm’s manufactures, altliough the atmo- 
sphere of the laboratory itself might give it a tendency in th a t direction.

W hat we are able to do, i t  should never be forgotten, is very 
largely due to the fundamental wrork th a t has been carried out in 
purely scientific laboratories, and every assistance should be given to 
them. Altliough I  fully appreciate the advantage of pure research, 
and the wonderful and often unexpected results th a t are frequently 
revealed, I  feel th a t we as an Institute should always keep in view 
the ultim ate goal to be reached. A t the same time, I would remind 
the so-called practical man th a t no advance in our knowlcdge of the 
properties of metals should ever be looked upon as useless. We may 
not be able to see any direct application to-day, bu t such knowledge 
may be invaluable to some futurę investigator. I t  undoubtedly opens 
up paths, as does the work of the pioneer in any sphere, for those who 
follow after.
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One of the great problems of the day is the “ marrying up ”—if 

one may use the term—of research with the practical application of 
the results obtained. Very considerable attention has recently been 
called to this in many directions. In  1922, the late Dr. William Maw, 
in his presidential address to the Institution of Civil Engineers, dealt 
sliortly with this ąuestion. He pointed out th a t during the war a 
very large amount of research work had been done, and th a t this was 
not being used in industry as widely as it might be. I, as a one-time 
member of the Advisory Committee on Aeronautics, and Chairman of 
its Light-Alloys Sub-Committee, realized this very fully. As recently 
as September last, Mr. A. P. M. Fleming gave an address to  Section 
“ F  ” (Economics—Department of Industrial Co-operation) of the 
British Association on “ Bridging the Gap between the Birth of an 
Idea and its Industrial Applications.” Sir Josiah Stamp, in his presi
dential address to  the Institu te of Transport in 1929,* also spoke of 
this when dealing with “ Scientific Research in Transport.” On p. 16 
of a pamphlet publislied by the British Non-Ferrous Metals Research 
Association in May 1931,f  there are very pertinent remarks on “ the 
interpretation and application of research results.” Lord Rutherford, 
in the Report of the Advisory Council of the Departm ent of Scientific 
and Industrial Research,} says in the conclusion : “ Throughout the 
report we have been emphasizing tho need for scientific method in 
industry. . . .  A t the same time, we feel th a t there must be many 
who with the best will in the world to apply the results of scientific 
research are in some doubt as to the means to be adopted in their 
particular case.” In  The Engineer of January 15, 1932, there is a 
leading article dealing with this report from an engineer’s point of 
view. There are, in fact, many who are urging us to follow the advice 
of a writer who lived a t least 2,000 years ago and said, “ Observe the 
opportunity.” §

There is no ąuestion that, as I  have already stated, our Institute 
has been and is now placing before its members the fullest information 
on what is being done throughout the world in our particular sphere. 
The papers read a t our meetings lay before our members, and all 
interested, fresh knowledge of the metals with which we deal.

I  have hesitated considerably before touching on the subject of 
the application of the knowledge we possess, owing to the m atter 
haying been recently dealt with by so many writers. I  feel, however,

* Inst. Transport, 1929, 2, 1.
t  ‘Ten Years of Research for the Metal Industries, British Non-Ferrous

etals Research Association,” London : 1931.
t  De.pt. Sci. Indiisl. Research, Report for 1930-31, p. 19
§ Ecdesiasticus iv. 20.
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thafc I m ust say a few words on tlic subject. In  the first place, no 
one will deny th a t we have advanced very much in the past few years 
towards a better understanding between the scientific and the so-called 
practical man. There is no doubt th a t the increased facilities for 
metallurgical education, as well as the growing importance of metallurgy 
generally, have helped to  bring this about. Societies like our own have 
contributed largely to the progress made in this direction.

Although one does not now hear the complaints one formerly heard 
of the language (scientific and theoretical) employed by the rescarch 
man, and of the ignorance of the practical user, there is, I  believe, still 
room for them to get even closer together. W hat faults there may be 
are decidedly not all on one side. I t  is still diffieult to place oneself 
wholly in the position of the “ other fellow,” even in a case like this. 
A very interesting paper on “ Research Methods ” was read by our 
Vice-President, Dr. II. Moore, a t the Oxford Conference of the British 
Non-Ferrous Metals Research Association in January, 1927,* in which 
the importance of accurate and concise recording of research methods 
was emphasized. This is akin to a m atter of urgent practical signifi- 
cance—namely, the mode of expression of scientific and technical 
reports for the use of industry. I t  has tru ły  been said th a t we cannot 
expect an experienced business or practical man with no scientific 
knowledge to speak scientific language correctly. If he cannot speak it, 
he probably cannot understand it. I would therefore urge, as has 
often been done before, th a t all scientific papers and reports should 
be w ritten in the very simplest of language. If any highly scientific 
explanations are reąuired, they should be pu t in an appendix, where 
they can be referred to by those properly qualified to appreciate them. 
On this particular point another excellent paper was presented a t the 
Oxford Conference—on the “ Writing of Reports,” by Professor C. F. 
Jenkin. This paper provoked an excellent discussion, to which Mr. N. 
Garrett Smith made a noteworthy contribution, closing with the 
words “ the value of the paper . . . will rest entirely on how clearly 
the answer is given to the question ‘ How can I reap the benefit of 
the work ? ’ ”

But, after all, as I  liave said, the blame, if blamc there be, is not 
by any means all on one side. One may often feel th a t the so-called 
practical man (and how I dislike the term !) is not ready or anxious 
to “ observe the opportunity.” Here again it  may seem th a t he “ won!t  
see.” Especially a t times like the present, this may bo due to the  
financial advantages not being sufficiently attractive to him when the 
situation is considered as a whole. There is no doubt, however, th a t

* Brit. N .-F. Metals IIes. Assoc., Buli. No. 19, 1927, 10-22.
VOL. X L V III. D
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many of us are intensely conservative when it comes to adopting new 
ideas, and perhaps nervous of advcnture in this rcspect. I t  may 
appear strange in an address to you to tu m  to an advertisement in a 
daily newspaper, even if th a t paper be The Times, but what I  would 
say is expressed better than I  can possibly do in the issue of th a t 
paper of December 11,1931. In it, “ Callisthenes,” of Messrs. Selfridge 
& Co., deals with “ The Reaction to a New Idea.” I  cannot quote it 
in fuli, but it will be found not only in the newspaper, but also in the 
Bullelin of the British Non-Ferrous Metals Research Assoeiation No. 39, 
1931. “ Callisthenes ” deals with the inertia of the mind, the element 
of cowardice in shouldering responsibility (by adoption of a new idea), 
and a feeling sometimes of injured vanity th a t someone else has thought 
of something before ourselves.

In addition to these, there are other difficulties. One is the liesita- 
tion, probably quite mistaken, to allow the results of research to be 
applied early to a practical test. One can readily understand tha t, 
often when nearing what he hoped to be the conclusion of his work, 
tho scientific investigator may see some better way of approach to the 
problem, or may have his attention directed to some new method or 
materiał. If circumstances allow, he naturally wishes to perfect his 
work as fully as he can before it  is applied practically, although the 
results so far achieved may lead to something much in advance of 
what is already being done. In  this way time is lost. He may feel, 
too, tha t it is not right to publish anything which is not as perfect as 
it can be made. How true is the French proverb “ The better is 
often the enemy of the good ” !

Although one appreciates very fully the great care which is taken 
in research experiments, one feels th a t there are cases where the practical 
results can be properly obtained only in actual commercial use. Not 
only so, but the time required to test in actual use may be long. This 
is the reason why I  urge th a t practical tests should be pu t in haud as 
early as possible, especially as many engineering articles require years 
to test out. My friend and old colleague, Mr. II. A. Treadgold, and I 
were working nearly twenty years on research into the best materiał 
for a portion of a locomotive before the results showed th a t we could 
approximately double its life. I  am hoping to be able shortly to 
fmish a practical experiment which was started in 1912, and which I 
believe may confirm certain views I  hołd on a metallurgical point. To 
take another case which bears on the eifect of the introduction of a 
smali quantity of a non-ferrous metal into s te e l: in 1922 I  heard 
incidentally a suggestion tha t a smali quantity of copper inereased the 
corrosion-resisting properties of steel. I  was anxious to try  this on
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the smoke-box and ashpan plates of locomotivcs. Owing, I  take it, 
to the story I used to hear, when a student, th a t if a puddler wished 
to get a fellow-worker into trouble he threw a penny into the puddling 
furnaee, we had difficulty in getting an order placed for the materiał 
we reąuired. Finally Sir Robert Hadfield accepted an order for a 
smali cast of wbat we now cali “ copper-bearing steel,” and we 
received the necessary plates. Owing, however, to the relatively 
long life th a t the ordinary steel gave, it  was six or seven years 
before we could say th a t we were obtaining better results from the new 
materiał.

I feel, therefore, th a t one of the objects which should always be 
borne in mind is to get the improvement we think we are able to make 
put to a practical test as early as possible. If necessary, let it be 
clearly understood th a t one hopes something better still may shortly 
be available.

The above is perhaps somewhat unnecessary as far as we are con- 
cerned, for, after all, we and our Institu te are probably in a much 
better position than any other similar body as regards the means th a t 
we have to hand for bringing our knowledge before those interested in 
its application.

I  believe th a t the Research Associations, of which twenty-eight are 
enumerated in the Report of the Departm ent of Scientific and Industrial 
Research for 1930-31, are peculiarly British organizations. Although 
it is less than fifteen years sińce the inception of the first of these 
organizations, they have become a prominent feature in many Indus
tries. This is nowhere more marked, perhaps, than  in the work with 
which we are associated. Such associations form one of the best 
means of bringing together those who are directly engaged in industry 
and those who are conducting research. A glance a t the names of 
the members of the Council of the British Non-Ferrous Metals Research 
Association will show how catholic i t  is, with representatives of those 
interested in non-ferrous metals from every point of view. I t  is not 
necessary for me in such a meeting as this to speak of Dr. R. S. H utton, 
the Director of the Association, and one who has served so long and 
so faithfully on our Council and assists us in so many ways. The 
connection between the Institu te and the Association is very close— 
may it ever remain so—and we have been glad to be of service to it 
on many occasions, acting as the medium by which the work of the 
Association, a t  the appropriate time, is published to the world generally. 
One can scarcely appreciate the debt the industry is under to  the 
Association for the work it  has done sińce its eommencement in January 
1920. Not the least valuable of its work has been the opportunity i t



36 Presidential Addrcss
has given to so many research workers to get into toucli witli the 
actual problems cxisting in the works.

I t  is with considerable trepidation th a t I  venture for a sliort time 
011 to the not too clearly defincd linę which separates non-ferrous from 
ferrous metals.

In  the past year we have becn celcbrating the Centenary of th a t 
lemarkable man, Michael Faraday, and Sir Robert Hadfield has made 
a close investigation into the smali box which contained the results 
of his metallurgical work.* This box, which is only 9 X 5J X 5 |  in., 
contained seventy-nine specimens, of which there were twelve metallic 
clements alloyed with iron. Of these, seven were so-called “ noble 
metals.” The work of Faraday was the beginning of an appreciation 
of the use of non-ferrous metals for alloying—with such remarkable 
results—with what some may cali the “ predominating partner,” iron. 
The use of these metals in this respect is growing, and one of the first 
thougkts one has when ono hears of the commercial production of a 
metal previously designated as “ rare,” is what effect it will liave 
when incorporatcd with iron or steel. Of recent years benefit has 
accrued from the use in this way not only of nickel, tungsten, and 
chromium, but also of vanadium and molybdenum, among a host of 
othcrs.

In concluding, may I make an appeal for the continued interest 
in the Institute of those to whom we already owe so mucli for the 
wonderful progress it has made? I  trust also th a t our more recent 
members may be encouraged by the esample of those who have helped 
the Institute in past years to carry on the tradition so finely established 
by our founders.

One appeals, too, for an increase of personal interest from the 
members of some firms. There are one or two conspicuous examples 
of firms who have a number of their stafi as members of the Institute, 
but in many cases large firms have only one representative mernbcr. 
As I Łave already pointed out, the attendance a t  our meetings and 
the personal contact tha t this leads to  is one of the greatest benefits 
which can be derived from societies such as our own.

* Trans. Roy. Soc., 1931, 230. “ A Research on Faraday’s Steel and Alloys.”
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THE THERMAL CONDUCTIVITY OF SOME 
NON-FERROUS ALLOYS.*

By P r o f e s s o r  1). IIANSOM,f D.Sc., V ic e -P r e s id e n t ,  and 
C. E. EODGERS4 M.Sc., M e m b e r .

S y n o p s is .

Tliis papor doscribcs the results of thermal conductivity tests on a series 
of aluminium-copper alloys, and also tho cffeets of aluminium, niekol, iron, 
phosphorus, and arsenie on the thermal eonduetivity of copper.

T h is short paper describes the results of some tests on the thermal 
conductiyity of some copper and aluminium alloys. I t  was originally 
intended to investigate the whole series of the alloys of aluminium and 
copper, but difficulties were experienced with the brittle alloys con- 
taining from 20 to 70 per cent. of copper, principally owing to the 
difficulty of machining suitable specimens. The tests have therefore 
been confined to alloys a t  each end of the system. Tests have also 
been mado with copper eontaining smali additions of nickel, iron, 
phosphorus, and arsenie.

A “ guard-tube ” method was used on the recommendation of Dr. 
Ezer Griffiths, F.R.S. The test-bar and guard tube were attached 
to an electrically heated copper błock which acted as the source of heat. 
The opposite ends of the test-bar and the guard tube were soldered 
into water-jackets, by means of which the flow of heat could be regu- 
lated. Independent streams of water from a constant-lcvel tank were 
passed tkrough these water-jackets, the ratę of flow being adjusted to 
give the same fali of temperature along both the specimen and the 
guard tube. The object of this arrangement is to prevent loss of heat 
from the surface of the test-bar, and this was further assisted by filling 
the interyening space between bar and tube with Silocel, an efficient 
heat insulator. The guard tube itself was surrounded by asbestos 
lagging. Iron-Constantan thermo-couples were inserted a t appropriate 
positions in the specimen and tho tube, by means of which the fali in 
temperaturo could be measured. When the conditions are suitably

* llanuscript]received January 19, 1932. Presented a t the Annual General 
Meeting, London, Marcll 9, 1932.

t  Professor of Metallurgy, The Uniyersity, Birmingham.
+ Metallurgist, Buneher and Haseler, Ltd., Birmingham.
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arranged, all the heat imparted to the test-bar travels along it  to the 
water-jaeket, and by measuring the temperature of the ingoing and 
outgoing water, the aetual amount of this heat can be determined. 
In practice, it was found necessary to insert a smali spiral water-jacket 
between the water-jackcts on the specimen and tubę, sińce the tem 
perature of the last two was not always identical when the heat gradient 
in specimen and guard tubc were the same, and a very smali transfer 
of heat would otherwise have occurred between the two water-jackets. 
The thermal eonductivity—that is, the number of calories passing 
per second through one cm. cube of the metal when there is a difference 
in temperature of 1° C. between opposite faces—can quite simply be 
calćulated if the dimensions of the specimen, the fali in temperature 
per unit of length, and the amount of heat transferred are known.

T a b l e  I .— Composition of the Test-Bars.

Bar No. Copper. Alaminium. Iron. Nickel. Arsenie. Phospborus.

0 n il rc m a in d e r
1 0-18
2 0-52 i  >

3 1-01 M
4 2-60
5 5-06
G 7-20
7 9-50
8 11-51 y y

9 15-46 yy

10 20-08
11 25-60
12 30-46
25 rc m a in d e r 12-78
27a M 8-45
28 5-10
3 0a yy 1-75
32a M 0-083
33a > 1 0-135
34 11 0-229
35 0-406
36 ,, 0-070
37 ,, 0-144
38 »» 0-302
39 t* 0-495
41 0-78
42 y y 1-57
43 yy 2-76
44 tt 4-90
45 *> 0-29
46 *» 0-50
47 1-07
48 0-20 J

The a lu m in iu m  used fo r  th e  a b o v e  a llo y s  c o n ta in e d  0-21 p e r  c e n t .  o f  i ro n  a n d  
029 p e r  c en t. o f  S ilicon ; th e  co p p cr w as  h ig h -g rad e  e le c tro ly tic  w irc -b a r , im p u r it ie s  
b e in g  p re s e n t o n ly  in  tra c e s .
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T a b l e  II.—Thermal Conduclmty of Copper-Aluminium Alloys.

Composition 
Copper. 

Per cent.

As Cast. Annealcd for 2-1 hrs. a t 500° O. 
Cooled in the Fumaco.

Thermal Conductivity. Thermal Conductmty.

30°-10Q° O. GCP-270° O. 30°-100° O. 0<P-27<r O.

nil 0-513
0-18 0-493 0-512 0-497 0-518
1-01 0-433 0-503 0-492 0-511
5-06 0-390 0-451 0-463 0-473
7-20 0-406 0-433 0-453 0-465

11-41 0-303 0-405 0-441 0-446
15-46 0-362 0-375 0-437 0-420
20-08 0-346 ... 0-41S 0-422
23-6 .  .  . 0-394 0-405
30-46 0-3S8 0-381

T a b l e  I I I .—Thermal Gonductimty o f Copper Alloys.

Composition. 
Per cent.

Thermal Condnctiyity. 
G(P-270° 0.

Composition. 
Per cent.

Thermal Conductivity. 
00°-270° C.

Aluminium. 1‘hosphorus.
1-75 0-405 0-083 0-708
5-10 0-256 0-135 0-504
8-45 0-219 0-229 0-398

12-78 0-169 0-406 0-292

Nickel. Arsenie.
0-78 0-655 0-070 0-695
1-57 0-562 0-144 0-504
2-76 0-425 0-302 0-398
4-90 0-310 0-495 0-292

Thermal Conductiyity. CO -270° O.
Composition.

Per cent.
- Quenched 1000’ C. Qnenched G50s C-

Iron.
0-20 0-702 0-713
0-29 0-640 0-603
0-50 0-505 0-580
1-07 0-342 0-570

Test-bars wore cast in iron moulcls 7 in. long and T̂ - in. in diam eter; 
from these bars, specimens GJ in. long and i  in. in diameter wero 
machined; thermo-couple holes -jg- in. in diameter and ^  in. deep 
were drilled 12 cm. apart. Similar corresponding holes wcre drilled 
in the guard tube, the relative positions to one another and to  the 
heated end of the specimen being fixed by means of the steel template.

Table I gives the composition of the various bars, whilst in Tables II
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and I II  are given the results of tlie conductivity tests and the tem
peraturę ranges to which they refer. Details of the heat-treatm ent 
applied to the specimcns are also given in these tables. Each figurę 
is the mean of about sixteen readings. After the apparatus had at- 
taincd a steady state, eight sets of readings were taken a t  intervals 
of about 5 minutes, and a further eight sets after an interval of an 
hour or two. As a rule, good agreement was obtained. Occasionally 
the second set of readings did not agree with the first; this was due 
to maladjustment of the temperaturo gradients within the apparatus, 
and in these instances the esperiment was repeated.

Fia. 1.—Thermal Conductivity of Copper-Aluminium Alloys.
The annealed bars were heated for 24 hrs. a t  500° C. and eooled in tho

fu m a c o .

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

The results of the tests on eopper-aluminium alloys are summarized 
in Fig. 1. The lower curves refer to alloys in the “ as cast ” state, and 
the upper curves to the same alloys after annealing a t 500° C. for 24 hrs. 
and cooling in the furnace. Bars in the “ as cast ” state have a much 
lower conductinty than annealed bars. This is probably due to  the 
retention of a greater amount of copper in solution in the chill castings. 
On annealing, much copper would no doubt be precipitated during 
cooling in the furnace. Considerable difficulties were experienced in 
determining the conductivities of tlie annealed bars, as i t  was found 
th a t the value inereased slowly while the specimens were in the appara-
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tus. At the time the tests were carricd out, this result could not be 
explained. I t  is now thought to be due to a further preeipitation of 
copper from solution a t the testing temperaturo. Ordinary rates of 
eooling in a smali furnace are now known to be insufficient for the 
attainm ent of eąuilibrium in these alloys, and it is likely th a t further 
preeipitation would occur at the temperaturo a t which these conduc- 
tivity tests werc carried out. The “ as c a s t” bar containing 7-2 per 
cent. of copper, tested over the rangę 30°-100° C., gavc an abnormal 
result. Tliis bar was inadvertently over-heated in the apparatus before 
the conductivity was measured, and the high figurę is probably duo

Fia. 2.—EfTects of Nickol and Aluminium on the Thermal Conductivity of
Copper.

to preeipitation of copper resulting from this over-heating. The big 
differenee between “ as cast ” bars tested a t 30°-100° C. and the same 
bars tested a t 60°-270° C. is probably also due to preeipitation of copper 
during the course of the test a t the higher temperaturę, which is known 
to be within the rangę of temperaturę a t which such preeipitation 
readily occurs. I t  is elear tha t the tlicrmal conductivity of copper- 
aluminium alloys is greatly affected by the hcat-treatm ent to  which 
they are subjected, and further work on this subject is reąuired.

Fig. 2 shows the influence of aluminium and nickel on the thermal 
conductm ty of copper. The specimens were tested in the annealed 
state, the annealing temperatures being 500° C. in the case of the 
aluminium alloys and 900° C. in the case of the nickel alloys. Fig. 3 
shows the eflect of iron, phosphorus, and arsenie on the therm al eon-
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ductivity of copper. The effect of iron is influenced by the thermal 
treatm ent to which the metal is subjected; one series of tests was 
carried out on samplcs ąuenched in water after heating for 1 hr. at

F ig . 3.—Effects of Iron, Phosphorus, and Arsenie on tho Thermal 
Conductivity of Copper.

1000° C. and another series on bars ąuenched from 650° C. The dif- 
ferenee is due to the retention of iron in solution when the bars are 
heated to the higher temperature; a t 650° C. the solubility is much 
less and the amount of iron th a t can be retained in solution is cor- 
respondingly smaller.

DISCUSSION.
D r. W. R o senhain ,* F.Inst.M et., F .R .S. (Past-President) : This is no t

a  paper which lends itself to  controveraial discussion. Wc have a series of 
interesting determinations which are useful. Indeed, I  liave already been 
able to  make use of them  for practical purposes sińce this paper appeared in 
proof.

There are two points to which I  should like to  refer. One is th a t a  short 
tim e ago Schofield and some of his colleagues a t  the N ational Physical Labora- 
tory made an elaborate inyestigation of the therm al and  eleetrieal conduc- 
tiv ity  of alloys and found th a t the Lorentz law, by which the eleetrieal and 
therm al conductivities are proportional to one another, holds for these alloys. 
T hat has made me doubt whether i t  is necessary to  worry much about deter
minations of th is kind unless they are reąuired to  be of a high degree of 
accuraey, because, for all practical purposes, if you know the eleetrieal con-

* London.
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ductiyity you also know tho therm al conductivity—sufficiently, a t  any  ratc, 
for most purposes. T h a t would possibly be a  w ay ou t w ith regard  to  these 
brittlo metals which aro so difficult to  handle. Of eourse, one would like to  
haye measurements for both, because, in  the case of a  law of this kind, one 
would like to  see i t  confirmed for every alloy and for every condition of hoat- 
treatm ent. The fact to  which Professor Hanson referred when introducing 
the paper, th a t in tho copper-alum inium alloys the effect of solubility and the 
effeet of w hat one m ight cali artificial ageing or over-ageing a t  the higher 
tem peratures make themselves felt in the therm al conduetiyity, w arrants the 
assumption th a t i t  has a  similar effeet on the electrical conduetiyity  a lso ; th e  
parallelism of the two is probably preserved.

From  tho practical point of view there is one rem ark I  should like to  make 
—namely, th a t possibly one is inclined to  a ttach  too mueh im portanco to  the 
therm al conduetiyity of the m ateriał which is used for m any purposes, particu- 
larly where heat transfer is coneerned, because, if one takes the over-all therm al 
resistance between the source of heat and the substance which is to  be heated 
on tho other side of a  p late of metal, the  therm al conduetiyity  of the m etal 
itself is probably no t a yery large factor of th a t  resistance. I t  is the losses 
which oceur in  passing the heat from the heating medium into tho m etal and 
out of the m etal into  the medium which is being heated which largely affect it, 
so th a t a smali difference of therm al conduetiyity, as, for instance, in  a  tea  
kettle, is no t a very im portan t m atter, and certainly is no t śo im portan t as ono 
might be inclined to  imagine. For instance, the ąuestion of whether the surface 
of the m etal has g reat power of reflecting heat m ay easily be moro im portant 
than  its  therm al conductivity, and faetors of th a t kind have to  be considercd. 
One sometimes hears these points raised by people who do no t understand 
what they  are dealing w ith, and  who say th a t  a eertain alloy cannot be used 
beeause i t  has only half the therm al conduetiyity of the pure m etal, b u t in 
praetiee no t only can i t  be used, b u t i t  sometimes lasts ten tim es as long. I t  
is foolish to  reject its  use on th a t theoretical ground. I  th ink, therefore, th a t 
this knowledge is very im portan t and very useful, b u t ono m ust n o t jum p to 
eonclusions from the fact th a t  thero is a  considerable difference in  therm al 
conductm ty  between two m aterials; tho effeet on their effieiency in  any 
particular heating devices in which they m ay be employed will no t necessarily 
be in proportion.

Colonel N . T. B e l a i e w ,*  C.B. (M em ber): W ith reference to  Fig. 3 and 
to  the solubility of iron quenched a t  650° and 1000° C., I  should like to know 
whether the authors mean th a t, when the alloy w ith iron is quenched from 
1000° C., the iron is in the y-state, or m ost of i t  is in the -y-state, and th a t  when 
ąuenched from 650° C. i t  is in the a-state . W hat is said in  th e  paper is : 
“ The difference is due to  tho retention of iron in solution when tho bars aro 
heated to  the higher tem perature.” Is  it, as it  were, the rcsult of an allotropic 
State of iron ?

Dr. R i c h a r d  S e l ig m a n ,f  F .Inst.M . (P ast-P residen t): I  am  very  tem pted 
to follow D r. Rosenhain on to the byways of heat exchange, bu t I  will resist the 
tem ptation except so far as to  say this, th a t  w ith modern methods of heat 
exchange, where those other resistances of which ho speaks have been reduced 
to their utm ost limit, the conductiyit}' of the m etal begins to  play a  part, and 
in commercial practice—unfortunately, I  haye a  great deal of experience in  
this m atter—the lower eonduetiyity of an  otherwise suitable alloy m ay be 
determinatiye in causing one to  reject it.

* Paris, Franco.
t  Managing Direetor, Tho Aluminium Plant and Yessel Co., Ltd., London.
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Dr. A. L. N o u b u r y  * (Member) : Dr. Rosenhain has ra ther anticipated 

w hat I was going to say. I  was going to  suggest to  the autliors th a t it  would 
bo very useful if they would also determine the eleetrical cond«ctivities of tlie 
alloys tho thermal eonductivities of which they have measured. The relation- 
ship between the two propertics is probably a very simple one in  the caso of 
situilar alloys such as, for oxample, tho copper-rieh solid solutions, and the 
data  so obtaincd would lielp to  defino the relationship more accuratcly, and 
would make it  possiblo to  calculato the therm al eonductivities of m any other 
coppcr-rieh alloys the eleetrical conductiyities of which are well known.

The P r e s id e n t  : Dr. Rosonhain has reminded me th a t tho cxperiments 
carried out during tho W ar by the L ight Alloys Sub-Committce havo been 
published. 1 remomber th a t tho point which lie iias raised occurred then, when 
wo were discussing eertain smali variations in  conductiyity. One of our 
friends pointed out th a t tlicre was plenty of “ patii ” for any heat we were 
produeing to  go along, which is a fact we sometimes forget.

Professor H anson  (f» rcply) : Dr. Rosenliain referred to  tlie possibility 
of calculating the therm al conductiyity from the eleetrical conductiyity. I  
tliink th a t I  agree w ith eyerything th a t ho said there; i t  is probably ąuite  
possible. One object in aetually presenting these results to  you was to direct 
attention to th a t particular point, or a t least to  direct a tten tion  to  the pro- 
found effect which smali amounts of an added element can have on the therm al 
conductiyity of a pure metal. I  had lioped th a t we should be able to  contributc 
something to  the yerifieation of tho Lorentz law, bu t we tried to  uso the yalues 
for eleetrical conductivities obtained a t  tlie N ational Physical Laboratory for 
pure samplcs of alloys, and, using tliose and comparing them  with the therm al 
conductivities of our own specimens, we did no t get sufficiently elose agreem ent 
to  justify any conclusions. We should have published them  liad the agree
ment been good, but it  is not fair to  make a comparison w ith  someone else’s 
expcriments. We ought, as Dr. N orbury has suggested, to  determine the 
eleetrical conductiyity of our own spccimcns. I  have the specimens still, and 
ns soon as an opportunity occurs I m ust do tha t, and carry it  a  little further.

1 do not tliink th a t I can contributc anything to the discussion of the 
importance of thermal conductiyity in relation to  tho problcms of heat transfer. 
It seems quitc impossible to  make any generał statem ent on th a t ąuestion, and 
the different cases m ust be taken on their merits, and clearly there aro other 
factors,

In  reply to Colonel Belaiew, I  m ay say th a t tho  iron is in solution in  the 
copper bars that are ąucnched from 1000° C. I  do no t know now whether hc 
wants me to  say whether it is in the y-state or in the a-state. In  the bars con- 
taining more than  0-4 per cent. of iron ąuenclicd from 050° C., p a rt of the iron 
is in  the form of separate crystals of iron. If  I  had the diagram  before nie, I  
could tell whether it was in the a- ory-condition, bu t w itliout rcfcrence to  th a t 
diagram I  eannot do so.

CO RRESPO N D EN CE.
Dk. J .  W. Donaldsonj- (Member): I  haye read this paper w ith  con- 

siderable interest in yiew of the work which I  havc carried ou t on the therm al 
conductiyity of rnetals and alloys, using a somewhat similar apparatus to  th a t

* tsenior Metallurgist, British Cast-Irou Research Association, Birmingham, 
f  Laboratory, Engineering Department, Scott’s Shipbuilding and Engincering 

Co., Ltd., Greenock.
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used by the authors—a type of apparatus which I considor gives very satis- 
factory results.

In  testing copper containing 0-389 per ccnt. of arsenie I  obtained a  therm al 
conductivity value of 0-512 a t 100° C., the m ateriał beitig in  the rolled, drawn, 
and annealed condition. Comparcd w ith the authors’ results this valuo 
appears to  bo ra ther high, and possibly th is was due to the heat-treatm ent. 
Williams and Bihlman obtained for copper containing 0-231 per cent. arsenie, 
when measured over a rangę 100°-230° C., a  vaiuc of 0-52 in  the hard-drawn 
state and of 0-50 in the annealed state, which indicates the effect which treat- 
ment, therm al or mechanical, has on the heat-conducting property. I  liave also 
tested tw'o alloys of copper containing nickel, one containing 30 per cent. 
nickel and the other Monel m etal containing nickel 67, copper 29, iron 3, and 
manganese 1 per cent. and botli showed the influence of nickel in lowering the 
thermal conductivity of copper in a  m arked manner, valucs of 0-075 and 0-069 
being obtained a t  100° C.

The authors found th a t bars tested  in  the “ as cast ” sta te  usually had a  
much lower therm al conductivity than  annealed bars. I  have obtained similar 
reaulta w ith cast iron, higher values being obtained after heat-treatm ent a t  
550° C., and prolonged heat-treatm ent was necessary to  produce stablc con- 
ditions. I  consider th a t those changes in  cast iron were due to  precipitation 
of free carbon from  the combined carbon, and I  am  therefore in  agreem ent 
with the authors’ suggestion th a t the changes which they found were due to  the 
precipitation of copper. Considerable difficulties are always expericnced in 
testing cast iron in its “  as cast ”  or partly  lieat-treated  condition, unless 
stability is obtained, and  no doubt similar difficulties will be found w ith other 
alloys which react to  tem perature in a  similar manner.

Dr. C. S. Sm ith * (M em ber): I  am glad th a t the authors place such great 
emphasis on the im portance of heat-treatm ent on therm al conductivity, and 
particularly on the effects of precipitation which m ay oceur during th e  actual 
determination. I t  is to  be regretted th a t an “  instantaneous ” determ ination 
of therm al conductivity cam iot be made, for the considerable rango of tem 
peraturo needed to  obtain suffieient flow of heat to  be measured accurately 
frequently renders i t  impossible to  make determ inations in the m ost interesting 
rangę.

In  conneetion w ith th e  theory of the metallic sta te , i t  is of great in terest to 
compare the electrical and therm al conductm tics throughout an alloy series, 
and I  would suggest th a t the value of the paper would bo considerably incrcased 
if the authors could provido electrical conductivity measurements, either a t 
room tem peraturos or preferably a t  the mean tem perature of th e  therm al 
conductm ty  determ ination. There is some evidence to  indicate th a t  the 
W iedem ann-Franz ratio  inereases considerably w ith the first smali additions 
of alloying elements and rem ains fairly constant thcrcafter. Curves of the 
W iedem ann-Franz ratio  w-ould be very interesting for tho series studied by 
the authors, particularly tho a solid solutions of arsenie, phosphorua, iron, 
nickel, and aluminium in copper, and  I  hope th a t the authors will be able to 
supply these values.

* Research Laboratory, American Brasa Company, Waterbury, Conn., U.S.A.
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OBSERVATIONS ON THE PRESSURE OF 
FLUIDITY OF ANNEALED METALS.*

By HUGH 0 ’JfEILL.f M.Met., D.Sc., M e m b e r , and HUBERT 
GREENWOOD,J M.Sc.

S y n o p s is .

The pressure of fluidity a t room tempcraturcs has becn designated as 
the stress a t which a loaded rigid punch continuously pcnetratcs a błock 
of ductile metal. Examination of such a partly-punched specimen by 
hardness tests after scetioning, reveals th a t the most higlily strained 
regions have a (Meyer) bali index value of n =  2-0 and a resistancc to 
indentation equal to the pressurc of fluidity. The value of the latter for 
a given specimen can therefore bo determined by a cone or bali test after 
cold-working the materiał to the greatest possible extent, e.g. by rolling. 
Furthermore, it appears th a t the minimum pressure reąuired to extrude 
a metal through a die under certain conditions is equal to tlie pressure 
of fluidity, and very roughly equal (in most cases) to  twice the Brinell 
iiumbor of the annealed metal.

The suggestion is made th a t the condition of “ critical plasticity ” 
observed by Tresca, Kick, Coe, and others, in tho course of coinpression 
tests, corresponds with the condition of “ necking ” in tensile tests.
“ Necking ” commences a t the point of maximum load, and tensile 
diagrams on Stead’s prineiple indicate th a t the true slrcsa on the section 
from this point (Pu) to  th a t of fracture, has a linear relation to tlie dccreas- 
ing diameter of the test-piece. Extrapolation then gives a stress (P„) 
a t which theoretically the diameter would be reduced to zero by tensilc 
straining. The available experimental cvidcncc suggests th a t approxi- 
matcly : Pa — 3P u  =  the pressure of fluidity. Tensile, compression, 
indentation, and punching tests have thus all beenrelated to the pressure 
of fluidity.

1 mm. bali tests have been made on annealed metal wires, and on tho 
same specimens after heavy eold-rolling. In  this way their pressures of 
fluidity were determined. The minimum stress required to  draw the wires 
a t a speed of 0 001 in. per minuto through tungsten Carbide dics giving
20 per cent. reduction of arca was then measured. The pressures of 
fluidity prove to bo about 25 times the magnitude of the minimum drawing 
stresses for theso conditions, but if the wires are placcd in a series of inereas- 
ing values for each of these two tests, then the sequence in each series is 
the same.

F or some time past one of the authors has been interested in the plastic 
flow of ductile metals at high pressures and room temperatures, and 
certain points of interest have arisen which seem worthy of attention. 
They refer particularly to  the correlation of results obtained from com-

* Manuscript received Jfovember 17, 1931. Prcsented a t the Annual General 
Meeting, London, Mareh 10, 1932.

t  Senior Lecturer in Metallurgy, Tho University, Manchester.
{ Metallurgical Dopt., The University, Manchester.
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pression, extrusion, indentation, and tensile tests, together with a 
consideration of flow effeets in wire-drawing.

Compression Tests.

The pioneer work upon the “ fluidity ” of metals in compression 
appears to have bcen performed by Tresea, and he introdueed the 
term “ pressure of fluidity ” to designate the true stress (on the enlarged 
area) necessary to induce a ccrtain critical condition of plastioity. 
Values of Tresca’s pressure have been measured by means of simple 
compression tests on short cylinders of various metals, and some of 
them are recorded in Table I. Unwin 1 has described the proceduro, 
and ąuotes results obtained by Tresea and by Kiek, whilst in recent 
years further cxperiments have been reported by Coe,2 by Sachs ® and 
by others. The mean values for eight metals are given in the last 
column, and will be referred to here as “ compression fluidities.”

T a b l e  I .— Tresca Pressures of Fluidity in Simple Compression.

Metal. Results given lltóuita giren " Compression
by Unwin. by Coc. Fluidity."
Tons/inA Tons/in.’. Kg./uim,1.

Lead . . . . . 0-75 1-17 (No. 0) 1-5
T i n ....................................... 1-34 (No. 3) 2-1
Aluminium . . . . 10-5 7-0 (No. 13) 

9-45 (No. 9)*
14

Zine . . . . . 15*
Silver . . . . . /17-3 (No. 15)\  

\l3 -4  (No. 16)J 24
Copper . . . . . 22 20-3 (No. 19)f 33
“ Wrought iron ” . 45 approx. 71
“ Mild steel ”  , . . 50 79

* Behiwed abnormally.
t  Cold-drawn metal; this test chosen, as Sachs and others give a concordant 

value.

These compression results will be discussed later in eonnection with 
Bridgman’s experiments.

I n d e n t a t io n  T e s t s .

A seeond method of studying the “ fluidity ” condition of solid 
metals is by means of indentation tests. I t  was suggested in 1022 4 th a t 
when a Brinell bali indenter is loaded sufficiently to give “ immersion ” 
in a specimen up to its equator (d =  D), then the imposition of a slightly 
higher load will eause continuous penetration of the bali. For annealcd 
metals this does not appear to be exactly true, but experiment indicates 
tha t when a pressure of perhaps 1-5 tiinesthat of the “ immersion ” stress 
is applied (Pu X 1*5), then penetration proceeds. The effect was made
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evident by Ackermann’s puncli tests,5 for when a rigid cylindrical punch 
was loaded against specimens o£ metal, a stress could be applied under 
which penetration procecded comparatively rapidly. This stress 
Ackermann also called the “ pressure of fluidity.” After further con- 
sideration one of us suggested 6 th a t a metal which lias been cold- 
worked to its utmost extent (as shown by lraving a Meyer value of 
11 =  2-0) should deform plastically under indentation a t a stress (Pp) 
which must be equal to Ackermąnn’s “ pressure of fluidity.” A bali

or conc test made on such a metal yiclds a mean pressure ( p m —

hardness value which is independent of the load, and should theoretically 
represent the flow stress of the specimen. The available experimental 
results show th a t this suggestion is true, and the averages of some 
values obtained by the two methods are given in Table II, and will be 
referred to as “ indentation fiuidities.”

T able II .— “ Indentation Fiuidities ” by Punch Tests and Bali Tests
(kg.[mm.2).

Metal. Ackcrmftim’s 
“ Pressure of 

Fluidity."

Bali Test. P p 
= P m valuc when 

n =  2.
" Indentation 

Fluidity.”

Lead . 7-8 8-4 8-1
Tin . 13-7 12-5 13
Aluminium 40-2 42 41
Zinc . . . . . 77-6* 3 8 /0 1 t 0 9 - t
Copper . . . . 109 1015 10S
Iron (Krupp soft) 133t 131 132

* Behave<l abnormally; specimen fisBured. 
t  Published results show two ranges of valuss. 
i  Ricdel’s perforation test.

The figures for these bali tests and those of Table V have been 
obtained after a search of the literaturę. They represent the average 
values of many results by different experimenters using sometimes 
rather difTerent loading ratios and loading times. Soft metals, such as 
thallium, lead, tin, cadmium, magnesium, and zinc, present curious 
difficulties in testing, especially in the cold-worked condition, for then 
age-hardening effects, combined with spontaneous softening, make the 
procedure somewhat uncertain. By taking the mean of many different 
results, it is belicved th a t the values reported in this paper are reliable 
for purposes of generał comparison. The flow test on Krupp iron was 
carried out by Riedel 7 on a plate of the materiał, a hard steel punch 
being increasingly loaded until it  pushed out a wad of the iron. I t  
appears from Riedel’s paper tha t steady flow of the metal was taking 
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place a t tlic stress indicated in Table II. Tlic test differs from Acker- 
mann’s in th a t the specimen was supported on a base-plate having a 
hole situated directly under the punch.

The “ indentation fluidities ” are much higher than the “ compression 
fluidities ” given in Table I. In  the compression method all the metal 
which is being impressed by the machinę is free to flow laterally, being 
hindered only by the friction of tho plates. Under tho punch or bali, 
however, the locally stressed materiał is enclosed by the body of the 
specimen, and is thus confined in practically all directions. For unit 
deformation in the latter case greater stress will therefore be reąuired, 
and this point is dealt with later.

E xtrusiox T ests.

The case of metal flowing under a loaded punch whilst confined and 
supported by surrounding metal resembles somewhat the state of 
affairs in an extrusion press. 'F or a comparison of the stresses reąuired 
in each case to give fluidity, resort may be had to the extrusion and 
Brinell results of Kurnakow and Schemtschushny.8 They made a screw 
press which forced a dic with a cylindrical hole against an enclosed 
cylindrical specimen of the metal, and the stress to give extrusion was 
measured. More recently, Pearson and Sm ythe8 have studied the 
extrusion of a few metals, but were not concerned with the precise 
stress corresponding to “ fluidity.” Their work does, however, give 
the ratę of flow obtained with various applied loads, hence by extra- 
polation the load reąuired to cause unit ratę of extrusion can be found. 
This will have to be taken as the fluidity load, whicli when divided by 
the scctional area of the Container (diameter 1-25 in.) should give an 
approximate value of the pressure of fluidity. Extrapolation of their 
Figs. 30 and 31 for 17° C. and the “ inverted ” process gives extrusion 
loads for lead of 3-80 tons, tin  7-41 tons, and bismuth 13-2 tons. 
Cadmium was not tested below 106° C., but a t th a t temperature reąuired 
11-3 tons for unit ratc of flow. Now bismuth a t 107° C. gives a value of 
5-60 tons, so on a proportional basis a very rough estimate for cadmium

1T3 X 13-2a t room temperature would b e --------=-z— — =  27 tons.
0-6

Schischokin 10 has also carried out researches on the extrusion and 
liardness values of metals, and some of his results, together with those 
of the other workers, are given in Table III. His die was, liowever, 
complex, and the operation corresponded with th a t of the “ direct ” 
process, which is known to reąuire higher pressures. Conseąuently, in 
arriving at the mean values for “ minimum extrusion pressure,” his 
results have not been included.
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T able  I I I .—•M inimum Exlrusion Pressures (ląj.jmm.2).

Metal. Schischokin 
“  D irect"  
Proccss.

Kurnakow 
and Sclicmt- 

schushny 
“  Inverted 
Process.”

Pearson 
and Smythc 
“ Inverted 
Process.”

“  Minimum 
Extrusion 
Pressure ”  

(mean).

"  Indenta
tion 

Fluidity ”  
(Table IJ).

Thallium 9-9 5-8 5-8 4-3*
Lead . 10 8-8 4-9 6-9 8-1
Tin . 15 10-5 9-5 10 13
Bismuth 44 21 17 19 14 f
Cadmium 4S 31 (35) 31 3 1 ± ł
Zinc 75 75 69 ±

* Nicolardot, 10/10/5 seoonds.
f  Communicated privately by Dr. J . A. Smythc th a t the highest Brinell 

number (10/100/30 seoonds) found 24 hrs. after extnision of a bismuth billet was 
13-8. P „  =  14-2 kg./mra.2.

J 42 Molnar; 25 Greenwood; 25 Hargreayes. Mean =  31.

Considcring probable dificrences in tlie purity  of the metals and the 
geometrical differcnces of the two pieces of apparatus, there is a reason- 
able measure of agreement between the two extrusion tests. The mean 
of the results agrees sufficiently well with the “ indentation fluidities ” 
to confirm the view that, within the rangę considered, the two values 
refer to the same property of a metal.

So far, then, it  has been demonstrated th a t the stress corresponding 
with the sinking-pimch fluidity is the same as the maximum work- 
hardness pressure by indentation test, and is approximately eąual to 
the minimum extrusion pressure as determined under the conditions 
stated.

The B rinell  H ardness an d  the P ressure  of F l u id it y .

In  the course of some indentation tests one of the authors noticed 
that the standard Brinell number of an unstrained metal was roughly 
about half the mean-pressure bali hardness value of the same materiał 
in the completely cold-worked state (i.e. having n  =  2-0). Examples 
are given in Table IV, some of the indentations having been made on 
the region of the fracture of large tensile test-pieces. I t  must not be 
supposed, however, th a t tho effeet here observed would apply to metals 
undergoing a phase change with deform ation; e.g. austenitic steels will 
probably harden to more than twice the original Brinell number. 
Furthermore, for specimens having a vcry high capacity for work- 
hardening (e.g. n  >  2-40), the Pp value may be about three times the 
original Brinell hardness.

This approximate doubling of the Brinell number can only be 
empirical, sińce the Brinell number itself is a purely arbitrary value 
and varies with tho indenting load and sometimes with the period of
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T able IV .—Increase of Hardness by Heavy Cold-Worlcing.

Specimen. Brinell Hardness Number 
in Unstraiued Condition.

P p. Mean 
Pressure 
Hardness 

Number when 
n -- 2-0. 

Kg./mjn.*.

Batio.

Aluminium, eokl-rolled 23 (10/250/30) 46 2-0
Deearburized mild steel cokl- 00 (1 / 10/120) 142 2-06 \

rolled (Mn 0-44%, S i0 02%) 7S (1/30/120) 1-S2 J
Copper, tensilo test-pieco 49 (1/5/30) 111 2-26
Steel (0-3% C) tensile test- 151 (1/30/15)

pieee 145 (120°cono 30 kg.) 327 2-10

loading. For various metals, however, loading eonditions generally 
fali within ccrtain limits of variation, and the test is bccomiug standard - 
ized in this respect. (For annealed metal, the mean-pressure P m hard
ness value is only a little higher nnmerically tlian the Brinell number 
of the samo indentation.) I t  has been sliown earlier in this paper tha t 
the indentation hardness pressure corresponding with n — 2-0 repre- 
sents the pressure of fluidity; consequently it  is now implied th a t the 
standard Brinell number of the unworked metal is roughly half the 
numerieal value of the pressure of fluidity. This is an independent 
observation; but it  is important to note th a t Kumaków and 
Schemtschushny found th a t the minimum extrusion pressures were 
just about double the Brinell number of their spccimens.

In  Table V the pressures of fluidity prcviously given are recorded, 
together with a careful average of published indentation data.

For the rangę of metals considered here, w ith the exception of 
cadmium and zine, it  may be concludcd th a t by doubling the Brinell 
number one arrives at a figurę which is approximately equal to the 
pressure of fluidity. This may prove to  be a useful method of deter- 
mining roughly the pressure required to extrude an annealed metal at 
room temperature. If some such relation holds for indentation tests 
conducted a t elevated temperatures, then for an extrusion machinę of 
given maximum available pressure the temperature a t which the billets 
must be worked could be determined in the laboratory.

H ardening  u n d e b  a  Sink ing  P unch .
A study has been madę of the distribution of strain-hardening in a 

metal subjected to impression by a rigid punch a t the pressure o£ 
fluidity. Thanks to the courtesy of Mr. A. Ackermann, the authors 
were able to secure the cylindrical piece of copper, 70 mm. in diameter 
and 70 mm. high, which he had used for the determination of his pressure 
of fluidity. The face of the cylindrical vertical steel punch was 10 mm.
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T a b l e  V .— Brinell Hardness Nuniber of Annealed, Metal and Pressure oj

Fluidity.

Metal.
Brinell

Hardness
Number.

U B.

Pressa 

Bali Test.

re of Fluidii

Punch
Test.

y(p ). Kg.

Extrusion
Test.

nim*.

Mean
Yalue.

Ratio.
r l l ia -

Thallium 2-9 4-3 5*8 5-1 1-8
Lead 3-9 8-4 "7-8 6-9 7-7 2 0
Tin . . . 6-1 12-5 13-7 10 12 2 0
Bismuth . 8-4 14 19 17 2'0
Cadmium 19-7 2 5 /4 2 31 31 1-0
Aluminium 22 42 4 0 41 1-9
Zinc 33 38 /61 78 75 3 8 /7 1 2-2 /1 -2
Silver 30 72 72 2-4
Copper . 49 106 109 108 2-2
Iron (Krupp soft) 73 131 133 132 1-8
Nickei . 118 2 3 7 f 237 2-0
Wrought iron* 118 210 210 1-8
Jlild steel* 130 255 255 2'0

* Goercns.
t  Niekel seems to show a considerablo rangę of published values. This rcsult 

is from Kurth and from Schwarz,

in diameter, and with a pressure of 109 kg./mm.2 it  had commenced to 
flow readily into the copper. The specimen was afterwards sawn in 
two, parallel to its vertical axis, and a piane surface carefully prepared 
which included th a t axis. The metal was finished with 00 emery paper, 
and then indented with a sharp polished 120° diamond cone in various 
places. The load on the cone was 10 kg. maintained for 30 seconds,

and mean-pressure hardness values were calculated ( j l c =  By

using a cone the hardness results for metal of varying degrees of cold- 
working remain truły comparable. Their distribution may be seen in 
Fig. 1. I t  appears th a t a stagnant cap of metal forms under the punch, 
the outer layer of which is hardened-up to the same hardness-stress as 
the pressure of fluidity. The geometrical form of this cap cannot be 
stated precisely, bu t appears to  be something between a hemisphere 
and a cone, and is softer in  the interior than  on its outer layers. I t  
probably acts like the built-up edge on a lathe tool, and when the 
pressure of fluidity has been reached, fluid slip takes place over the 
surface of the cap. The lateral displacement of the body-metal causes 
hardening througliout the whole cylinder, with the possible exception 
of an annulus near the top surface shown in section as region A . The 
punch probably produces tensions in this region, and there may thus 
be a certain balancing of stresses. The reaction of the  base-plate on 
the lower part of the cylinder is eyident in Fig. 1, and the concentration



of strain hardcning a t tlic centro of the lower face is to be ascribcd partly 
to tlie existence of a slight projection on th a t face.

1 mm. bali tests were then made at three places on the sectioned

1 0 9  Kq/Sq .̂/77/77. 

i

54 0 ’Neill and Greenwood: Obseńations on the

F ig . 1.—Exploration of Punch Test-specimen with 120° Cono to show Distribu- 
tion of Strain-hardening (Mean-pressure Conc Numbers in kg/mm.2).

specimen, and also on a piece of the unworked metal. They are recordcd 
in Table VI.

This last experiment shows th a t the copper along the face of tlic 
stagnant cap has reachcd the n  =  2-0 condition and has a resistance to
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T a b l e  V I.— Bali Tests on Copper Cylinder.

Ix>cation of Indentations. Meyer n 
Yalue.

Pu, Pm, 
for d *= D.

Ilrinell HardneiB 
Number. Ha.

Region A (Fig. 1) . 2-36 75 /  50 (1/5/120) 
\5 4  (1/10/120)

Region B „ 2-10 74 /6 2  (1/5/120) 
\6 3  (1/10/120)

Built-up edge C 2-00 110 107 (1/10/120)
Uńworked metal 2’36 75 /4 9  (2/20/120) 

\5 1  (2/20/30)

pressure equal to the pressure of fluidity. The body metal immediately 
adjacent to  the cap is similarly work-hardened, and a t this critical 
pressure presumably they both flow over each other, but, for geometrical 
reasons, the cap maintains its position in front of the puneb. The 
experiment, moreover, furnishes another example of the Brinell number 
of the unworked metal being about half the numerical value of the 
pressure of fluidity, whilst it  also suggests the further comparison with 
the simple compression test which follows in the next section.

F urther Co nsideration  of Compression Tests— B ridgm an’s 
E xperim en ts.

When a metal cylinder is being subjected to a simple compression 
test i t  is generally believed th a t conical bodies deyelop within it, having 
as their bases the fiat faces of the specimen. As the stress and deforma- 
tion inerease, the body-metal slips over these cones and is extruded 
laterally. The condition of “ critical plasticity,” as Coe calls it, is 
reached, and tho metal then flows more readily under stress. This stress 
of ready-flow will be smaller in magnitude than th a t when a punch 
experiment is made, because of the lateral support of the body of the 
specimen in the la tter case. Assuming a condition of plasticity and 
various other geometrical effects, P ra n d tl11 has suggested th a t the 
relation between these two stresses will be given by :

Punch-flow stress =  Plain compression-flow stress X  ĵ l +

=  Plain compression-flow stress X  2-6.

Now taking the mean values for pressure of fluidity in Table V as values 
of punch-flow stress, we may compare them with the Tresea compression 
stresses given in Table I. The ratio between the two is recorded in 
Table VII.

Disregarding the values of the ratio for lead and tin—these metals 
are so soft th a t variations of temperaturę and speed of compression are
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T a ble  VII.—Tresca’s Compression Fluidity and Punch Fluidity.

Metal.
" Compression Mean Pressure liatio.Fluidity ” 

(Table I).
of Fluidity 
(Table V).

Lead . . . . . 1-5 7-7 51
T i n ....................................... 2-1 12 5-7
Aluminium 14 41 2-9
Zinc . . . . . 15 38/71 2-5
Silrer . . . . 24 72 3-0 .
Copper . . . .  
“ Wrought iron ”

33 108 3-3
71 210 3-0

“ Mild steel” . 79 255 3-2

liable to influenco tlie results—there is evidence of a constant relation 
between the fluidity stresses determined by the two tests. I t  appears 
tha t the “ pressure of fluidity ” is roughly three times the “ com- 
pression fluidity,” a ratio which is somewliat higher than tha t suggested 
by Prandtl.

Compression tests in which the metal would receive lateral support 
during straining suggest the application of hydrostatic pressures. 
Experiments of such a naturę have been carried out by Bridgman 12 
in connection with high-pressure gauges. Hollow thick cylinders of 
metal had their ends fixed rigidly within a chamber, and hydraulic 
pressure was applied against their external surfaces. The metal yields 
and flows, and the internal diameter of the cylinders decreases. “ After 
flow has once started,” Bridgman says, “ the relation between internal 
diameter and true hydrostatic pressure is approximately linear.” 
Eventually a pressure may be applied which causes the cylinder walls 
to collapse inwards uniformly to zero internal diameter, and this 
pressure is independent of the initial diameter of the cylinders. In  this 
type o£ experiment only two metals were tested by Bridgman, bu t tho 
values of the hydrostatic collapse pressures strongly resemblc the 
pressures of fluidity so far as the furnished description of the metals 
permits of comparison.

Perhaps a more remarkable cxperiment of Bridgman’s consists of 
fixing a solid cylindrical specimen of metal into a pressure chamber 
with its ends passing through stuffmg-boxes, but otherwise unsup- 
ported. Tho conditions resemble the reverse of those in the ordinary 
tensile test, and the results are similar. As the external chamber 
pressure inereases, a stage is reached a t which the ductile test-piece 

necks and fractures, the two severed pieces being violently shot out 
of the chamber through the stuffing-boxes. The stress a t which this 
fracture occurs has a value approximating to the breaking stress in pure 
tension.



Pressure of Fluidity of Annealed Metals 57
T a b le  V III.— Pressure of Fluidity and Bridgman’s Hydroslatic Collajise 

Pressures [kg./mm.2).

Briilgman's Hydrostatie Collapso Pressure. Pressure of Fluidity (Tablo V).

“ Copper ” .
“ Bessemer mild Steel ” .

about 100 
„ 200

Copper 
“  Mild steel ”

108
255

F lu idity  a n d  the Ten sile  Te st .

The production of the phenomenon of “ tensile necking ” by radial 
compression suggests a correlative study of the two processes in con- 
neetion with the fluidity property. When tlie point of maximum load 
has been reached in a tensile test-piece, uniform elongation ceases and 
localized reduction of area proceeds. A perfectly plastic test-piece 
would show no uniform elongation, but should commence to “ neck ” 
as soon as its yield stress had been applied. The point of maximum 
load is therefore a critical one as regards plastic flow, and Stead 13 has 
shown tha t the stress-strain diagram may be plotted in such a way 
that true stress is directly proportional to plastic strain when once this 
point has been reached. The linear portion of such a “ stress-diameter ” 
(P — d) diagram was represented by Stead according to  the expression 
P =  a — bd, where bd is interpreted as the hardening due to the cold- 
working of the test-piece during straining. A perfectly plastic materiał 
should not work-harden, in which case this term  becomes zero and 
P =  a, i.e. a is the stress which will draw the materiał down to zero 
diameter as true plasticity reguires. We therefore believe tha t a is a 
measure of the pressure of fluidity of a m etal/’ but we prefer to write 
it “ Pa ” to prevent confusion with the term  “ a ” in Meyer’s bali test 
relation.

Stead did not carry out any tests on copper, bu t for comparison 
purposes the necessary data can be obtained from a “ stress-reduction ” 
diagram published by Kórber.1’ This is rcproduced in Fig. 2, and 
consists of a curved section up to the point of maximum load (PM — 31 
kg./mm.2), followed by what is apparently a linear portion terminating at 
the breaking point stress Pb - Korber extrapolatcs this linear portion 
to a point P 0, which lie fmds to be twice the value of Pm, and which 
should represent the stress to draw a cylinder down to 100 per cent. 
reduction of area, or zero diameter. Now sińce Korber’s abscissae are

1̂1 — and Stead’s abscissaj then for a given percentage reduc-

tion of area x, j  is givcn by 1 — Values have been interpolated

from Korber’s curve, re-calculated, and then plotted in Fig. 2 to givc a
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Stead diagram for copper. I t  will bc scen tha t after P j/ bas been reacbed 
this grapli is linear, as Stead’s principlc rcquires, and may be cxtra- 
polatod to Pa, giving an a value for this copper of about 90 kg./mm.2. 
The latter is rcasonably near to values of pressure of fluidity previously 
given, especiallv as Stead sometimes found th a t tlic inclination of his 
diagrams increased a little in the region of fracture.

F ig. 2.—Tensile and Compression Tosts of Coppor.

In Table IX  values of a have been recorded as determined for a few 
metals by the graphical method, using published Korber diagrams as

T able  IX .—Stead's Tensile Yalue “ a ” and the Pressure of Fluidity.
(hg.jmm?).

Metal. ' Tensile Tests by : P m -
Yalues of 

** a.”
Pressure of 

Fluidity 
(Tabic V).

Aluminium Ludwik 15 14-5 43 \ 41
Korber and Roland 15 13-7 40/

Copper Korber 31 90 \ 108
Korber and Roland 32-75 94 /

Nickel >» »» »> 75-4 222 237

a source of data. The results lead the present authors to believe that 
Ktead’s principle is correct, and tha t a is—as it would be expccted to 
be—a measure of the pressure of fluidity.

Incidentally, extrapolation to the ordinate d =  1 gives the value {Lu) 
of the nominał maximum stress.
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If Stead is right, however, Korber’s extrapolation to P 0 is unjustified. 

Considcring the abscissaa in the two diagrams, the portions after the 
point of maximum load cannot bolh be linear. Since it appears tha t 
Stead’s diagram is linear, Korber’s must be parabolic. In  Fig. 2 the 
authors have plotted the portion from Pj> to P a of ICorber’s curve by 
calculating back from Stead’s linear diagram, and it  will be noticed 
that the deviation from the P n~P 0 line which is nearly always found 
near the point of fracture in Korber diagrams lies along the parabolic 
curve. By thus showing th a t Kórber’s diagrams are parabolic and not 
truły linear, there has been removed the inconsistency which would 
exist by having the rival claimants P 0 and P a as representatives of the 
pressure of fluidity.

I t  seemed likely th a t a stress-compression diagram could bc dealt 
with along these lines and yield something of interest. In  Fig. 2, curve 3 
represents results obtained by Sachs3 during the compression of cylinders 
of copper having diameters twice their heights. Assuming th a t the 
metal remains cylindrical during compression, the mean increase of 
diameter can be calculated from Sach’s abscissse of percentage reduction 
of hcight. This has been done, and the results are plotted in curve 4. 
The resulting “ compression-mean diameter ” diagram will be seen to  
resemble Stead’s tensile diagram in form, consisting of an initial curved 
portion which apparently becomes linear after a stress equal to the P_u 
value of copper has been passed. Since the value of diameter increases 
to infinity (corresponding with ] 00 per cent. reduction of height), i t  is 
not known what form the compression-diameter curve will ultimately 
take. I t  is also necessary to point out tha t friction and “ barrelling ” 
are always liable to vitiate results obtained by this treatm ent of com
pression data, so th a t exact agreements are unlikely.

I t  is noteworthy, moreover, th a t the linear portion of curve (4) 
begins a t the known maximum-load stress (P m ) of copper. This stage 
must therefore mark the beginning of an inverse “ necking ” effeet in 
compression, and such a view seems reasonable, sińce the two processes 
are comparable, the one being the reverse of the other. Reflection 
upon Bridgman’s experiments supports this view, for his “ neckcd ” 
fracture took place a t a compressivc stress approximately equal to the 
tensile maximum stress. The authors are therefore led to believe tha t 
the Tresca or “ compression fluidity ” value corresponds with the 
condition where “ necking ” begins. But if so, sińce it  was found th a t 
the cxperimental results suggest a ratio of about 1 : 3 between “ com
pression fluidity ” and “ pressure of fluidity ” (Table VII), in tensile 
tests a similar ratio between maximum-load stress (Pj/) and Stead’s 
“ a ” value would be expected, sińce the latter is the pressure of fluidity.
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Such a ratio has neyer yet been demonstrated, but the data for steels 
containcd in Stead’s original paper enable an cxamination of the point 
to be made.

To obviate calculation, the yalues of maximum-load stress for twclve 
specimens have been interpolated from Stead’s published diagrams, 
and are given with the corresponding maximum “ a ” yalues in Table X.

T able X .— Relation between “ Maximum-Load ” Stress and Stead’s “ a ”
for Steels.

Specimen No. Carbon Contcnt and 
Condition.

r>[axinutm- 
I,oad Stress 
X lOTb./in.*.

“ a "
X lOTb./in.*. Ratio.

1A 0-16 73-5 209 2-8
2A 0-2S 93-5 255 2-7
3A 0-34 97 267 2 ’8
4A 0-44 106 288 2-7
5A 0-51 108 290 2-7
6A 0-55

n o rm a liz e d
121 320 2-7

1C sam o s te e ls 81 249 3-1
2C h e a t - t r e a te d 108 302-5 2-8
3C 110 303 2-8
4C 122 329 2-7
5C 128 327 (?) 2-6
GC 136 348 2-6

The last column gives the ratio between the two, and i t  is apparent 
tha t there is a fairly constant relation involved. I t  is of the order of
1 :3 , but the figures for steels suggest a yalue round about 1 : 2-75. 
The data given in Table IX  gives P a/P j/ ratios of 3-0, 2-9, 2-9, 2-9 and 2-9.

I t  must be remcmbered tha t the point of maximum load is not easy 
to determine, and also th a t the yalues in the necking portion of the test 
appear to be affected somewhat by the speed of straining. Consequently

p
the authors hołd the view tha t in Stead’s tensile diagram has a yalue

M
Pof about 3; and further that the “ compression fluidity ” =  P u  =  

approximately.
A check upon these views would now bc furnished by taking yalues 

of the true tensile stress of different metals a t the maximum-load point, 
multiplying them by 3, and comparing the product with yalues of pres
sure of fluidity given in Table V. This has bcen done in Table XI, 
in so far as data will permit, and the result may be considered as 
satisfactory.

Deformation by torsion could doubtless be applied to the study of



Pressure of Fluidity of Annealed Metals 61
Table X I.— Tensile Stress at Maximum-Load and Pressure of Fluidity

(kg.jmm.2).

Metal.

" Maxiinum-Load ” Stress (Pj/).
llcan P u  

x 3.

Mean 
Pressure o! 

Fluidity 
(Table V).Ludwik. Kurber and 

othera.
Mean.

Lead . 1-95 1-95 5-9 G-9
Tin . 4-55 4-55 13-0 1 2 1
Cadmium 7-75 7-75 24 31
Aluminium . 14-3 13-7 14 42 41
Zinc 11-9 11-9 36 38/71
Copper 33-5 32-8 33 99 108
Iron (Krupp so ft)  . 42-5 42-3 42 120 132
Nickel. 66-5 75-4 71 213 237

metals along the lines dealt with in this paper, for the torsion specimens 
also show the “ necking ” phenomenon. Data are not very plentiful, 
however, and this section of the subject will not be pursued here.

E ffect of Cold-W ork.
I t  has been shown by Móllendorf and Czochralski,17 and also by 

Muller,18 th a t if “ stress-reduction ” diagrams be prepared of increas- 
ingly cold-worked copper specimens, then the P 0 value is independent 
of the initial cold work. This means th a t the P u value is also constant,
i.e., the pressure o f fluidity of a specimen is independent of its initial 
condition as rcgards icork-hardening. Stcad showed the same result for 
a mild steel when he proved th a t his a value did not change if the 
specimen were strain-hardened before testing. One of the authors 6 
has also shown th a t bali indentation tests can lead to the same con- 
clusion, and it is one which in any case would be expected.

I t is therefore obvious th a t the Brinell number will not serve as a 
guide to the value of the pressure of fluidity in metals which have been 
strain-hardened.

T heoretical Co nsiderations.
Since the word “ fluidity ” has been used repeatedly in the foregoing 

account, it  is perhaps natural to inąuire whether the metal does in fact 
become amorphous and liąuid when deformed a t a stress equal to the 
“ pressure of fluidity.” I t  will be recalled th a t the well-known studies 
of Beilby led him to believe tha t the stress involved during polishing 
produced an amorphous layer on the surface of the metal being polished.

Becent experiments by G. P. Thomson 19 on electron-diffraction a t 
polished surfaces have shown th a t this flowed layer is amorphous, or 
at least extremely micro-crystalline, and to this extent Beilby’s views 
are confirmed. Secondly, there is the Beilby theory—a t present
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unpopular—th a t amorphous materiał forms on the glide planes of a 
crystal during plastic deformation. I t  has been suggcsted by J . 
Johnston 20 tha t tho pressure at suitable points on the glide planes is 
suffieient to lower the melting point of the metal a t those points and 
cause actual fusion during slipping. This view was reaclied by Johnston 
after calculatiug the pressure supposed to be reąuired to make the metal 
melt a t room temperatures. The expression deduced for this purpose 
is of the form :

T
p  (atmosplieres) =  95-1 Q.D. log -

where p  =  flow pressure (pressure of fluidity), Q =  heat of fusion per 
grm., D =  density of the metal a t room temperatures, T  =  ordinary 
melting point (abs.) of the metal, and 0 =  temperature (abs.) of melting 
under a flow-pressure p. Table X II gives the flow-pressures ealeulated 
by Johnston for a temperature of 0 =  27° C. (300 K.), whilst experi- 
mental values of pressure of fluidity taken from Table Y are included for 
purposes of eomparison.

T able  X II .— Calculated Flow-Pressure to Induce Melting at 27° C.
(Johnston).

Metal. Q. D.
P- Prpssure of 

Fluidity 
Cl'able V). 
Kg./mm.*.Atmosphcres. Kg./mm.1.

Lcad . 5-4 11-37 1,700 IS 8
Tin . 14-1 7-29 2,200 23 12
Bismuth 12-5 9-80 3,000 31 17
Cadmium 13-7 &-04 3,300 34 31
Aluminium . 420* 2-60 5,100 53* 41
Zinc 28-0 7-1 0,900 71 38/71
Silver . 230 10-5 14,000 145 72
Copper 43 8-93 24,000 250 108

* Most tables give Q =  77, whence p  =  93 (authors).

Although the values in the last eolumn are about half those of 
Jolmston’s melting pressures, yet the fact tha t they are both of the 
same order of magnitude is interesting. A third point of significance 
is also to be found in the quantitative study of slip made by Russell.21 
He suggested tha t the evidence permits of the belief th a t during gliding 
on the slip planes of an iron crystal the temperature rises to  above 
1500° C., and thus there is a partial melting of the metal. Finally it 
is to be noted th a t in considering the fatigue failure of lead, Haigh and 
Jones, and Waterhouse,22 regarded it as not impossible th a t some kind 
of melting takes place.

In  spite of these observations, the authors are not convinced tha t
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the true liąuid pliasc is produced during stressing a t the pressure of 
fluidity. The production of an amorphous or cstremely micro-crystal- 
line phase or condition, however, still appears to be a possibility. The 
authors have discussed Johnston’s eąuation with Dr. J . C. M. Brentano of 
the Department of Physics, and it does not appear th a t the reasoning 
is sound. I t  is known tha t under inereasing hydrostatic pressures the 
melting point of metals—except in the case of bismuth—is raised, and 
thermodynamic reasoning involving the Clausius-Clapeyron eąuation 
can legitimately be applied only to conditions of hydrostatic pressure. 
Johnston, however, proceeds to deal with “ uneąual pressures,” i.e. 
conditions where shear is involved and the compressed metal flows and 
escapes, and to apply thermodynamic argument to these conditions. 
Furthermore, it seems doubtful whether the assumption is justified 
that the latent heat of fusion has a linear relation with the specific 
volume a t inereasing pressures. At present, therefore, the authors 
prefer to envisage the fluidity process as producing metal in a form 
having a submicroscopic crystal grain-size such th a t elear diffraction 
patterns are not produced by X-rays or by electron bearns.

W ir e -D rawing  and  P ressure  of F l u id it y .

If it so happens tha t the stress in metal situated within a wire- 
drawing die is highly concentrated a t a certain annular zone, it  seems 
likely th a t the condition for flow through the die inight be related to 
the pressure of fluidity of the metal. Experiments wero therefore made 
to determine the minimum drawing load of various annealed wires 
when reduced 20 per cent. in area by tungsten Carbide dies. The 
movemcnt of the wire through the die was followed by means of an 
autographic magnifying recorder,19 and a load was applied to  the care- 
fully lubricated wire sufficient to produce a substantial rate of flow. 
This load was then reduced by successive amounts until drawing only 
just continued (generally a t a speed of about 0-001 m./minute), the finał 
weight being taken as the minimum drawing load under the conditions 
stated.

The pressure of fluidity could have been readily determined by melt
ing down lengths of wire into smali ingots and carrying out some of the 
tests mentioned earlier in this paper. I t  was decided, however, to use 
the 1-mm. bali indentation test, and to determine both the Brinell 
number of the undrawn wire and the Pp value after it had been heavily 
cold-rolled into strip.

The Brinell testing of wires 0-071 in. in diameter needs considerable 
care. The authors found th a t a simple way of mounting such wires 
for indentation is to cement them on to a smali ebonite plate by embed-



ding in warm plastic shellac, worked with a warm spatula. When 
the shellac liad hardened, the wire and mounting-medium were rubbed 
down on emery until a longitudinal scction of the wire was exposcd. 
This was then indented on an Alfred Herbert smali bali machinę, the 
minimum load of which is 5 kg. The authors modified this machino by 
replacing the transverse member holding the weight-tray and suspension 
rods by a wooden member bearing suspenders of aluminium strip. This 
gave a minimum load of 2-8 kg., which was dcsirable for testing the 
aluminium wire.

To make sure tha t the hardness of the supporting mount did not 
affect the Brinell testing of smali wires, prcliminary tests were made 
on a piece of nickel-brass strip about 2-5 mm. in thickness. This was 
indented with a 10 kg. load when supported on a slab of (a) rubber,
(&) lead, and (c) hard steel. The mean diameters of tlic indentations 
produced were (a) 0409 m., (6) 0-408 ni., and (c) 0-409 m., respectively, 
indicating tha t for this thickness the naturę of the support has no 
serious effect 011 the Brinell results.

Samples of the same wires were ncxt carefully cold-rolled to a thick
ness of approximately 0'017 in. 
in order to cold-work them  as 
much as possiblc. They were 
afterwards indented w ith a hard 
steel base plate as support and 
without any special mounting. 
Meyer analysis was conductcd 
on both the undrawn and the
rolled wires, to ensure th a t the
latter had approached to  tlic 
n  =  2-0 condition. The results 
are given in Table X III  and 
plotted in Fig. 3. The mini
mum drawing load has been 
converted to a stress by divid- 

ing it  by the original area of the wire.
The results indicate tha t if annealed wires be arranged in the order

of their minimum drawing stresses, then this order holds for their
pressures of fluidity. To some extent the same may be said regarding 
their standard Brinell numbers, austenitic materials like Staybrite 
being excepted. The authors do not conclude, however, th a t the 
minimum drawing stress is always directly related to the pressure of 
fluidity, as a further experiment shows this to be improbable. The mini
mum drawing load of a specimen of initially cold-drawn aluminium wire
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MINIMUM DRAWING STRESS TOR 70PER CENTREDUCTIM
F ig. 3.—Wire-Drawing Esperiments.
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T a b le  X III.— Tests on Annealed Metal Wires 0-071 in. in Diameter.

Specimcn.

Minimum Drawing Load (Ib.) 
for 20% lleduction. 

Tungsten Carbide Dies of 
the following Angles:

Mean Draw- 
ing Stress 
(kg./mm.1.) 

Minimum Load 
"= Origiual Arca "

1 nim. Bali Tests.

Brinell
Hard-
ness

Number.

Pressure 
of Fluidity 

after 
IIeavy 
Cold- 

Itolling.2-5°. 6°. 8°.

Aluminium 8 9-5 9 1-56 21t 46
Copper . 13* 2-3 4 3 1 112
Cupro-nickcl . 35 38 37 G-G 81 1 160
Brass . 39 41 41 7-2 7 1 t 192
Mild steel 45 40 40 7-5 101 § 216
18% Niekel-brass . 51 48 49 8-8 90J 222
30%  Nickel-brass . 72 71 12-9 134J 250
Monel metal . 74 73 71 1 3 1 134J 200
0-3% Carbon-stccl . 85 82 85 1 5 1 1G4§ 3 0 0  ||
Staybritc 103 18-5 1G1§ 445

* This load gave a speed of 0-025 in./min. True minimum is probably lowcr. 
t  LID2 = 5 .  J LjD~ — 10. § LjD 2 =  30. || Value probably Iow, as n =  2*05.

was determined, and proved to be about 20 lb., as compared witli 9 lb. for 
tlie annealed metal. For 20 per cent. reduction, therefore, i t  appears 
that initial cold-working inereases the load reąuired to make the metal 
flow through the die. The authors believe, however, th a t in generał 
the pressure of fluidity is independent of cold-working, and conscquently 
the two values cannot always have the same relation.

Sum m ary .
(1) A generał examination of the results of different workers obtained 

by certain deformation tests of metals suggests th a t there are simple 
relations between such tests. So far, this examination has not been 
made under very precise conditions. The metals considercd have 
Brinell hardness numbers not exceeding about 130, whilst the samples 
of a given metal tested by the various cxperimenters probably differ in 
purity. Furthermore, the deformations quoted may not always be 
strictly comparablc, on account of departures from the principle of 
geometrical similarity.

Allowing for these effects, however, it  appears th a t there is an 
important fundamental static stress value (p) for a metal, which is aptly 
called its “ pressure of fluidity.” This stress is equal to :

(a) The stress a t which a loaded rigid punch will just steadily 
penetratę a błock of the metal.

(b) The resistance to bali or cone indentation offered by the 
metal when fully cold-worked, i.o. when it  has a Meyer value of 
n  == 2 .
VOL. X L V III. F
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(c) The true tensile stress which theoretically would reduce a 

cylindrical tensile specimen down to zero diameter a t fracture, i.e. 
p — the tensile yalue “ a,” as determincd by Stead’s method of 
straining.

(d) The mean true compressivc stress -which under ideał con- 
ditions would give 100 per cent. reduction of height of a cylindrical 
compression specimen.

(e) Bridgman’s hydrostatic collapso pressure for thick hollow 
cylinders of the metal.

(/) The minimum pressure which just maintains extrusion of 
the metal through an orifice.

The stress for any one of the above conditions of deformation may 
therefore be determincd by an experiment made under any of the other 
conditions.

(2) Within the rangę examined, i.e. from 3 to 130 Brinell, the Brinell 
number of an annealed metal is very approximately equal to half its 
pressure of fluidity. This may be of practical utility  in determining the 
suitability of a metal or alloy for extrusion.

(3) Within the rangę esamined, the true eompressive stress corre- 
sponding with Tresca’s “ fluidity ” is approximately equal to the true 
stress a t the point of maximum load in the tensile test. Both these 
stresses appear to be approximately one-third of the value of the 
pressure of fluidity.

(4) The apparently straight portion of the well-known stress- 
strain diagram associated with the name of Korber is not truły linear, 
but forms part of a parabola. Linear cxtrapolation of this portion is 
therefore not justified, and leads to the computation of erroneous 
values of true stress for limiting conditions of strain.

(5) Tests made on annealed wires indicate th a t their minimum 
drawing stresses for 20 per cent. reduction of area are of the same order 
as th a t of their pressures of fluidity, thougli of course much smaller 
numerically.
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DISCU SSIO N .

Mr. A. S. E . Ackermann : This subjeet interests ino, althougli I  liave 
not had tim e to  do any work on i t  sińce 1923. I t  arose ou t of m y work on 
the physical properties of elay. I  was try ing  to  separate the friotion on tho 
sido of a  pile from the supporting force on the end of a pile, and tho obvious 
thing to  do was to  take away the sides of th e  pile. This left a  diso a t  the 
bottom, and a vertical rod by means of which to  apply a load to tlie disc.

As so often happens in research work, something occurrcd which I  did no t 
expcct and was no t on tho look-out for. W hen a  certain load on the disc is 
reached, and after i t  has penetrated into the clay a  distanoe about equal to  the 
diameter of the disc, the la tte r s ta rts  penetrating rapidly and apparently  
indefinitely. W hen w liat I  have called tho pressurc of fluidity is reached, 
the speed of penetration is about ten  times w hat i t  is before the critical load 
is reached, ln  the case of copper and the other plastie metals, I  was no t ablo 
to determine the inerea.se of speed so readily, b u t i t  was obviously much 
greater when the pressurc of fluidity was reached th an  before th a t stress was 
attained. W hen first th is  phenomenon occurred, I  tliought th a t there m ust 
be an air-poeket in  the clay, so I  packed it  again carefully to  make snre 
tha t there was nono. The same thing happencd again when the critical 
stress was reached. The experiments were repeated w ith great variations 
in the diameters of tho dises and the critical stresses were in  each case alm ost 
identical.

I t  seemed to me th a t w hat happencd in  clay would happen in plastie 
materials, so I  tried  first w ith lcad and then  w ith aluminium, copper and so 
on. Before I  published anything, 0 ’Neill and Thompson published * a 
formuła whieh they  had evolved by eombining th a t of Meyer w ith th a t of

* Naturę, 1922, 110, p. 773.
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Brinell, and gavo the interpretation of it, namely, th a t if the load on the 1 cm. 
diam eter bali reachcd a eertain amount, the formuła indicated th a t tho bali 
would penetrate into tho metal indefinitely. They had no t mado this experi- 
ment, bu t by the formuła had predicted it, wliile I  had in  fact obtained the 
rcsult experimentally w ith clay and lead, and my letter appeared in Naturę * 
saying th a t I  no t ońly agreed w ith tho formuła b u t had  previously obtained 
the result i t  indicated—a pleaaing rcsult to  all of us conccrncd.

Thero is ono point on tho first pago of the paper where the authors refer 
to  twico the Brinell number. I  can searcely imagine th a t Dr. 0 ’Neill has 
overlooked it, bu t when the formuła which ho and Thompson evolved was 
used, the stresses I  found wero cxactly twice thoso calculatcd by tho formuła, 
and I  scarehed through my calculations for a dropped 2. Then i t  oceurred 
to  me th a t the Brinell number is tho load divided by the surfaoe of a liemi- 
spliere, whieh is equal to  two great circles, whereas I  was dividing tho load by 
the area of the dise, i.e. one great circle; henoe one result being twice tho other.

I  sco th a t under m y namc in Table I I  there is a  result given for K rupp soft 
iron. In  my fifth paper f  I  gave tho method of ealculating the pressure of 
fluidity from tho ultim ate shear and tensile stresses of the m ateriał. Given 
tho shear stress and tensile stress of the metal, I  was able to  calculate the 
pressure of fluidity, bu t tho result always came out 30 per cent. too m u ch ; 
th a t is, if 30 per cent. were deductod from the calculatcd result, tho experi- 
mental result was obtained very closely. Doing th a t, I  calculate the pressure 
of fluidity of m ild steel to  be 221 kg./m m .2. I  did no t obtain tłia t result 
expcrimcntally, as we did no t get a  punch which would stand the necessary 
load. In  the last column in Table I I , I  take “  Indentation  fluidity,”  to  be the 
mean of the results in  the other two columns.

Dr. 0 ’N e i l l  : Yes.

W ith regard to  the cap of hard m ateriał under the punch shown a t  p. 54,
I  placed various eoloured beads in layers in  the clay im mediately under the 
disc. Aftcr the experiment the surrounding clay was carefully excavated and 
tho beads were looked for. They were all underneath the disc, showing th a t 
the cap of clay immediately under the disc travels down w ith  it.

D r. 0 ’N e i l l  (in reply): W ith regard to  Jlr. Ackermann’s figurę “ 2 ,”  his 
“  2  ” is no t the same as the ono mentioned in  the paper. One can determine 
from tho Meyer constants of the metal, the  stress a t  which a Brinell test-ball 
will become immersed up to  i ta diam eter in  the specimen, and we thought in 
1922 , th a t this stress was such th a t if i t  wero excecded the bali would then 
begin to  fiow right into tho metal. Experim ent shows th a t this is no t always 
so. If the specimen is in the annealed condition, the load to  cause immersion 
to  the diam eter is no t sufficient to  cause i t  to  flow righ t th rough ; a  greater 
stress is needed, one (the pressure of fluidity) which seems to  bo approxim ately 
twice the standard Brinell number. T h a t is where our “  2  ” comes in ; bu t 
Mr. Aekermann was comparing the projected area and  tho spherical area of 
an indentation. Tho ratio  between these a t  immersion is exactly ccjual to
2, bu t we were not dealing w ith th a t point.

For tho punching of tho mild steel a  hard  steel punch was used, and if 
Mr. Aekermann calculated i t  to  be 221, ho appears to bo in  the righ t region, 
bccause mild steel is somewhat harder than  K rupp soft iron.

* Nalure, 1923, 111 , p. 17. f  Tram. Soc. Eng., 1923.
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TIIE PROPERTIES OF COPPER IN RELA- 
TION TO LOW STRESSES.* 

THE EFFECT OF COLD-WORK, HEAT- 
TREATMENT, AND COMPOSITION.

PA R T  I.—T E N S IL E  AND C O M PRESSIO N  TESTS U N D E R  
S IIO R T -T IM E  LO A D IN G .

By O. F. HUDSON,f A.R.C.S., D.Sc., Member, and J . McKEOWN.t 
M.Sc., rii.D .

SYNorsis.
Somo results of previous research carricd out by tlie British Non- 

Ferrous Metals Research Association on tho subject of locomotivo fire- 
box stays and plates (J . Inst. Melals, 1929, 42) had dcmonstrated tho 
marked improvement in the elastic properties of copper, containing smali 
amounts of added elements, by work-hardening followed by low-tem- 
peraturo heat-treatment. That work also dcmonstrated the beneficial 
addition of smali amounts of some foreign elements, such as silver, tin,
&c., in raising the temperaturo limit a t which loss of elasticity and 
softening oecurs. The present paper gives the results of further investiga- 
tion, having in mind tho potential wider application of copper with such 
ituproved elastio properties and resistance to permanent deformation.

Fivo typcs of copper havo been studied, namely H.-C. copper; 
arsenical copper with a n d  without tho a d d i t i o n  of silver (0-05-0-1 per 
cent.); copper containing about 0-1 per cent. silver, without arsenie, 
and copper containing about 1 per cent. tin  and about 0-02 per cent. 
S i l i c o n .  Rods of theso materials with known amounts of cold-work 
havc been subjected to heat-treatment for various times a t different 
tcinperatures, and tcnsile and compression tests havo been made. Tcnsile 
tests were carried out a t room temperaturę and a t 300“ C., and com
pression tests wero made a t 300° C. and also a t 350° C.

The tcnsile tests havo shown th a t all tho materials tested possess a 
ccrtain limit of proportionality due to  the applied cold-work, and tha t 
this limit of proportionality can bo considerably raised by suitable heat- 
treatment.

The amount of permanent deformation due to stresses not greatly 
exceeding the limit of proportionality has been measured in tension a t 
ordinary temperatures and in compression a t 300° C. and 350° C. The 
results havo shown tho superior resistance to deformation brought about 
by cold-work and suitablo heat-treatment, and have also dcmonstrated 
tho greater rcsistanco to deformation conferred on copper, partieularly 
a t elevatcd temperatures, by the presence of a very smali pcrcentage of 
silver and also by the presencc of tin and Silicon.

* Mamiscript rcceivcd Deceinber 21, 1931. Prcsented a t the Annual General 
Meeting, London, March 9, 1932.

t  Senior Metallurgist, British Non-Ferrous Metals Research Association, 
London.

t  Inrestigator, British Non-Ferrous Metals Research Association, London.
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I nTRODTJCTION.

Copper is used so extensively as a m ateriał of construction that it  is 
som ewhat surprising to find how little  attention  has been paid, until 
recently, to  its elastie properties and its resistance to  deform ation when  
subjected to  eom paratively low  stresses, and to the possibilities of the  
control and im proyem ent of these properties by  suitable m echanical 
and therm al treatm ent and additions of other elem ents.

I t  is well known tha t fully annealcd copper shows no proportionality 
between stress and strain in either tensile or compression tests, and also 
tha t when hardened by cold-work it is found to have a measurable limit 
of proportionality which rises as the amount of cold-work is increased. 
In  some previous work by one of the authors jointly with other investi- 
gators,* the marked effect of work-hardening followed by low tempera
ture heat-treatment on the elastie properties has been demonstrated. 
In  the paper in which this work was reported the beneficial 
influence of the addition of quite smali amounts of silver and other con- 
stituents in raising the temperature limit a t which loss of elasticity and 
softening occur was also demonstrated.

The recognition of the potential wider application of copper with 
such improved properties has led to further work, and appears to the 
authors to justify the present publication.

The work described deals with the effect on the tensile properties, 
especially the elastie limit (limit of proportionality), and on the resist
ance to tensile and compressive stresses a t moderately elevated tem
peratures, always in relation to the influence of pre-treatm ent by 
cold-working and Iow-temperature heat-treatment, together with the 
influence of the composition of the copper.

In  this connection, copper containing fractional percentages of 
arsenie and silver separately and together, and copper containing  
approxim ately 1 per cent. tin , together w ith a fraction of 1 per cent. 
of Silicon, have been examined. Comparison tests have also been made 
on H.-C. copper.

P reyious W ork.

Reference has already been made to the report of work on this subject 
previously carried out by the British Non-Ferrous Metals Research 
Association.! tha t paper the knowledge then available was briefly 
reriewed, and sińce tha t date the most notable publication bearing

* “ The Properties of Locomotive I'irebox St-ays and Plates. The Oxidation 
of Arsenieal Copper and Effects o£ Smali Quantities of Added Elements on the 
Softening Temperature and lleehanical Properties of Copper,” bv O. F. Hudson, 
T. IŁ  Herbert, F. E. Bali, and E. H. Bucknall, J. b u t. Metals, 1929, 42, 221-300.

f  Loc. cit.
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directly on the subjcct of the present investigation has been the paper 
by Jones, Pfeil, and Griffiths,* in which are given the results of a study 
of the effects of heat-treatm ent of cold-worked cupro-nickel containing
2 per cent. nickel (amongst other cupro-nickels). Apart from this paper 
the authors have been unable to discover in the recently published work 
(sińce 1929) dealing with the mechanical properties of copper any results 
giving limits of proportionality of cold-worked and treated copper. 
Although no fresh results on determinations of softening temperature 
are included in the present paper, reference may be made to  two recent 
papers, the one by 0 . Dahl f  and the other by A. Burkhardt.J In  the 
latter the notable influence of smali additions of silver, Silicon, and tin  
in raising the softening temperature is demonstrated.

M a t e r i a l s  U s e d .

Particulars of the materials used for the present tests are given in 
Table I. The figures given for the degree of cold-working are percentage 
reductions of area in the finał operation, which was carried out on fully 
annealed materiał. The alloys were made from high-grade materiał, 
and the composition is given in Table I.

Table  I.

Materiał. Mark.

Dia-
meter

of
Rod.

In.

Degree
of

Work.
Per

cent.

Composition.

Copper. Arsenie. Silver. Tin. Silicon. Oiygcn.

H.-C. Copper. GC i 7 99-94 nil nil . .. . . . 0-030

Arscnical cop
per.

X
NA

i
I ł

7
5

99-52
99-57

0-31
0-34

. . . 0-12
0-067

Silver-arsenical
copper.

SA
SA
SA
NS

1
i

l}sF
H

n
5
5

99-55

99-41
99-56

0-33

0-34
0-31

0-10

0-095
0-072

0-001

0-0S4
0-025

Silver-copper. H i 10 99-S1 0-098 0-045

Tin-silicon-
copper.*

E

“ alloy 
2 ”

i 10 and
50
5

98-87

99-15 . ..

1 0 2

0-86

0-019

0-017

0-002

0-002

* Alloys of this kind are widely known a3 “ silicon-bronzea.”

* J. Inst. Metals, 1931, 46, 423-440.
t  TPm. Ve,róJJ. Siemens-Konzern, 1929, 8, (2), 157-173; see also J . Inst. Metals, 

1929, 42, 307-409.
J Metallwirtschaft, 1931,10, 657-659; for abstract see J . Inst. Metals, 1931, 47, 

650.
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A pparatds an d  Methods of T esting .

Tensile Tests.
(a) Exlensomelers.—Lamb’s rollcr extensometers were used in both 

room-temperature tests and elevated-temperature tests for the deter- 
mination of limit of proportionality, a standard 2-in. gauge instrum ent * 
being used for room-temperature tests, and for elcvated-temperature 
tests one designed on tlie lines of the extensometer in use a t the National 
Physical Laboratory.f

Tlie scalę distance used with both extensomcters was such th a t 1 cm. 
011 the scalę represented a strain of 1 X  10"1 on the 2-in. gauge lengtli 
of the specimen. Tlie reading of the scalę could be estimated to 0-2 mm., 
and actual readings were taken to the nearest 0-5 mm., thus giving 
accurate strain measurements to 0-5 X  10~5 (i.e. tsts.tstst! an ’uch 011 
the 2-in. gauge length).

The load could be applied from tlie commencemcnt of the test with 
an accuracy of a t least 0-01 ton.

(b) Test-Pieces.—The test-pieces used, except in a limited number 
of tests on unturned rod, were made to the dimensions of the standard 
British Engincering Standards Association test-piece with serewed 
ends and diameter 0'564 in. on the parallel length, the gauge-lcngth 
of 4 V area being 2 in.

(e) Dctermination of Limit o f Proportionality.-—The stress on a 
specimen was raised by steps of 0-2 ton/in .2 a t defmite time intervals 
of 30 seconds each, the scale-reading corresponding with any given load 
taken immediately before the next higher load was applied. The effect 
of time of application of load was not noticeable until well beyond the 
limit of proportionality. The scale-readings were plotted against cor
responding stresses, and a straight line was drawn through the early 
points. The limit of proportionality was determincd as the highest 
value of the stress a t which definite proportionality existed between 
stress and extension, the extension corresponding with the next higlier 
stress being such tha t the point on the curve lay to the right of the 
elastic line by an amount equal to  the least count of the extensometer, 
namely £ mm. or 0-5 X  10~5 strain. The limits of proportionality 
recorded in this paper are eonseąuently those obtained under the 
specified conditions of testing.

(d) Determination of TJltimate Tensile Strength, d-c.— When the 
first definite indication of visible creep showed in a test, the extenso-

* E. H. Lamb, Engincering, 1922, 113, 684.
t  E. G. Batson and G. H. Hyde, “ Mechanieal Testing.” Volume I, p. 367. 

Seeond edition. London : 1931.



Copper in Relation to Low Stresses 73

meter was removed from the specimen and the reraainder of the test 
proceeded with, the ratę of pulling being standardized a t 0-1 in. per 
minutę. The maximum load, percentagc elongation on 4\/are&, and 
reduction of area at break were determined in the usual manner.

(e) Heat-Treatment.— Treatments a t 200° C. were carried out in an 
oil-bath, the remainder in an electric rcsistance-tube furnace, except 
those a t G50° C. and 750° C., which were carried out in a gas mufHc 
or in an clcctrically-heatcd m u le  furnace. The temperaturo of the 
oil-bath was determined by means of mercury thermometers, and tha t 
of the electric furnaees and gas mufHc by means of thermocouples. Eor 
long time treatm ents of more than 2 hrs.’ duration tliermostatic control 
was used.

(f) High-Temperaturę Tests.— In tests a t eleyated temperatures the 
specimen was heated in an electric resistance-tubc furnace, supported 
vertically in the frame of the testing machino, and controllcd by hand 
through a series of adjustablo resistances. The temperaturo of the 
specimcn was mcasured a t the centro of the gaugo length by an iron— 
Constantan thcrmocouple wired on a t tha t point.

Compression Tests.
The specimcns used for these tests were turned up from bars of the 

different materials which had becn previously heat-treated, and their 
ends were accurately ground parallel. The length of a spccimen was 
approximately 1 in. and diameter 0-798 in., thus giving anareaof cross- 
section of 0-5 in .2.

Each test consisted in applying a defmite load to the specimcn and 
holding th a t load for 1 hr. The temperaturo of the specimen was 
raised to the required value and steadied a t th a t value before tho load 
was applied, and then kept constant within ±  3° C. throughout the 
time of the test.

The spccimens were measured in a constant-temperaturc room, 
being kept in this room for a t least 24 hrs. before mcasurements were 
taken. The length of a specimen was measured a t five different points 
by means of a micrometer rcading directly to one ten-thousandth of an 
inch and by estimation to one hundred-thousandth of an inch.

The furnace used in these tests was an ordinary type of wire-wound 
elcctrical resistance-tube furnace, temperaturę mcasurements being 
made by means of a thcrmocouple and millivoltmeter, and control 
being effeeted by hand through variable resistances in series with the 
furnace circuit.

The importance of correct alignment of the specimen for central 
loading was recognized, and this was effeeted in the following manner :
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The specimen was compressed between two steel extension pieces 
having accuratcly ground ends. One end of each extension piece was 
centrally located on a compression błock of the machino by means of a 
steel slipper with a central hole fitted to the piece, while the other end 
was provided with a brass thimble locating the specimen by a hole 
tapered slightly outwards. Since both compression blocks had spherical 
seatings, complete alignment of the specimen and the two extension 
pieces was secured by means of a steel sleeve fitting fairly freely on the 
latter for about half their length.

R esults of T ests.

Tensile Tests at Boom Temperatures.
Tho results of the tcnsile tests are collected in Tables II-Y I, in which 

a few of the results previously publislied have been includcd for tho

T a b le  II.—II.-C . Copper.

Mark.
Cold- 
Work. 

Per cent. 
(area).

Treatment.
Limit of 
Propor

tionality. 
Tons/iu.'.

Ultlmatc
Tensile

Strentfth.
Tons/in.4.

Elonga- 
tion ou
■lVarea.
Per cent.

Iteduction 
in Area. 

Per cent.

GC 1 7 As received i-o ■ 14-7 51 69-5
GC 2 7 2 hrs. a t 100° C. 1-8 14-7 51 G9-5
GC 3 7 2 hrs. a t 200° C. 2-4 14-7 51 G9-5
GC 4 7 2 hrs. a t 300° C. 2-3 14-5 52 G9-5
GC 5 7 2 hrs. at 350° C. 1-0 14-4 55 70-5
GC 6 7 20 hrs. a t 100° C. 2-0 14-7 49-5 G9-5
GC 7 7 20 hrs. a t 200° C. 1-8 14-7 49 69-5

T a b le  I I I .— Arsenical Copper.

Mark.
Cold- 
Work. 

Per cent. 
(arca).

Treatment.
Limit of 
Propor
tionality. 
Tons/in.1.

Ultimate
Tensile

Strength.
Tons/in.*.

Elouga- 
tlon on 

•i %/ area. 
Per cent.

Iteduc
tion in 
Area. 

Per cent.

X 71R 7 As received 2-8 150 40 52-5
X 73 7 2 h rs . a t  200° C. 5-0 14-9 44-5 54-5
X 74 7 20 h rs . a t  200° C. 4-0 14-9 35 42
X 75 L 7 100 h rs . a t  200° C. 4.4 14-9 42 50
X 72 7 2 h rs . a t  300° C. 4-G 14-8 46-5 61-5
X76 7 2 h rs . a t  350° C. 2-3 14-7 49-5 59

sake of completeness, and a selection of stress/strain diagrams is given 
in Figs. 1 and 2. In discussing the results of the tests under considera- 
tion here, it is well to remember th a t the different materials, although 
in most cases specially supplied by tho makers for this work, were all 
made and drawn under ordinary works conditions. They were also 
supplied alt different times, and not all by the same maker. They may
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tliereforc be takcn as representative of normal works’ practice, and tlie 
results such as can be obtained from good commercial rods.

(a) Limit of Pręportionality.—Wliilst tlie materials in tlie cold- 
drawn condition had a limit of proportionality which in a generał way 
increased as the amount of cold-working increased, the prcscnt tests,

Fig. 2.—Strcss/Strain Curves of- Tin-Silicon-Coppcr Spccimcns.
A. Cold-worked 50% +  9 hrs. a t  350" O.
B. „  10% +  2 hrs. a t  350’ C.
0. „  60% +  i  hr. a t 050° O.
D. „ 50% +  J hr. a t 750“ C.

as well as others not considcred here, gave somewhat varying results. 
The limit of proportionality of copper in the cold-worked state is 
usually rather ill-defined, and seems to  be sensitive to  smali variations 
in methods of manufacture or to smali diSercnces in the amount of 
cold-working. Thus tlie arsenical-copper rod with 7 per cent. reduction
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T a ble  IV.—Siker-Arsenical Copper.

Mark.
Colil- 
Work. 

Per cent. 
(area).

Treatmcnt.
Limit of 
Propor

tionality. 
Tons/in.1.

Ultimate
Tensile

Strength.
Tons/in.*.

Elonga
tion on 

area. 
Per cent.

Iteduc- 
tion in 
Area. 

Per cent.

SA ' 5-7 As received 1-2 15-7 34*
SA 5-7 2 hrs. a t 300° C. 5*6
SA 5-7 650 hrs. a t 300° C. 6-4

SA 71 7 As rcecived 1-4 16-0 47 61
SA 7 7 As received 1-2
SA 75 7 20 hrs. a t 100° C. 20 15 9 48 62
SA 73 7 2 hrs. a t 200° C. 5-0 10-0 46 62
SA 74 7 20 hrs. a t 200° C. 5-4 15-9 47 62
SA 75 L 7 100 hrs. a t 200° C. 6-6 15-7 4G 02
SA 77 7 2 hrs. a t 300° C. 5-0 15-7 51 GG
SA 72 7 2 hrs. a t 350° C. 5-4 15-8 49 64

SA 2 f 5 As received 2-8 15-9 51 (39)
SA 10 t 5 2 hrs. a t 300° C. 4-6 1 6 0 51
SA 11 f 5 2 hrs. a t 325° C. 4-6 15-8 51 (40)
SAG f 5 2 hrs. a t 350° C. 4-8 15-8 53 (41)
SAS f 5 2 hrs. a t 375° C. 4-8 15-7 53 (40-5)
SA 9 f 5 2 hrs. a t 400° C. 3-3 15-7 52

* The figuro for elongation is abnormal, owing to fiaw in rod. 
f  l ,y ii!. diameter rods made to specification of 0-3-0-5 per cent. arsenie with 

silver not less thań 0-05 per cent. and to bo given a finał cold-drawing to give a 
reduetion of approxiinately 5 per cent. (on area). Tho tests were mado on longths 
of unturncd rod using ordinary V grips. Tlie figures for elongation given in 
parentheses refer to percentago elongation on 8 in.

T a b le  V.—Silver-Copper.

Mark.
Cold- 
Work. 

Per cent. 
(area).

Treatmcnt.
Limit of 
Propor

tionality. 
Tons/in.*.

Ultimate
Tensile

Strength.
Tons/in.*.

Elonga
tion 011 

■lVarea. 
Per cent.

lieduc- 
tion in 
Area. 

Per cent.

* H 1 10 As reeeived 1-2 15-4 51
II 11 10 As received 1-2 15-4 52
H 13 10 2 hrs. a t 200° C. 2-0 15-5 51
H 14 10 5 hrs. a t 200° C. 2-2 15-7 48
H 15 10 20 hrs. a t 200° C. 2-8 15-6 45
H 12 10 2 hrs. a t 300° C. 3-2 15-3 51 .  .  .

* II 19 10 2 hrs. at 300° C. 3-G 15-3 51 .  .  .

* II 20 10 2 hrs. a t 490° C. nil 14-2 GG

* Results previously given in J . Inst. Metals, 1929, 42, 295-299, Tablo XV.

by cold-work gave a lim it of proportionality of 2-8 tons/in.2 and tlie 
silver-arsenical rod, with nominally the same amount of cold-work, 
one of 1 4  tons/in.2, a diflerence th a t is scarcely likely to  be due to 
the presence of 0-05-0-1 per cent. silver or to smali variation in the
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T a ble  VI.—Tin-Silicon-Coppet (1 per cent. Tin, 0-02 per cent. Silicon).

Mark.
Cold- 
Work. 

Fer cent. 
(area).

Treatment.
Limit of 
Propor- 

tionaiity. 
Tons/in.*.

TJHimate
Tensiie

Strengtii.
Tons/iu.1.

Elońga. 
tion on 

4 V  area. 
Per cent.

lleduc- 
tion in 
Area. 

Per cent.

* E 11 10 As receiyed 10 1 S-7 51
* E 111 10 2 hrs. a t 350° C. 9-0 18-4 55
* E 51 50 As received 4 0 26-3 20
* E 59 50 2 hrs. a t 300° C. 20-4 27-2 20

E 50 9 hrs. a t 350° C. 18-4 25-8 28
E 50 A hr. a t 050° C. 2-8
E 50 Ą hr. a t 750° C. 2-4 17-3 05 84

Alloy 
t  No. 2

5 2 hrs. a t 325° C. 5-7 18-0 50 (42-5)

5 2 hrs. a t 350° C. S-l 17-7 56 (43)
5 6 hrs. a t 350° C. S-7 17-9 56 (42-5)

»» 5 2 hrs. a t 400° C. 6-9 17-5 58 (44-5)

* Results prcviously given in J . Insi. Metals, 1920, 42, 296-299, Tubie XV. 
f  l 3l»-in. diameter rod. Tests mado on unturned test-pieces held in ordinary V 

grips. figures for elongation givcn in brackets refer to pcrcentage elongation on 
8 in.

arsenie eontent. After heat-treatm ent, however, the lim it of propor
tionality was much more clearly defmed, and tlie value of the raised 
lim it brought about by the treatm ent was apparently not dependent 
on the limit of proportionality in the cold-worked condition.

(1) II.-C. Copper.—From the test results given in Table I I  it 
will be seen th a t the limit of proportionality is raised by heat- 
treatment. For the 2 hrs.’ treatm ents a maximum of 2-4 tons/in.2 
was obtaincd after 2 hrs. a t 200° C .; the value was only slightly 
less after treatm ent a t 300° C., but was definitely reduced after 
the treatm ent at 350° C. Longer time of heat-treatm ent (20 hrs.) 
showed an improvement in the limit of proportionality when the 
temperature of treatm ent was 100° C., but a definite fali for trea t
ment at 200° C.

(2) Arsenical Copper.— The test results given in Table I I I  refer 
to one degree of cold-work only—namely, 7 per cent. For trea t
ments for a constant time of 2 hrs. the maximum improvement 
in limit of proportionality was obtained after the treatm ent a t 
200° C. (5 tons/in.2). Treatment a t 300° C. gave almost as good 
a result—namely, 4-6 tons/in.2—but after treatm ent a t 350° C. 
softening was very notieeable in the fali of the limit of proportion
ality to 2-3 tons/in.2, a value lower than tha t given by the cold- 
worked rod. The efiect of time up to 100 hrs. a t 200° C. is not 
very marked, but there is a tendency for a lowering of the limit of
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proportionality, tlić specimcn treated for 100 hrs. having a limit 
of only 4 4  tons/in.2.

In comparison with H.-C. copper, the arsenical copper gave a 
higher lim it of proportionality after treatm ent, but in both cases 
the makimum value for 2 hrs.’ treatm ent was obtained after heating 
a t 200° C.

(3) Silrer-Arsenical Copper.— Considering the results obtained 
by treatm ent of rod which had had a finał 7 per cent. reduction 
of area by cold-work (Table IV), it  will be scen th a t for a 
constant time of 2 hrs. a slightly higher lim it of proportionality 
was on the whole obtained with this alloy than with the plain 
arsenical copper. I t  is im portant to note th a t 2 hrs.’ treatm ent 
a t 350° C. caused no lowering of the limit, as in the case of arsenical 
copper, a result in accordance with the known effeet of silver in 
raising the softening temperaturo of copper. W ith regard to  the 
effeet of time a t 200° C., the lim it of proportionality sliowed a 
decided tendency to increase with time of treatm ent, indeed, the 
highest value for the lim it of proportionality in this series (6-G 
tons/in.2) was obtained after 100 hrs.’ treatm ent a t 200° C. I t  
was also found tha t a long time treatm ent a t 300° C. produced an 
increase in the valuo of the lim it of proportionality. Silver- 
arsenical copper which had reccived 5-7 per cent. reduction in area 
by a finał cold-drawing operation gave a limit of proportionality 
of 1-2 tons/in.2 in the “ as received ” condition; after 2 hrs.’ 
treatm ent a t 300° C. i t  gave 5-6 tons/in.2, and after 650 hrs. its 
limit of proportionality was still further raised to 6-4 tons/in.2.

Included in Table IV is a series of tests carried out on l 3\ rin.- 
diameter rod (5 per cent. cold-work) in the unturned condition, the 
tests, with the exception of the determination of lim it of proportion
ality, being made in accordance with generał commercial testing 
practice. For this series it will be seen th a t for treatm ents of 
2 hrs.’ duration the limit of proportionality was maintaincd up 
to 375° C., and showed a decided fali only a t 400° C. These results, 
in comparison with those for plain arsenical copper, further 
emphasize the strong effeet of silver in raising the softening 
temperature.

I t  may be noted th a t materiał of the 1-in. diameter and |-in . 
diameter rods (5-7 and 7 per cent. cold-work) was almost oxygen- 
free (de-oxidized), whilst the materiał of l 3V-in. rods contained 
0-084 per cent. oxygen. The de-oxidized materiał, on the whole, 
gave somewhat higher values for lim it of proportionality than  the 
materiał containing oxygen, although having a lower value in the
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“ as received ” condition; otlierwise the results of the tests were 
very similar.

(4) Siher-Copper.—The limits of proportionality obtained after 
treatm ent from the rods of this materiał used for the present tests 
(Table V) were lower than those given by the eoppers containing 
arsenie and somewhat higher than those for H.-C. copper. The 
maximum proportional lim it was 3-6 tons/in.2 in a rod annealed 
for 2 hrs. a t 300° C. Another sample which had 5 per cent. cold- 
work gave the following results (not included in Table V) for 
limit of proportionality: “ as received,” 1-G tons/in.5, 2 hrs. at 
300° C., 3-6 tons/in.2, 7 hrs. a t 300° C., 4-8 tons/in.2. In  still 
another series of tests made on 1-in. rod (untumed test-pieces) 
which had been heat-treated in the works, after 5 per cent. reduc- 
tion by cold-work, the materiał gave a lim it of proportionality 
of 4-7 tons/in.2, and this figurę was maintained after a further 
2 hrs.’ treatm ent a t 350° C. The limit of proportionality was, 
liowever, lowered to 3-5 tons/in.2 by 2 hrs. a t 375° C., and to 1-75 
tons/in.2 by 2 hrs. a t 400° C. While, therefore, on the wholc the 
preaence of silver to the extent of not more than 0-1 per cent., in 
the absence of arsenie, does not give quite such high limits of 
proportionality as silver-arsenical copper or even plain arsenical 
copper, the lim it appears to  be retained a t the higher temperatures 
of heat-treatment almost as well as in the case of the silver- 
arsenical copper, and certainly better than in the case of the plain 
arsenical copper or tha t of H.-C. copper.

(5) Tin-Silicon-Copper.— From the results given in Table VI 
it  will be seen th a t this alloy, after suitable heat-treatm ent follow
ing cold-work, gave very much higher values for the lim it of 
proportionality than any one of the other threc materials dealt 
with, limits of proportionality of about 20 tons/in.2 being obtained 
on annealing a t 350° C. after 50 per cent. cold-work and of 8-9 
tons/in.2 on annealing a t 350° C. after 5 per cent. cold-work. The 
softening temperature of this alloy is somewhat higher than that 
of silver-arsenieal copper, and 2 hrs.’ treatm ent a t 400° C. resulted 
only in lowering the limit of proportionality to  6-9 tons/in.2. I t  is 
of partićular interest to notę tha t reheating to temperatures of 650° 
C. and 750° C. for \  hr. did not destroy all the elastic properties, 
the alloy in this condition still giving a limit of proportionality of 
about 2-5 tons/in.2.

(b) Permanent Deformation (“ Proof Stresses ”).— On the stress/strain 
diagrams given by specimens of arsenical copper and silver-arsenical 
copper (7 per cent. cold-work) lines were drawn parallel to the elastic
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line from 0-005, 0-01, 0-015, &c. percentage dcformation. Tlie stresses 
at which these lines cut the stress/strain curve were taken as “ proof 
stresses,” corresponding with the given smali amounts of deformation. 
Curves of “ proof stress ” and corresponding percentage permanent 
deformation are given in Fig. 3.

vol. x l v iii. o
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Considering first the curves for plain arsenical copper, it  will be 

seen tha t treatm ent of the materiał with 7 per cent. cold-work for 2 hrs. 
a t 200° C. not only raised the limit of proportionality, but also raised 
the “ proof stress ” corresponding with a particular deformation up 
to a deformation of a t least 0-03 per cent. (from 8-65 tons/in.2 to 9-05 
tons/in.2 a t 0-03 per cent. deformation). 2 hrs. a t 300° C. also raised the 
“ proof stress ” for a given deformation up to a deformation of 0-024: 
per cent. On the other band, 2 hrs. a t 350° C. resulted not only in a 
lowering of the limit of proportionality, but also in a very considerable 
lowering of the value of the “ proof stress.”

Somewhat similar results were given by silver-arsenical copper 
specimens, but in this case the raising of the “ proof stresses ” was more 
pronounced, e.g. a t a permanent deformation of 0-02 per cent. the 
“ proof s tress” for the " a s  received ” specimen was 6-5 tons/in.2;
2 hrs. a t 200° C. raised this figurę to 8-9 tons/in.2. I t  is worth noting 
th a t the “ proof stress ” curve for the silver-arsenical copper heat- 
treated for 2 hrs. at 350° C. differs markedly from the similar curve for 
the plain arsenical copper. In  the former, in addition to the high value 
for the limit of proportionality, the “ proof stress ” for a given deforma
tion is greater than th a t in the “ as received ” condition up to a deforma
tion of 0-052 per cent.

(c) UUimate Tensile Slrength and Percentage Elongation.—From the 
results given in Tables II-V I it will be seen th a t low-temperature 
annealings of cold-worked materiał had no very marked effect on the 
tensile strength, which was not appreciably lowered so long as the copper 
did not suffer any serious lowering of the lim it of proportionality. The 
percentage elongation also was not greatly affected by low-temperature 
annealing, although treatm ent a t the higher temperaturo (300°-350° C.) 
generally resulted in a slight inerease of ductility. I t  may bo noted 
tha t the ultimate tensile strength of the silvcr-arsenical copper 
specimens (7 per cent. cold-work) were consistently better than those 
of the arsenical copper (7 per cent. cold-work), which, in turn, were 
somewhat better than those for H.-C. copper. The excellent meclianical 
properties of the tin-silicon-copper are also worth noting. Thus 
the alloy annealed for i  lir. a t 750° C. gave a limit of proportionality 
of 2-4 tons/in.2, and an ultimate tensile strength of 17-3 tons/in.2, with 
a percentage elongation of 65 per cent. on 2 in.

I t  should be pointed out th a t the majority of the tests which are 
considered here liave been made with materiał which has been compara- 
tively lightly cold-worked (5-10 per cent.). Heat-treatm ent of such 
materiał gives a substantial limit of proportionality, combined with a 
ductility which is not seriously lower than th a t of the soft, annealed
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materiał. W ith greater amounts of cold-work (cf. results for tin -  
silieon-copper in Table VI) higher limits of proportionality may be 
obtained, but a t the expense of a seriously lowered percentage elonga
tion, whilst a t the same time the more severely cold-worked materiał is 
more readily softened.

Tensile Tests at 300° C.
The results of these tests are given in Table VII. Comparing the 

plain arsenical copper with the silver-arsenical copper, both pretreated

T a b le  V II .— Tensile Tests al 300° G.

Materiał.
Cold- 
Work. 

Per cent. 
(area).

Treatment Prior 
to Test.

Limit of 
Propor

tionality. 
Tons/in.*.

Ultimate
Tensile

Strength.
Tons/in.1.

Elonga
tion on 
iV  area. 
Per cent.

Ueduc- 
tion in 
Area. 

Per cent.

Arsenical Cop
per.

10 2 hrs. at 
300° C.

2-4 11-5 43 54

50 10 minutes at 
050° C.

nil 10-5 58 G5

Silver-Arsenical
Copper.

5-7 2 hrs. at 
350° C.

3-G IM 27 * 19 *

50 10 minutes at 
050° C.

nil 11-2 49 50

Tin-Silieon-
Copper.

10 2 hrs. at 
350° C.

4-4 1G0 39 GG

10 G50 hrs. a t 
300° C.

4-6 15-9 50 81

50 10 minutes at 
050° C.

2-2 15-4 52 01

50 J hr. at 
“ 050° C.

2-0 151 55 79

* The figures for elongation and reduction in area are probably abnormally 
low in this specimen owing to a defect in tho rod.

materials gave a definite lim it of proportionality which was higher in the 
case of the latter than in the former. The ultimate tensile strength 
was lowered in both materials to about 11 tons/in.2, compared with 
15—IG tons/in.2 a t room temperature. The ultimate tensile strength 
of the fully softened specimens was about tho same as th a t of the 
heat-treated specimens.

In the case of the tin-silicon-copper the heat-treated specimens gave 
a limit of proportionality of about 4-5 tons/in.2 and specimens previously 
annealed a t 650° C. a lim it of about 2 tons/in.2. I t  may be noted tha t 
the ultimate tensile strength is well maintained a t this tem perature; 
thus the specimen heat-treated for 2 hrs. a t 350° C. folłowing 10 per 
cent. cold-work gave 16-0 tons/in.2 a t 300° C., compared with 18-4
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tons/in.2 a t room temperature. The tests a t elevated temperatures 
also show tliat the duetility is not seriously lowered a t 300° C.

Compression Tests at Elevated Temperatures.
The results of these tests, which were made to determine the amount 

of permanent deformation a t 300° C. and 350° C. due to the application 
for a definite time of compressive stresses slightly in excess of the limit 
of proportionality (by tensile tests), are given in Tables V III-X I, and 
some of them are expressed graphically in Fig. 4.
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FIG. 4.—Permanent Deformation in Compression a t Elcrated Temperatures.
Stress Applied for 1 hr.

A. Arsenical Copper (sec Table V III). Annealed 10 minutes a t  650° C.
B. Silrer-Arscnical Copper (sec Table IX). Annealed 10 minutes a t  650° C.
C. Tin-Silicon-Copper (sec Table X). Annealed J hr. a t  650° C.
D. Arsenical Copper (sce Table VIII). Pre-trcatcd for 2 hrs. a t  300° C. after 10% cold-work.
E. Silver-Arsenical Copper (sec Table IX). Fre-treated for 2 hrs. a t 350° C. after 10% cold-work.
F . Tin-Silicon-Copper (see Table X). Pre-trcated for 2 hrs. a t  350° C. after 10% cold-work.

Compression tests were carried out on three materials only—namely, 
plain arsenical copper, silver-arsenical copper, and tin-silicon-copper. 
The arsenical and the silver-arsenical test-pieces were taken from the 
rods NA and NS respeetively of Table I. These rods were also used 
for the creep tests described in P art II. On referring to Fig. 4, in which 
comparative results of application of stresses for 1 hr. are expressed 
graphically, it  will be seen th a t in both the annealed condition and the
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T a b le  V III .— Compression Tests on Arsenical Copper Cold- 

Worked 5 per cent.

Treatment before Test.

Tem
peraturo 
of Test. 

°0 .

Stress 
Applied. 

Tons 1 
in.*.

Total Decreasc in Len^th (in.) after cach 
Application of Stress for 1 hr.

ls t. 2nd. 3rd. 4tb.

10 minutes a t 650° C. 300 3-5 0-0059 0-0085 0-0099 0-0117
10 minutes a t G50° C. 350 3-5 0-0105 0-0128 0-0147 0-0157
2 hrs. a t 300° C. 300 5-0 0-0001 0-0001 0-0002 0-0003
2 lirs. a t 300° C. 350 5-0 0-0005 0-0004 0-0004 0-0007
2 hrs. a t 300° C. 300 7-5 0-0000
2 lirs. a t 300° C. 350 7-5 0-0103

Ta b le  IX .— Compression Tests on Silver-Arsenical Copper, 
Cold-Worlced 5 per cent.

Treatment before Test.
Tem

peraturo 
of Test. 

°C.

Stress
Applied.

Tons/
in.*.

Total Decreasc in Lcngth (in.) after eacli 
Application of Stress for 1 hr.

ls t. 2ll(l. 3rd. ' 4th.

10 minutes a t 650° C. 
10 minutea a t 650° C. 
2 hrs. a t 350° C.
2 hrs. a t 350° C.
2 hrs. a t 350° C.
2 hrs. at 350° C.

300
350
300
350
300
350

3-5
3-5
5-0
5-0
7-5
7-5

0-0041
0-0064
0-0001
0-0003
0-0016
0-0032

0-0046
0-0073
0-002
0-002

0-0058
0-0085
0-004
0-005

0-0070
0-0109
0-0003
0-0005

T a b le  X .— Compression Tests on Tin-Silieon Copper, 
Cold-Worked 10 per cent. and 50 per cent.

Treatment before Test.
Tern- 

perature 
of Test. 

° G.

Stress 
Applied. 
Tons 1 
in.*.

Total Decreasc in Length (in.) after cach 
Application of Stress for 1 hr.

ls t. 2nd. 3rd. 4th.

i  hr. a t 650° C.
|  hr. at 650° C.
|  hr. at 650° C. 
ł  hr. a t 650° C.
10 minutes a t 650° C. 
10 minutes a t 650° C.

50 pe
300
300
350
350
300
350

r cent. cc
3-5
5-0
3-5
5-0
3-5
3-5

ild-work
0-0005
0-0072
0-0006
0-0079
0-0001

nil
0-0002

nil
00002

nil 00001

2 hrs. a t 350° C. 
2 hrs. at 350° C.

10 pc 
300 
350

r cent. c
7-5
7-5

old-work
0-0004
0-0001

0-0009
0-0004

0-0012
0-0008

0-0016
0-0010
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T a i s l e  X I .— Permanent Dcformation of Different Materials under 

Compre$$ive stresses at 300° C.

Matc-ruU. Condition.
Stress.
Tons/
in.1.

Deformation 
1 in. per 1 in. 

after Application 
of Stress fo r ł  hr.

Arsenical copper 
Silver-arsemcal copper

5-10 per cent. cold-work. 
10 minutes a t 650° C. 3-5 0-0059
10 minutes a t 650“ C. 3-5 0-0041

Tin-silieon-copper i  hr. a t 650° C. 3-5
50

0-0005
Tin-silicon-copper ł  hr. a t 650° C. 0-0072
Arsenical coppcr 2 hrs. a t 300° C. 5 0 0-0001
SilYer-arscnical-coppcr 2 hrs. a t 350° C. 5 0 0-0001
Arsenical coppcr 2 hrs. ot 300° C. 7-5 0-0060
Silver-arsenical-eopper 2 hrs. a t 350° C. 7-5 0-0016
Tin-silicon 2 hrs. a t 350° C. 7-5 0-0004

heat-treated condition the tin-silicon copper had a much greater resist- 
ance to deformation than either the arsenical copper or the silver- 
arsenical copper, and th a t the silver-arsenical copper was decidedly 
superior tę  the arsenical copper, exeept a t 300° C. under 5 tons/in.2, when 
both heat-treated materials showed practically no deformation. The 
superiority of the silver-arsenical copper over the arsenical copper was 
most marked a t the higher temperature of test and under the higher 
compressive stresses. This is particularly noticeable for the stress of 
7-5 tons/in.2.

CONCLTJSIONS.

(1) Four different varieties of alloyed copper, together with H.-C. 
copper, have been tested in tension to determine the cffect of re-heating, 
after known amounts of cold-work, on the limit of proportionality.

(2) In  the case of two of the coppcrs—namely, arsenical copper and 
silver-arsenical copper—the resistance to  smali permanent deformation 
has been investigated.

(3) Three of the materials havc been tested at elevated temperatures 
in both tension and compression; in the tensile tests to determine the 
liniits of proportionality a t 300° C., and in the compressions tests to 
determine the amount of permanent deformation a t 300° C., and 350° 
C. due to applieations for 1 hr. of stresses not much beyond the limit of 
proportionality (in tension).

(4) The limit of proportionality of cold-worked copper, including
H.-C. copper, is Taised by suitable low-tcmperature annealing.

(5) Arsenical copper rod (0-3-0-5 per cent. arsenie) which has been 
cold-worked by a finał draw giving a reduction of area of 5-10 per cent., 
has a smali lim it of proportionality, generally not more than  about
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2-5 tons/in.2, and sometimcs less. This lim it of proportionality is raised 
by re-hcating a t low teraperatures, c.g. for 2 hrs. a t 200°-300° C. to a 
value of about 5 tons/in.2. Treatmcnt, however, for 2 hrs. a t 350° C. 
results in a lowering of the lim it of proportionality to less than 2-5 
tons/in.2.

(6) Similarly, cold-worked silver-arsenical copper (i.e., copper con- 
taining 0-3-0-5 per cent. arsenie and about 0-1 per cent. silver), when 
re-heated a t low temperatures, gives about the same or a slightly higher 
limit of proportionality. Long-time (100 hrs.’) treatm cnt a t 200° C. 
gives a still higher limit of proportionality (6-6 tons/in.2). Treatmcnt 
for 2 hrs. a t 350° C. does not cause a lowering of the limit, as in the case 
of arsenical copper without silver. Treatmcnt a t 100° C. a t least for 
20 hrs. has only a smali effect in raising the limit of proportionality.

(7) The limit of proportionality of similarly cold-worked copper 
containing 0-05-0-1 per ccnt. silver, in the abscnce of arsenie, is raised 
to above 3-5 tons/in.2 by low-temperature treatm cnt, i.e. to a smaller 
extent than silver-arsenical copper or plain arsenical copper, but the 
raised lim it is retained to a definitely higher temperaturo than in the 
case of arsenical copper.

(8) Tin-silicon-copper (1 per cent. tin  -f- 0-02 per cent. silicon) cold- 
worked 5-10 per cent. gives on re-heating to 350° C. (2 hrs. or more) a 
limit of proportionality of 8-9-5 tons/in.2, and retains a limit of about 
7 tons/in.2 after treatm cnt a t 400° C. This materiał when heat-treated 
after 50 per cent. cold-work gives a high limit of proportionality (18-20 
tons/in.2), but a t the expense of a much reduced percentage elongation. 
The tin-silicon-copper has also been found to possess a lim it of propor
tionality of the order of 2-5 tons/in.2 even after annealing for \  hr. at 
750° C.

(9) The arsenical copper, silver-arsenical copper, and tin-silicon- 
copper referred to above, which have becn treated to give them a raised 
limit of proportionality, all retain a fair proportion of th a t lim it a t 
300° C., although i t  is probable th a t some of them will be superior to 
others a t higher temperatures.

(10) Tensile tests have shown th a t silver-arsenical copper in the 
treated condition has a better rcsistance a t room temperaturo to  per- 
manent deformation under stresses of from 5 to 9 tons/in.2 than 
similarly treated arsenical copper.

(11) Compression tests havc shown :—

(a) In the annealed (soft) condition the relative rcsistance to 
deformation under a compressive stress of 3-5 tons/in.2 is in the 
order arsenical copper (least), silver-arsenical copper, tin-silicon- 
copper (greatest) a t both 300° C. and 350° C.



(b) Under a compressive stress of 5 tons/in.2 applied for 1 lir. 
arsenical copper and silver-arsenical copper in the treated con
dition have the same resistance to deformation a t 300° C. (0-01 per 
cent.). At 350° C. the deformations aTe 0-05 per cent. and 0-03 
per cent. respectively.

(c) Under a compressive stress of 7-5 tons/in.2 the relative resist- 
ances to deformation of the treated materials are in the order 
arsenical (least), silver-arsenical, tin-silicon-copper (greatest) a t 
both 300° and 350° C., the silver-arsenical copper being greatly 
superior to arsenical copper.

(12) The marked superiority of the properties which have been 
shown to be readily achieved by pre-treatment should warrant the 
attention of engineers and other users of copper where resistance to 
deformation under low stresses is of importance, as it  is in so many 
applications.

The choice of the alloy will no doubt largely depend on economic 
and manufacturing ąuestions, but the use of the low silver alloys may 
in many cases be preferred, despite the high cost of silver, in view of the 
persistence with which the silver content is retained throughout even 
large-scale melting operations.
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THE PROPERTIES OF COPPER IN RELA- 
TION TO LOW STRESSES.* 

THE EFFECT OF COLD-WORK, HEAT- 
TREATMENT, AND COMPOSITION.

PA RT II .— C R E E P  TESTS A T 300° C. AND 350° C. OF 
ARSENICAL C O P P E R  AND S IL V E R -A R S E N IC A L  C O PPER .

By H. J . TAPSELL.f A.C.G.I., Mbmbbb, and A. E. JOHNSON,f M.Sc.

Synopsis.

The paper dcals with the results of crecp tests on two copper alloys, 
the first containing 0-34 per cent. arsenie, and the second 0-31 per 
cent. arsenie together with 0-072 per cent. silver. Both alloys wero 
tested in the soft condition, and also in the condition arising from
5 per cent. cold-work followed by heat-treatment a t 300° C. and 350° 0. 
respectively. I t  is shown th a t iinprovement in resistanco to creep at 
300° C. and 350° C. is effected by the special pre-treatment of the alloys, 
and th a t the alloys containing 0-072 per cent. silvcr aro superior to the 
silver-free alloys.

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

I n Part I of the paper i  the results of tests on four copper alloys to  
determinc their resistance to  tensile and com pressive stresses, applied  
for a com paratively short tim e a t  m oderate tem peratures, are discussed  
in relation to the com position and pre-treatm ent of the alloys.

Part II  deals with an investigation carried out 011 samples of two 
alloys of the type referred to in P art I, viz., arsenical copper and silver- 
arsenical copper, soft and also cold-worked followed by moderate tem 
perature heat-treatment, in order to determinc their relative resistance 
to creep a t 300° C. and 350° C. under prolonged loading conditions.

The work describcd herein was carried out a t the National Physical 
Laboratory, a t the request of the British Non-Ferrous Metals Research 
Association, under the authority of tlie Committee of the Department

* Manuscript received January 13, 1032. Presented a t the Annual General 
Meeting, London, March 9, 1932.

t  AssistantjEnginccring Department, National Physical Laboratory, Teddington. 
+ Hudson and McKeown, J., this volume, p. 09.
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of Scientific and Industrial Research appointed to direct researches on 
tlie bchaviour of materials a t high temperatures.

P articulars of Materials E xa m ined .

The materials used in the tests were supplied by the British Non- 
Ferrous Metals Research Association in the condition stated in Table I, 
which contains particulars of the sizes and compositions of the materials.

T a b le  I.— Particulars of Materials Tested.

Materiał. Mark.
Diameter 
of Bar. 

In.

Degree of 
Cold-Work. 

Per cent.
Heat-Treatmcnt. Composition.%

Arsenical cop
per, soft 

Arsenical cop
per, H.T. 

Silver-arsenical 
copper, soft 

Silvcr-arscnical 
copper, H.T.

I

II

II I

IV

H

I ł

I ł

£ ł

nil

5

nil

5

10 minutes a t 
050° C.

2 hrs. at 
300° C.

10 minutes at 
650° C.

2 hrs. a t 
350° C.

(Arsenie 0-34 
1 Oxygen 0-067

1 Silver 0 ’072 
> Arsenie 0‘31 
J Oxygen 0'025

Creep  Tests .

The object of the tests was to determine the relative rates of creep of 
the four materials a t temperatures of 300° C. and 350° C., and under 
prolonged stresses of the order of a few tons/in.2. The temperatures of 
the tests are rather higher than might usually be encountered in service, 
but were chosen as being suitable for the purpose of indicating to what 
extent superiority in creep resistance, due to composition or pre-treat- 
mcnt or both, was retained a t relatively high temperatures such as were 
adopted for the heat-treatments of the alloys which had reccived 5 per 
cent. cold-work.

Creep tests were carried out in testing machines which liavc been 
previously described,* and in which creep extension could be measured 
to 0-0001 in. on a 2-in. gauge length. The test-pieces used were 
approximately 0-564 in. in diameter.

Stresses ranging between 5 and 2 tons/in.2 were applied to specimens 
maintained within about ^  2° C. of the mean test temperature. From 
the strain-duration (creep) curves obtained from the tests the minimum 
rates of creep were determincd, and the comparative resistance to creep 
of the four materials has been judged by the trend of the curves showing 
the relations between stress and log minimum rate of creep.

Table I I  summarizes the results of the creep tests.

* Depl. Sci. Indust. Research. Engincering Research Special Report No. 1, 1927. 
(London : H.M. Stationery Office.)



Copper in Relation to Low Stresses 91
T a b le  II.

Materiał.
Strosa

Applied.
Tons/in.1.

Approsimate 
Initial Strain 

(inciuding 
Elastic 
Strain).

In. per in.

Approsimate 
Minimum 

Rato of 
Strain.

In. per in. 
per day.

Dliration of 
Test.

B «= Broken.
U =* Unbroken 

Days.
i

Finał 
Strain. 

Per cent.

Te mperature 3C0° c.
Arsenical cop 5 0-031 0-0128 2B 8

per, soffc 4 0-019 0-00238 7B 7
(Marked 1) 3 0-007 0-00066 12U 1-7

2 0-001 <0-000105 20U 0-4
Arsenical cop 5 0-0019 0-00206 4B 2

per, heat- 4 0-0010 0-00056 12B 2-5
treated 3 0-0000 0-00014 49B 0-5
(Marked 2)

Silver-arsenical 5 0-036 0-0078 3B C-5
copper, soft 4 0-0214 0-00139 12B
(Marked 3) 3 0-0142 0-00026 40U 3-0

2 0-0016 <0-000017 21U 0-37
Silver-arsenical 5 0-0009 0-00037 7-5B 1-5

copper, heat- 4 0-0007 0-000091 26B 0-5
treated 3 0-0006 0-000020 42U 0-3
(Marked 4)

T<:mperature 3 30° C.
Arsenical cop 5 0-031 0-086 3 i  hrs. B. 7-5

per, soft 4 0-017 Doubtful < 22  hrs. B. 12
(Marked 1) 3 0-011 0-0045 3-4 B. ...

2 0-001 0-00158 6B 2
Arsenical cop 5 0-002 0-020 <1B 0-5

per, heat- 4 0-001 0-0081 IB 0-5
treated 3 0-001 ... 4-6B 2
(Marked 2) 2 < 0-001 0-00041 19U 1-3

Silver-arsenical 5 0-0345 0-138 5 hrs. B. 7
copper, soft 4 0-0125 0-029 <22 hrs. B. 9
(Marked 3) 3 0-006 0-0045 6B 17

2 0-001 0-00036 23U 1-15
SUrer-arsenical 5 About IB. ...

copper heat- 4 0-ÓÓ38 0-0038 IB 4
treated 3 0-0025 0-00046 13-14B
(Marked 4) 2 0-001 <0-00013 15U 0-4

Tlie initial strains on loading (see col. 3, Table II) show th a t the soft 
alloys deforni initially much more than  the pre-treated alloys, and for 
that reason it  appears very probable th a t the latter alloys possess higher 
limits of proportionality and higher “ proof stresses ” than the former at 
the test temperatures. The presence of silyer in some of the sam pies 
does not appear to have a very marked effect on the initial deformation 
under tensilc load (2-5 tons/in.2), except th a t a reduction in initial 
deformation a t 300° C. sccms to bc brought about by tho presence of 
silver in the pre-treated alloy.
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The results obtained for the initial strains on loading in generał 

support the evidence obtained from the tensile and compression tests 
(3-5 to 5 tons/in.2) on these alloys as quoted in the conclusions given in 
P art I  of the paper.

The percentage elongations a t fracture in tlic creep tests (Table II, 
col. 6) are somewhat low, and in some cases fracture oceurred a t gauge 
marks. As previously noted, the test temperatures were higher than 
the normal servicc temperatures of alloys of the type cxarnincd, and it 
would be inadvisable to assume tha t low clongation would be associated

Fig. 1 .—Rclations between Stress-Log Rato of Croep a t 300° C.

with failure under the prolonged application of load at service tern- 
peratures. In the case of certain metals submitted to  examination it 
has been shown that, a t comparatively low temperatures, failure by 
creep occurs as a result of deformation within the crystal grains and is 
associated with considerable ductility, but a t comparatively high tem 
peratures intercrystalline cracks develop by the separation of crystal 
grains from one another and failure is accompanied by little clongation. 
At intermediate temperatures both mechanisms of failure may be ex- 
pected to operate to an extcnt depending on the temperature. An inves- 
tigation into the naturę of the failure of the copper alloys is being made.



Log. Rabę o f  Creep p e r  Oa^.

F ig. 2.—Relations between Stress-Log Rate of Creep a t 350° C.

Copper in Relation to Low Stresses

Śtrcsrscs <urrc3pondinq to 
crvzp ratę  of łO" mcn/mdi/Anj

o Stresses CDrrC3pondjV>q to  
creep ra te  cf O^wicł-^inch/datj.

250 5oÓ 5̂0 400
1empen3bure°C

Pio. 3.—Stresses Corresponding with 10~3 and 10~J in. per in. Strain Rato 
per Day a t 300° C. and 350° C.

The relations between stress and log. minimum rate of creep for the 
soft and specially treated alloys a t 300° C. and 350° C., respectively, are 
shown in Figs. 1 and 2.

From the curves of Figs. 1 and 2 the stresses corresponding with



minimum crecp rates of 10'3 "and ICH in. per in. per day have been 
deduced, and are recorded in Table III , and sliown plotted in Fig. 3.
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T ahi.e  I I I .— Stresses Corresponding with Particular Rates of Creep.

Materiał.

Stress Corresponding 
with Minimum Creep 

Rate of 10~* in. per in. 
per day. Tons/in.*.

Stresses Corresponding with 
Minimum Creep łta te  ot 10~* in. 

per in. per day. Tons/in.*.

300° C. 300° C. 350" C.

Arsenical copper, soft (Mark I) 
Arsenical copper, H.T. (Mark

2-0 3-3 1-9

ii)  . . . . 2-7 4-4 2-5
Silver-arsenical coppcr, soft 

(Mark III) 2-55 3-8 2-4
Silver-arscnical copper, H.T.

(Mark IV) 4-1 5-7 3-3

Considering tlie curvcs in Figs. 1 and 2 it  will be observed th a t the 
stress-log. rate of creep curves of the arsenical copper alloys are steeper 
than those of the silver-arsenical copper samples. The materials would 
not, therefore, fali into the same relative order as indicated by Table I I  
for rates of strain of 10-5 in. per in. per day or less, and the materials 
containing silver appcar likely to  be still further superior in respect of 
resistance to  creep a t 300° C. and 350° C., to the silver-free materials 
a t stresses less than 2 tons/in.2.

The improYcment effected by the special pre-treatment of the alloys 
is very marked, more particularly with the pre-treated alloy containing 
silver, which has its creep rate reduccd to about one-tenth the value 
obtained for the soft alloy.

JOINT DISCUSSION.
P rofessor D. H ansom,* D.Sc. (V icc-Presidcnt): W hat I  should like to  ask 

is : Havo the members y e t appreciatcd th a t we are witnessing the b irth  of a 
new type of heat-treatm ent of non-ferrous m etals ? This subject bids fair to 
bo a very important- one, because we have liere had described to us a  process for 
raising the elastic lim it, or the lim it of proportionality, of non-ferrous alloys 
w ithout affeeting the ultim ate strength or the  elongation in  anything like the 
same proportion. We see in  this process a  method of converting m any of 
the non-ferrous alloys which were formerly used into materials of much 
greater engineering u tility  than  before. I  th ink, therefore, th a t th is is a 
subject which cverybody should w atch w ith the greatest eare, and I  hope 
m any others will contribute to  i t  in the course of tho next few years.

I  w ant to  speak only on one smali detail, and th a t is w ith reference to 
th e  influence of silver. The results in  Messrs. Tapsell and Johnson’s paper 
lead me to  make these rem arks in  particular, because there a slight dilference 
is pointed ou t which is a ttribu ted  to  the influence of silyer. I  would like to

* Professor of Metallurgy, The Umversity, Birmingham.
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know if the authors have analyzed their samples for other im purities than  
those shown in the first p a rt of tho paper. I  th ink  th a t thero m ight be iron, 
nickel, and various other things present th a t ono should th ink about, which 
might yary in two di (Teren t  samples of an  alloy; and if we are to a ttribu te  
an effect to  such a smali am ount of an  im purity  as 0-07 per cent. we 
ought to  be assured th a t no other variations of th a t kind of order are present 
in the two types of sample. I  seo no reason to  doubt tho authors’ conelusion, 
but I  should rather like to  ask them  if they can give th is additional information.

Dr. W. R osenuain,* F .Inst.M et., F .R .S. (Past-President) : These papers 
deal w ith a  m ost interesting series of ąuestions, and reąuire moro consideration 
than I  have been able to  give them ; b u t there are two points I  w ant to 
mention. Ono is tho use, ra ther apologetically, by D r. Hudson of the word 
“ stiffness ”  as indicating the resistance of a m etal or an alloy to  slight plastie 
deformation. I  th ink  th a t i t  is desirable th a t we should find a diflerent 
term, bceause stiffness in  reality  should bo measured by the elastic modulus, 
and by nothing else—strictly  speaking, by the modulus of rig id ity ; th a t is 
to say, tho torsional elastic modulus. T hat, of course, docs no t como into 
this particular problem a t  all.

I  noticed w ith a  littlo surprise th a t the slopes of the lines draw n paraliel 
to the elastic line in the paper aro no t ąu ite  uniform. I t  will be noticed. for 
instance, th a t F  in Fig. 1 is apprceiably steeper than  tho otliers. I  believc 
tha t non-uniform ity of slope m ust be duo to  some experimental error, because 
changes of modulus due to  slight changes of composition are generally so 
sinall th a t they  could no t be shown on th a t seale. W hen I  first read tho 
paper I  thought th a t “  stiffness ” referred to the angle of those curyes. I t  
is the meaning which would naturally  be a ttribu ted  to  the word, b u t obyiously 
tha t was no t w hat was intended, and  I  th ink  th a t resistance to  plastie 
deformation should be expressed in  some other way, because “ stiffness ” 
already has a yery  well-defined meaning in  regard to  metals.

The other point I  should like to  suggest to  tho authors is th a t if this 
work is carried fu rther they  should pay a  little  a tten tion  to  some of the 
other alloys of copper which have been studied recently. F or instance, the 
alloys containing antim ony and arsenie a t  the samo tim e, which have very 
interesting mechanical properties, m ay prove to  be a t  least as good as those 
containing silver. I  ąu ite  agreo w ith Professor H anson th a t  i t  is yery 
necessary to be certain th a t the silver, when added in these smali amounts, 
is rcally the only variable. I  presumo th a t the authors are sure of tha t. Tho 
coneentration of oxygen and other im purities in these alloys is a  m atte r of 
very great importanee, and eertainly should be very elearly sta ted  in regard 
to each m ateriał used.

Colonel N . T. B elaiew ,-)" C.B. (M em ber): In  studying some yery old 
implements from the Sumerian period, I  was confronted w ith a  problem, 
the answer to  which I  thought I  m ight get from these papers, and  especially 
from the paper by Dr. H udson and Dr. MeKeown. The problem was as 
follows. The older implements were neąrly always of bronze, b u t by 2500 b .c. 
the Sumerians were apparently  unable to  obtain any further supplies of 
bronze, and they  had to  m anufaeture copper implements. For instance, the 
implements which I  was especially studying were bars which i t  is supposed 
were used as beams for steel-yards or balances. In  th a t  particular case it  
was yery im portant to  haye mechanical qualities which would be those of 
bronze. Tho Sumerians were unable to obtain tin  in sufficient ąuantities, 
and the analyses which have been published by several writers, and the 
analysis which I  have herc of one of tho bars in the B ritish Museum, show

* London. t  Paris, France.
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th a t tlić am ount of tin  was rcduccd to  0-22 per cent.—a vcry smali amount. 
Then there were lead 0-3G, iron 0-40, and nickel 0-67 per cent. There is 
another bar in the Constantinople Muscum which apparently  was also used 
as a beam, and th a t bar has no t been analyzed. I t  is of exactly the same 
period, and the German professor who has examined it  is of the opinion th a t 
i t  was very hard. He is ąuite  sure th a t the elasticity of the bar, and all 
the mechanical properties, are no t those of a copper, bu t of a  bronze. Now 
I  corae to my point. Tho tin  content in the first bar is much lower than  
the tin  content which was cited by Drs. Hudson and McKeown. I t  is only 
0-22 per cent. conipared to  1 per cent. Our analysis does no t show the 
prcsencc of Silicon, b u t I  m ust say th a t we did no t look for Silicon. 
Such ąuan tities as 0-02 per ccnt., if looked for, m ay be found. W hat 
I  would like to ask is this : if th e  content of tin  is only 0-22 per cent., 
and if some S ilico n  was found, w o u ld  tho m e c h a n ic a l  properties of th a t bar 
be sufficiently raised, taking into consideration also the am ount of nickel 
and iron, more or less on the same lines which are mentioned herc by the 
present authors ? The examination of th a t bar shows th a t i t  was probably 
forged, and also very likely th a t some kind of heat-treatm ent was accidentally 
done which is no t verv far remoYcd from the one which was mentioned herc. 
W hat I  have seen of tho properties of the above-mentioned bar shows th a t 
the mechanical ąualities were sufficiently raised to  enable i t  to  be used as a 
beam for very considerable loads.

The P r e s i d e n t  : I  endorse w hat Dr. Rosenhain has said—not perhaps 
only on this paper, b u t also on th e  paper th a t Dr. Hudson and his colleagues 
read a t  Dusseldorf, which directed attention  to  the eflect of very smali 
am ounts of ałloying m ateriał w ith copper. I  do no t know w hat Dr. Hudson 
and his colleagues have done lately, bu t I  th ink  th a t we m ay definitely say 
tha t, in the early experiments which were carried out w ith regard to  the 
effect of smali percentages of silver in copper, the copper was identical in 
every other respect except the addition of the very smali percentage of silvcr.

One is delighted to  feel th a t we are gettiug together a  good deal of 
inform ation, although perhaps on somewhat different lines from those on 
which investigators have worked in times past.

Dr. McKeown (in reply) :  I  would like first to  thank  Sir H enry Fowler 
for the personal interest he has taken in th is work all through. In  reply to 
Professor Hanson, in Table I  of P a rt I  of the paper, the m aterials marked 
NA and NS are those which were tested for creep properties a t  the National 
Physical Laboratory. W ith regard to  tho other im purities, we have no t got 
the figures here, b u t they  are all very Iow, generally less than  0 01 per cent.

In  reply to Dr. Rosenhain, I  am personally responsible for the use of the 
word “ stiffness,” bu t I  was rather a t  a  loss as to  w hat other word to use 
in this instance. We w anted to  indicate th a t there was a  difference in tho 
character of the stress-strain  eurres. W ith rcference to  the changes of slopc 
in  Fig. 1 , these are duo to  change in elastie modulus. There is some slight 
change in  elastie modulus due to the heat-treatm ent, bu t such changes are so 
smali th a t very accurato determ ination of elastie moduli would be necessary 
to  indicate the relative yalues. I  also thank  Dr. Rosenhain for his suggestion 
about the other alloys containing antim ony and arsenie.

I  eannot answer Colonel Belaiew’s ąuestion directly, except to say th a t it  
is ąu ite  probable, w ith the am ounts of lead, iron, nickel, and tin  present, th a t 
the m ateriał would have, in a heat-treated condition, a lim it of proportionality 
approaching th a t of the tin-silicon copper of the present investigation.

Mr. T a p s e l l  (in rep ly): There is nothing further th a t I  nced add to  the 
rem arks made by Dr. McKeown in reply to  the discussion.
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SOME BRONZE SPECIMENS FROM THE 
ROYAL GRAVES AT UR.*

By C. F. ELAM.f M.A., D.Sc., Membee.

Synopsis.

A short account is givcn of tho raicro-structuro of some bronze artioles 
found by Mr. C. Leonard Woolley in tho Royal Graves a t Ur. Tho 
approximate composition has boen determined and qualitative tests have 
been mado of the corrosion produets. Some of the objeets had been cast; 
others showed signs of subsequent working and annealing.

Tnis paper describes the microstructure and results of chcmical analysis 
of some bronze objeets found by Mr. C. Leonard Woolley during his 
excavations of the Royal Graves a t Ur. Mr. W. E. Woodward, M.A., 
of the Cambridge University Engineering Laboratory, obtained them 
through his brother, Mr. A. M. Woodward, M.A., until lately Director 
of the British School a t Atliens. The author is indebted to Mr. W. E. 
Woodward for allowing her to carry out the investigation.

A considerable amount of work has already been done in examining 
similar objeets by Professor C. II. Desch, F.R.S., under the auspices of 
the Committee appointed by the British Association for the Advance- 
ment of Science to investigate the supply of copper used by the 
Sumerians. A summary of results may be found in the British 
Association Reports of the meetings held a t Glasgow, 1928, and at 
Bristol, 1930. These reports deal chiefly with the chemical composition 
of ores with a view to tracę the copper supply from which the metals 
were manufactured. This is particularly interesting because of the 
presence of nickel in so many of the objeets. No account has yet been 
given, however, of the generał appearance and microstructure of any 
of these objeets, and the members of this Institute may be interested 
to know what some of the copper and bronze articles were like which 
were made 3500-3000 b .c ., and to see how they have corroded in the 
course of about 5000 years. No doubt a much fuller account will 
be fortheoming, as the articles here described are only a few out of a 
large number found. No attem pt has been made to generalize upon

* Manuseript rcceived November 5, 1931. Presented a t tho Annual General 
Meeting, London, March 10, 1932. 
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tho próbie ma whicli naturally suggcst themselves. Moreover, tlie 
investigation is incomplete, particularly with regard to tlie corrosion 
products. The author hopes th a t some of the csperts in this field 
will carry it further.

Thefollowing objects were examined, and will be referred to by the
numbers here assigned to  them .

Approsimatc Dato.
1. Axe-head . . . . . . . .  3500-3200 B.o.
2. Probably part of a largo axe-head . . . .  3500-3200 ,,
3. Blado of knife or spcar . . . . . . ca. 2700-2600 „
4. Square pin or nail . . . . . .  2700-2600 „
5. Round pin or nail, 1 . . . . .  2700-2600 „
6. Round pin or nail, 2 . . . . .  2700-2600 „
7. Smali dish, of which 110 metal remained . . . 2700-2600 „

Ge n e r a l  A p p e a r a n c e .

Pliotographs of the specimens are shown in Figs. 3 and 4 (Plates I 
and II). A diagrammatic drawing of No. 1 in three positions and 
two sections is given in Fig. 1. All the objects were coated with a 
thick and, in some cases, an extremely liard layer of a bright grcen 
corrosion product. This layer was split and cracked in No. I, and black 
in colour in the cracks. These cracks are to be seen in Fig. 3 (Platę I) 
and are sliaded in tlie drawing (Fig. 1). When broken, a layer of red 
cuprous oxidc was seen inside the green layer, and the innermost layer 
was black. With the exception of the smali dish, all the otlier objects 
had a metal core. In some cases the grcen corrosion products broke 
off when the specimen was being sawn. The metal core was also very 
brittle. The axe-head No. 1 was so corroded tha t parts of it could be 
ground to a fine powder in a mortar. The powder was a dirty, dark 
brown colour. I t  was only when the surface was rubbed on emery 
cloth tha t its metallic naturę became evident. On the other hand, 
there was a proportionately larger amount of uncorroded metal in the 
pins, and the square pin, No. 4, could be rolled into strip.

Embedding the whole specimen in some form of dental cement aided 
both cutting and grinding operations. The usual methods of polishing 
and etching were employed. The chief difficulty met with was the 
breaking away of the oxides and corrosion products, and even pieces of 
the metal, and the tendency for the oxides to be dissolved out by the 
etching reagents before the metal was attacked.

A n a l y s is .

Owing to the extent of the oxidation and corrosion, no reliable or 
accurate analysis can be expected unless the proportion of oxides, 
basie acid radicles, &c., is also determincd and due allowance made for
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them. This rcąuircs very special knowledge and skill, as the 
literaturo * on the subject makes abundantly elear.

Professor C. II. Desch, in the reports already referred to, re-caleulated 
his results to give tlie probable composition of the unoxidized metal, 
but this can be done only on the assumption th a t all the eonstituents 
oxidize or are corroded to the same extent. In  Table I  the actual 
figures are given, and the amount by which the total percentages fali 
short of 100 gives a useful indication of the degree of corrosion. The 
procedure adopted was to file off the green layer and the cuprous oxide 
and to analyzc the metal plus oxide core. I t  has becn pointed out 
already tha t the pins or nails were by far the least corroded, so th a t tlie 
core remaining after this treatm cnt yielded a high percentage of metal. 
On the other hand, the axe-head, No. 1, which could be ground in a 
mortar, gave a vcry low result. There was so little metal in No. 3 
(the blade), and it was so brittle, th a t a piece of it, including all the 
corrosion products, was analyzed. About 25 per cent. of the total 
weight is unaccounted for. The results are useful as an indication of 
the approximate composition of the different objects, but cannot be 
regarded as eomplete. Nickel is present in all, and tin  to a considerable 
extent in Nos. 1 and 2. Silver and gold were tested for qualitatively, 
but were not found.

The author wishes to thank Dr. D. Stockdale, M.A., for his valuable 
advice and assistance, and also Professor Sir William Popc, F.R.S., for 
allowing her to carry out the analyses in the Goldsmiths’ Laboratory 
of the University Chemical Laboratory.

Table I.

Specimen. Copper, %. Tin, %. Lcad, %. Iron, %. Nickel, %.j Total, %. Itemarks

No. 1 70-24 111 0-43 0-15 0-59 82-5,
9>> ** 79-40 8-1 traco 0-15 1-29 8S-0„ Sulphur pr.

,, 3 72-10 2-4 traco pr. 0-12 74-6,
» **■ 94-41 nil traco 0-03 1-77 9C-2j Sulphur pr.
,, 5 92-89 1-0 nil 0-5 1-45 95 •8ł ,,
.» o 92-95 0-1 0-04 0-02 1-43 94-54

D escription of Microstructures.
No. 1. Axe-Ilead.

The generał shape and external appearance are shown in Fig. 3 
(Platę I) and in the diagrams (Fig. 1). The green corrosion product was 
very hard and mineralized, and up to 4 mm. thick. I t  was vcry 
beantifully banded with a whitish constituent and took a very high 
polish. This layer was crackcd and split in a number of places running

* W. H. J . Yernon and L. Whitby, J . Inst. Metals, 1929, 42, 182-202; 1930, 
44, 389-408.
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right tlirougli to the cuprous oxide layer, and theso cracks were black. 
Eemains of a wooden handle adhered to the corrosion products and 
were saturated with them. A polished seetion showed four layers:

1. Tho green banded corrosion produet, 3-4 mm. thick.
2. A layer of red cuprous oxide somewhat coarsely crystalline,

2 mm. thick. This layer appeared blue with reflected liglit.
3. A much thinner layer of a nearly black substance, appearing 

grey under tlic microscope.
4. The vcry much corroded core of metal, together with smali 

amounts of red cuprous oxidc and a large amount of the dark grey 
constituent.

These layers are shown diagrammatically in Fig. 1. The differerices 
of colour are very poorly brought out in a photograph, although cjuitc 
distinct in the actual specimens. Fig. 11 (Plato IV) is a photograph 
of similar layers occurring in No. 3.

Although the metal was riddled with oxide, there was sufficicnt 
present to preserve tlie original structure. The rather large dendrites 
of Figs. 5 and 6 (Platę III) are typical of a casting. From the amount 
of tin  present (see Table I) it can be assumed tliat some 8 constituent 
was in the cores of the original casting. Corrosion has taken place 
preferentially in these areas, resulting in their almost coinj)lcte removal. 
Fig. 6 (Platę III) is a photograph of a. part of the casting which has not 
undergonc such extensive corrosion as th a t depictcd in Fig. 5 (Platę III). 
I t  shows a number of blowholes which were probably in the original 
casting, although i t  is difficult to distinguish betwcen such holes and 
those produced by the falling o u to f  pieces of metal or oxide during 
cutting and grinding.

Some cuprous oxide occurred in the metal. This may have been 
partly in the original copper and partly due to deposition during the 
process of corrosion. The predominating constituent was a dark grey 
substance similar to the layer immediately next to the metal and inside 
the cuprite layer. These two constitucnts are easily distinguishable 
under the microscope, but aro extremely difficult to differentiate 
photographically (see Fig. 11 (Platę IV )). Tlieir identity will be 
discussed later.

No. 2. Probably Part of an Axe-Head.
A photograph of this specimen is scen in Fig. 4 (Platę II). A con- 

siderable amount of wood librę remained adhering to the inside. 
The green layer was neither so hard nor so thick as in No. 1. The 
only metal remaining occurred where the seetion was thickest. The 
thinner sections were entirely oxide. The metal was coarsely dendritic 
(Fig. 7 (Platę I I I ) ). The total amount of oxidation was less than in
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No. 1, in spite of flaws and blowboles, and the S tin  constituent 
remained, together with much of the original oxidc. That this was 
original oxide was dedueed from its appearanee in the dendrites and 
the shape of the particles. Most of the corrosion produet was the dark 
grey constituent referred to already.

No. 3. Blade.
This is illustrated in Fig. 4 (Platę II). The green corrosion produet 

was very hard, botryoidal, and laminated. There was a ridge down 
one side of the blade, which was repeated through the 
oxide layers to the metal eore. Inside the red cuprite 
layer was a very complete layer of the dark grey con
stituent (Fig. 11 (Platę IV )). Very little of the metal 
remained. The section is illustrated diagrammatically 
in Fig. 2. There was no dendritic structure, and the 
regular polymorphic erystals suggested working and 
annealing. (Fig. 8 (Platę III).) Corrosion followed 
the crystal boundaries. Smali pieces of flattened-out 
cuprous oxide and a generał fibrous structure produced 
by the corrosion indicate a considerable degree of dis- 
tortion. In this respect, No. 3 differs from either of 
the previous specimens.

Various attem pts were made to bring up twin 
boundaries in the erystals. All etching reagents at- 
tacked the oxide in preference to the metal, and, 
although with a light polish attack, sliglit differences 
of level were noticeable under the microscope, all 
attem pts to obtain convincing photographs failed.

No. 4. Stjuare Pin or Nail. 
g t . { The generał appearanee can be seen in Fig. 3

Blade. (Platę I). This specimen was tlić least corroded of 
any. The corrosion products, consisting of a green 

layer and a layer of cuprous oxide, were neither hard nor firmly 
attached. The black layer was absent, and the metal was penetrated 
by cuprous oxide. I t  has been mentioned already th a t the metal was 
sufficiently ductiłe to be rolled into strip. Iteference to Table I 
shows that? less than 4 per cent. has to be accounted for in the form 
of oxides, &c. The chief constituent other than copper is nickel. 
The microstructure is shown in Fig. 9 (Platę III). The fine twinned 
erystals indicate working and annealing : the remains of coring indicate 
insuffieient annealing after casting. The smali particles of cuprous 
oxide scattered about were probably in the original metal.

Fio. 2.—No. 3.
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Ttound Pins. Nos. 5 and 6.

Tliese were very similar to the square pin, in tha t the corrosion 
products were not very firmly attached and rcadily crumbled away. 
No. 6 is interesting because of the pattcrn on the surface (Platę I). I t  
is suggested tha t this is due to a piece of materiał in contact with the 
original metal, the fibres having become saturated with the copper salts 
and the pattern reproducing the cloth.

An almost perfect metal core remaincd in the centro of the thickest 
parts. Cuprous oxide had penetrated to a considerable estent, and 
the thinner parts were completely oxidized. Fig. 10 (Platę III) is a 
photograph of the microstructure of No. 5. Remains of coring are 
clearly marked, but evidently the metal has been worked and annealed 
to produce the twin crystals. Smali, scattered cuprous oxide inclusions 
can also be seen. Both round pins were very similar in structure and 
composition, so th a t a photograph of No. 1 only is given. The coring 
in all tliree pins may be attributed to tho presence of nickel.

The specimens fali into two classes : (1) simple castings, (2) castings 
that have been worked and annealed.* The amount of corrosion is 
noticeably different in the two cascs. Assuming th a t they are all of 
the same age and have been subjected to similar conditions of environ- 
ment, the castings have corroded to a much greater extent in the time 
(with the exception of the blade, which had a much thinner section to 
begin with). This is to be cxpected from tho greater porosity and 
inhomogeneity of the castings.

T he  Corrosion  P ro du cts .

These specimens all camc from diggings above the Flood level, and 
have probably been in an cxceptionally dry atmosphere f  for many 
centuries, but nothing can be said with any certainty about the con
ditions under which corrosion has gone on. No quantitative analyses 
were made of the corrosion products, but a few qualitative tests were 
made, and the following generał observations may be of interest.

* T. A. Rickard (J. Insi. Metals, 1930, 43, 297-3G5) lias suggested tha t the 
earliest articles were fashioncd direct from native copper. This cannot haye been 
so iu the case of Nos. 1 and 2, and it  is impossible to say anything of the others 
with certainty.

t Since writing the above, Mr. Woolley has informed tho author tha t the soil 
in which the objeets were found was distinctly damp. Also tha t it  is “ salty and 
fuli of acids,” and selenite (gypsum) crystals readily form in it. The moisture is, 
no doubt, due to the rising up of liquids from below, duo to  capillary action of tho 
fine sand and debris. The liquid would contain salts in solution, such as chlorides, 
sulphates, &c., and these would be left behind when the moisture evaporated from 
the surface. Concentration may become great in this way, and it is not surprising 
that gypsum crystals separate in the soil. I t  would also be expccted tha t the 
concentration would bo greatest nearer the surface; exactly the opposite to the 
effect produced by ram.
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The hard grcen layers very much resembled malachite, and cffor- 

vesced in acids with the liberation of carbon dioside, Sulphates were 
present, but not clilorides.

The layer of cuprite between the metal and the salts is probably of 
secondary origin, due to the further oxidation of cuprous salts to cupric, 
such as is described in the Fifth Report to the Corrosion Committec of 
the Institute of Metals.*

The underlying black layer, and what appears to be the same con- 
stituent penetrating Nos. 1, 2, and 3, is more difficult to identify. I t  is 
too thin to remove for analysis, and no method could be discovered of 
separating it  from the metal and from the layer of cuprite. Two 
attem pts were made to obtain X-ray photographs. In the first instance, 
the outer layers were carefully filed away until the black layer was 
reached. A powder photograph obtained by reflection from the surface 
gave lines which could be identified only as belonging to the cuprous 
oxide lattice. In the second instance, a piece of No. 1 was ground up 
in a mortar, the larger particlcs were discarded, and a photograph was 
taken through the dirty, brownish powder th a t remained. On this 
occasion lines were obtained belonging botli (1) to the cuprous oxide 
lattice, and (2) to the a bronze lattice.

Dr. G. D. Bengough and Dr. W. H. J . Ycrnon, of tho Chemical 
Research Laboratory, Teddington, very kindly examined the specimens 
and confirmed the observation th a t this materiał difleredin appearance 
from normal cuprous oxide, and Dr. H. Fisher, of the Royal School of 
Mines, examined them with reflectcd polarized light, and confirmed tlie 
presence of two constituents, one of which was identified as unmistakable 
cuprous oxide. The exact naturę of this constituent is still uncertain, 
but it is suggested tha t it  consists chiefly of cuprous oxide contaminated 
with both tin  and nickel oxides, which cause the discoloration. I t  is 
certainly present to a greater extent in those specimens containing tin, 
although it is well developcd in No. 3, which has only a smali percentage 
of tin  and still less of nickel.

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

The author wishes to express her thanks to Mr. W. E. Woodward, 
M.A., for giving her the specimens to examine; to Dr. D. Stockdale, 
M.A., for assistance with the analyses; and to Professor C. E. Inglis, 
F.R.S., for facilities for working in the Cambridge University Engineering 
Laboratories.

* G. 1). Bengough, XI. 51. Jones, Ił. Pirrct, J . Insi. Metals, 1920, 23, 05.
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DISCUSSION.
Dn. T. A. K ickard ,*  A.R.S.M. (M em ber): I  am  asliamed to say tlia t I  

have no t ye t read this paper, b u t I  am looking forward keenly to  reading it, 
beeause the subject interests me greatly. I  am glad to  see here Dr. C. H . Desch, 
who Jias done so much good work in  bringing together archocologists and 
metallurgists. I t  had been m y hope, as a  mining engineer, to  be a liaison 
officer between mining and metallurgieal engincers on tho one hand and 
arehscologists and prehistorians on the other, and this Institu te , more than  any 
other body, is fitted to  assist the archajologists, beeause you aro research 
metallurgists, wliereas m y friends in  the Institu tion  of Mining and Metallurgy 
are industrial metallurgists.

Only yestcrday I  was in the Coins and Medals D epartm ent of the B ritish 
Museum, talking to  Mr. Mattingly, after liaving secn a Rom an aes signatum  in 
a case ju s t outside th a t departm en t; i t  was a  plaster cast of a  piece of currency 
—I  will no t cali i t  money or coin—of 5 lb. weight, and  i t  had  been faked so 
well th a t where i t  had been scratehed one could seo the glint of copper, no t 
bronze. W hen I  asked Mr. M attingly to  explain w hy i t  was labelled bronze, 
ho told me i t  was only a  cast, and no t the orig inal; and he then  showed me the 
original, which exhibited the unmistakable patination  of bronze. In  other 
words, the artis t who had reproduced this piece of early Roman metal had been 
so little assisted by  metallurgieal knowledge th a t he had coloured tho places 
supposed to  liave been abraded so th a t they  looked unm istakably coppery. 
I  venture to  say to  you th a t a large proportion of the specimens in museums 
labelled “  bronze ” are copper of yarious kinds. A ny givcn specimen m ay no t 
be pure nativo copper, bu t i t  m ay be copper containing accidental impurities, 
and therefore no t entitled to  be ealled “ bronze.” I  was once walking with my 
friend Professor Myres across th e  campus of th e  U niversity of California, where 
I  live, and he suddenly turned to me and said, ąuizzically, “  W hat is bronze ? ” 
I replied, “  Bronze is an alloy of copper w ith tin , purposefully m ade.” I  sub- 
m it th a t we have to l ia v e  some such idea, of intention, beeause tho presenee of 
t i n  in copper m ay be, a n d  freąueritly is, a c c id e n ta l ,  a n d  in  some cases t i n  a n d  
copper are present in the samo ore, both in the n o r t h e r n  and S o u th e rn  hemi- 
spheres. In  South America, copper and tin  occur w ith sil'ver; so th a t i t  is 
ąuite understandable th a t w ith copper there would be inadvertent inelusions of 
tin.

I  hope th a t  wo shall cause our arclucological friends to  drop their Bronze 
Age. I t  is m ost bewildering to follow an archa;ologist who talks about tho 
Early Bronze Age when he is really referring to  the beginning of the use of 
copper. If  we can get our friends to  bo more precise in  these m atters, and if 
we take a  greater in terest in  tlieir subject and they in ours, there will be a gain 
all round.f

Colonel N. T. B e l a i e w ,^  C.B. (M em ber): Tho arelucologist is beginning 
now to take a  keen interest in the help which is fortheoming from the metal- 
lurgist, and, as Dr. R ickard has ju s t said, this In stitu te  is especially fitted to 
tender its assistance.

I  should like to refer, before passing to more special points, to one m atter of 
generał interest, where the help of the m etallurgist was of great value to  the 
archaiologist. I  refer to  the presenee of nickel in all these Sumerian bronzes 
and Sumerian coppers. Nickel is present in all tho specimens analyzed by

* Mining Engineer, Berkeley, California, U.S.A.
t  Seo also remarks on p. 108.
} Paris, France.
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D r. Elam  (sco Table I). The pcrcentage of nickel ranges from 0-12 in 
specimen No. 3 to  1-77 in specimen No. 4. As a rulc, in Sumerian coppcrs we 
find 0-5, 0-6, or 0-7 per cent. nickel, and the same thing in  bronze. As is made 
elear from Dr. Desch’s report to the British Association, the presence of nickel 
enabled the m etallurgist to  tracę the source of supply of the ores which were 
used by the Sumerians to a  land which is called Magana, which is mentioned 
in  the insoriptions of Sargon. Recently the metallurgist was able to  analyzo 
some samples of ores coming from Magana, and incidentally was able to  settle 
two ąuestions. The first was th a t the Sumerian copper and ore supplies 
actually came from th a t  land, and the second th a t this “  land whieh is callcd 
Magana ” in the inscriptions is actually the region of the same name archsco- 
logioally identified by Professor Langdon in  Arabia. T hat is a  very im portant 
point. There are still some who are somewhat doubtful of it, because there 
are a  few other sources of supply of nickel ores in  Ind ia  and Sinai, b u t now 
tlie consensus of opinion is th a t  these ores come from Arabia, from Oman, and 
th a t Magana is a  little  corner of Oman. A village was found tho nam e of 
which even now is ra ther like Magana. T hat shows how two people— the 
archajological expert deciphering aninseription of tho tim e of Sargon, 2700 B.C., 
and the metallurgist, examining samples or ores sent to him  by the prospecting 
engineer—are able to  oo-operate, and  it  is only by their co-operation th a t such 
ąuestions can be settled. Eor a very long tim e people were looking for Magana 
in E thiopia, Egypt, and so on, b u t when i t  was found th a t no tracę of nickel 
was present in  the Egyptian samples, the m atter beeame elearer; E gyp t could 
be ruled out.

I  would m ention another sample, a  very interesting one from tho British 
Muscum, which was kindly given to  me by Mr. Sidney Smith. The analysis of 
i t  i s :

The interesting point about th a t sample is th a t  there is an inscription on 
it, and i t  can thus be dated, and the date of tho inscription would appear to 
take us back to 2500 B .C ., the date of the second Sumerian rovival. The fact 
th a t the percentage of tin  in  i t  is very smali shows th a t, from the metallurgical 
point of view, i t  was m ade a t  a  period when the Sumerians were deprived of 
their tin  ores, and we know th a t all th e  samples of coppers of th a t type belong 
to  tho period 3000-2500 B.c. Here, on the other band, we have an  inscrip
tion  which allows us to say ąu ite  definitely th a t by th a t period the Sumerians, 
wliilst using ores which still containcd nickel, were unable to  have such a 
balance of tin  ores as to  use bronze, and in  th a t particular instance in  Sumera 
we have a Bronze Age which was followed by a Copper Age.

From the point of view of corrosion, th a t particular sample which has been 
identified as a steelyard beam shows quite d istinct signs of the old inscription. 
T h a t means th a t the layer of corrosion produets are only about 2 mm. deep, 
as otherwise the inscription could no t have been read, and i t  shows th a t some 
of the samples, in  spite of the ir great age, are corroded on th e  surface to  only 
a smali extont. The am ount of oxygen is a little  moro than  3 per cent., but, 
in spite of th a t corrosion, some of the surface was so lightly corroded th a t p art 
of the inscription is quite readable.

The inspection of the corrosion produets which was made by  D r. Plender- 
leith and myself shows th a t the seąuence of layers is esactly  the same as th a t

Per cent.
Copper
Tin

95-22
0-22
0-36
0-40
0-67

Lead .
Iron
Nickel
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mentioned by D r. Elam . We have hero a layer of cuprous oxide and a  
greenish product whicli is malachite, and th a t enhanccs the im portance of the 
work presented to  this Institu te , and shows us th a t in tho ncar futuro no 
im portant archseological research dealing w ith  a rts  and crafts can be conducted 
w ithout the aid of the metallurgists, and in particular w ithout the aid of this 
Institu te .

D r. C. H . D e s c h ,* F.R .S. (Member of Council): I  havo naturally  been 
greatly interested in this paper, and I  feel much indebted to  Dr. Elam  for the 
work she has done on these specimens. Actually we have in rocent years 
carried ou t a  num ber of examinations no t only of tho m icrostructure of the 
specimens, b u t also of the patination  product, bu t i t  so happens th a t none of 
tho photographs has been shown to any metallurgical gathering, b u t only to 
tho Anthropological Seetion of tho Britisli Association. In  1929 some photo
graphs were exhibited there showing these structures.

Fig. A (Platę V) shows a bolt-head taken  from tho first graves a t  Ur, 
3500 b .c . I t  consists of copper, and is strongly cold-worked.

Figs. B and C (Plato VI) show the undistorted and cold-worked structures 
respectively.

The tw inned structure shows th a t  the m etal has been annealed after its 
first production, and cold-work has been superimposcd on it.

As regards the patination, we have made tho same observations as Dr. 
Elam —th a t essentially one has this fine blackish layer, very thin, then  the 
cuprite, and then the malachite, and I  agree w ith her interpretation th a t the 
cuprite is a  sccondary product, and th a t tho original hydrated  carbonate 
gradually mineralizes, becoming malachite, b u t by secondary reaction w ith 
copper in tho early stages, when much moisture is present, cuprite is formed. 
The substances aro highly crystalline, and w hat is curious is th a t sometimes 
one finds an  altem ation of cuprite and malachite layers in the same specimen.

We are now' engaged on a study of the patination and the formation of 
these minerals by microchemical methods. In  particular, we find th a t the 
methods doveloped by Professor Chamot are of considerable help, and we hope 
beforo long to  havo some results to  communicate on the process of formation 
of the corrosion produets.

Dr. E lam (in reply) : W ith  regard to tlic use of the term  “ bronzc ” by 
archseologists w hen they do no t always m ean a tin-copper alloy, they  are no t 
the only culprits, bccause metallurgists often ta lk  about “  bronze ” when they 
mean “ brass.”

I  have heard th a t IMr. Bertram  Thomas found some nickel-bearing ores 
in p art of Arabia, and i t  would be very interesting if this were confirmed. I  
would suggest to  archa:ologists th a t they  should no t confine tliemsclvcs to  
looking for m etal specimens, b u t also for slag heaps and old furnace workings, 
where much useful information inight be obtained.

W ith regard to  Colonel Bclaiew’s rcference to  the inscription appearing 
under the corrosion produets, I  do no t think th a t th a t necessarily means th a t 
there was no t much corrosion. On rcference to  the photograph of the blade 
(Fig. 4) which had a  ridge on ono side i t  will be seen th a t the ridge is repre- 
sented again in the corrosion product, and I  th ink  th a t any markings on tho 
surfaeo aro quite frequently also marked in  the corrosion produets themselves.

* Superintendent, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.
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C O R R ESPO N D E N C E .

D r. E lam  (in  further reply to the discussionat the meeting): I  should liko to 
th an k  both  Coloncl Belaiew and  Dr. Desoli for tho further Inform ation they 
have given w ith regard to  specimens they  have examined and for confirming 
my observations on the corrosion produets. In  m y opinion, i t  is essential 
th a t the largest possiblo number of specimens bc esam ined and described bcforc 
any  generafizations are made w ith  regard to  the supply of ores and  methods of 
manufacture. Ono is ap t to  forget th a t long periods m ay have elapsed between 
tho m anufacture of somo of theso objeets. Those described in th is paper 
represont a  possiblo period of a  thousand years, and enormous changes can 
tako place in th a t time. Evcn assuming th a t during the whole of th a t period 
the supply of ores was from  the same locality, considerable variation would bc 
expectcd in  the composition. Morcoyer, as all tho workings wero probably 
eonfined to  smali outerops a t  tho ground surface, the local yariations would 
also be great. Theso conaiderations m ay account for the yariable nickel content.

The presenco of tin  is a  diflerent problem. Dr. R ickard suggests th a t this 
was also added inadycrtcntly . Tho first discoYcry of the effects of tin  m ay 
havc been accidental, as m ost discoyeries aro. B u t i t  m ust liaye become a 
well-known fac t amongst ancient mctallurgists. Otherwise, why did a 
“ bronzo ” ago uniyersally supersedo a “ copper ”  ago? I t  cannot possibly 
liave been th a t after a certain dato all the copper oros sm elted also contained 
tin  ores. Traces of tin  might havc been inadvertent, bu t scarcely as much as
11 per cent. (No. 1).

The absence of bronze a t  a  la ter period of Sumerian ciyilization m ay be due 
to  tho cutting off of the supply of tin  ores or to  the loss of tho a r t  of smclting 
bronzes, owing to  the lack of knowledge of tho use of tin  ores. In  my opinion, 
credit should be giycn to the early metallurgist for adding tin—in w hateyer form 
—w ith intention and knowledge of w hat he wanted to produce.

D r. T. A. R i c k a r d ,  A.R.S.M. (Member) (conlinuing the remarks made at 
the m eeting): In  reply to  Dr. E lam ’s ąuery, I  would say th a t the objeets 
numberod 3 to  6 aro unlikcly to  haye been made of hammered native copper, 
bocause the high tin  contcnt of Nos. 1 and 2 proyes th a t the a r t of smelting 
was already known. The diminished proportion of tin  in the objeets of later 
dato, in  the Sargonid period, m ight indicate a lack of tin  or of tin  oro, for 
making bronze, b u t i t  m ay w arran t an inference eyen moro interesting— 
namely, th a t  tlie presence of tin  in  these coppery objeets was inadvertent, 
meaning thereby th a t the tin  was an accidental eonstituent of the oro th a t was 
smelted. The smelting, presumably, was no t done a t  U r, in  a  fluyiatile region 
doyoid of minerał resources, b u t the m etal probably came from the lippcr 
country in  the Caucasus liighlands. Tho presenco of 2-4 per cent. of tin  in 
No. 3, of 1 per cent. in No. 5, and of nil in No. 4 suggests a  yariability  so great as 
to indicate inadvertency.

The nickel contcnt, characteristic of all the objeets, m ay suggest a common 
origin for the ores smelted. Nickel is an associate of copper in m any mining 
districts, notably Sudbury, in  Ontario, whence we dcriyo m ost of the nickel 
used to-day in alloy m anufacture. Recently I  happened upon a  m ention of 
nickel in  a coppery objeet found in  Central Europę. On p. 100 of “ Die 
Kupferzeit in Europa,” by M attliaeus Much, published in  1886, the author 
dcscribes a prehistorie copper mine discoyered near Salzburg (closo to  tho 
Austro-German border) in 1879. There were no iron tools, nor any  signs th a t 
any  such had been used. The period was belieyed to  be th a t  of the  Swiss 
lake-dwellers. A copper tool unearthed in the workings assayed copper 97-78, 
nickel 0-88, lead 0-05, sulphur 0-24, and slag 0-07 per cent.

Dr. E la m  (in rep ly): I  wish to  thank  Dr. R ickard for his fu rther com- 
munication. Most of the points ho raised have now been discussed in my 
w ritten reply to  the discussion a t  the meeting.
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THE RELATIVE CORRODIBILITIES OF FER- 
ROUS AND NON-FERROUS METALS AND 
ALLOYS. PART III.—FINAŁ REPORT.*
THE RESULTS OF TIIREE YEARS’ EX- 
POSURE AT SOUTHAMPTON DOCKS.f

By J. NEWTON FBIEND,} D.Sc., Ph.D., F.I.C., M e m b e r .

S t o o f s is .

Noarly one liundred bars of ferrous and non-ferrous metals were oxposed 
to sea action in Southampton Docks for tlireo years, and an account is 
given of seventy-two of these. The metals esamined included load, zinc, 
tin, aluminium, copper, nickel, and variou3 alloys containing iron, 
chromium, nickel, copper, and zinc. The effeet of grain-size on the 
corrodibility of brass has been studied. The results appear to  indicate 
that smali grain is preferable to coarse. Nickel-copper alloys, par- 
ticularly the 70 :28  alloy, offered great resistance to corrosion. High- 
grade zinc and tin  were slightly more attackcd than tho less pure metals.
The effeet of arsenie in copper is discussed. Tension, riveting, and cold- 
working did not apprcciably affect the corrosion of nickel-chromium 
alloy steels, but in evcry case cracks appeared a t welds. Shell fauna 
did not appear to  affect the corrosion of tho metals appreciably whilc 
liying. Dead shelly fauna stimulated localized corrosion in alloy steels, 
nickel, and nickel alloys not rich in copper. The alloy steels resisted 
corrosion well, but provious results showing tha t alloy steels are subject 
to serious localized corrosion are confirmed.

T h e  metals employed in this research were, exeept wliere otherwise 
stated, in the form of round bars 60 cm. (2 ft.) in length and 2-87 cm. 
(1£ in.) in diameter. After weighing they were fbced in eight stout 
rectangular oak frames similar to, but smaller than, th a t already figured. 
[See Platę X V II (facing p. 112), J . Inst. Metals, 1928, 3 9 . ]  The number 
of bars in each frame varied from eight to thirteen (see Fig. 1, Platę VII). 
The ends of the bars were supported in koleś in the frames in. apart 
from centro to centre, and plugged with felt saturated either with ta r 
or with vaseline thickened with paraffin wax. In the previous research 
(loe. cit.) p u tty  was used, bu t this prored unsatisfactory with ferrous

* For Parts I  and I I  see J . Insi. Metals, 1928, 39, 111, and 1929, 42, 149, 
respectively.

t  Manuscript receivcd September 8, 1931. Presented a t the Annual 
General Meeting, London, March 9, 1932.

I  Head, Department of Chemistry, The Technical College, Birmingham.
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bars and aluminium, severe localizcd corrosion taking place a t tlie ends. 
The new method gave good service, the ends of all the bars 011 dis- 
mantling being found in good condition. The frames were fixed under 
a je tty  a t Southampton Docks a t approximately half-tide level by 
Mr. F. E. Wentworth Slieilds, to whom the author desires to express 
his great indebtedness. After 3 years (1928-1931) the frames were 
dismantled.

Owing to the thiek accumulation of mud and shelly fauna, it  was 
not possible to gauge the extent of corrosion from visual inspection 
in  situ. This was unfortunate, for, on dismantling, it  was found th a t 
corrosion had not proceeded so far as had been cxpected, and the results 
are not so conclusive as the author had wished. The oil from the ships 
assisted in the formation of a more or less protective layer of mud 
round the bars, which was not scoured o fi by the slowly moving waters, 
as would have been the case a t Weston-super-Mare, where the tidal 
currents are very rapid. The present results, therefore, are not exactly 
comparable with those previously obtained. I t  was observed th a t 
the slielly fauna did not collect in any appreciable numbers on the 
copper or copper-rich alloys, although all the other bars were covered, 
even the lead (Fig. 2, Platę VII) and zinc bars.

The shell fauna did not appear to affect the corrosion of the metals 
appreciably wliile living. Dead shell fauna stimulated local corrosion 
in alloy steels, nickel, and in nickel alloys not rick in copper, leaving 
more or less circular patehes (Figs. 3 and 4, Platę VII).

The methods of clearing and examining the bars were the same as 
in the previous researck, save th a t tensile tests were not applied, as 
corrosion had not proceeded sufficiently far to justify them.

COKSIDERATION OF THE R E SU LT S.

Wrought Iron and Mild Steel.-—These bars were included in the tests 
to serve as standards of comparison with the results obtained a t West on 
(loc. cii.). The two wrought irons were very uniformly attacked, the 
fibrous structure appearing a t various places; they lost less in weight 
than the steels. The mild steels had also been uniformly attacked, 
particularly the copper steels. As in the AVeston tests, the addition 
of 0-15 per cent. copper proved slightly beneficial (Table I).

Alloys of Nickel and Chromium.—The addition of ehromium up to 
20 per cent. to nickel does not appear, on the whole, to have greatly 
enhanced the resistance of the nickel to corrosion. The loss in weight 
was slightly less with 4-79 per cent. chromium, but sliglit pinholing 
occurred, and also slight localized corrosion where dead fauna had 
remained (Table I).
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Alloys of Nickel, Chromium, and Iron.—All these alloys resisted 

generał corrosion esceedingly well, but all were subject to localized 
corrosion, even the nickel bars, Ml, yielding to the attack of shell 
fauna. The addition of iron to nickel (bars M il and M9) has inereased 
the corrodibility (Fig. 5, Platę VIII), but this is partly countered in bar 
M10 of “ Duli r a y ” by addition of 3 per cent. chromium. The re- 
raaining bars containing 16-20 per cent. chromium retained their 
high polish, and, apart from localized corrosion, were in excellent 
condition (Table I).

Effect of Cold-Working on Alloy Steels.—The nickel-chromium steels 
R1702 and R1746 had been stretched a t A  (Fig. 6, Platę VIII) and very 
heavily cold-worked a t B, the surfaces of the bars being indented at 
several of the bends. There was no special corrosion a t these places, 
however, apart from localized attack due to dead shell fauna. Where 
riveted, bars R1708 and R1733 were in as perfect condition as the 
main body of the bar, as seen a t R R  in Fig. 4, Platę V I I ; the round 
patch F  shows localized attack by fauna. In  every case, however, 
the welds had cracked in the frame (Fig. 4). One rivet of bar R1733 had 
snapped in the frame, and the two parts were nearly lost (Table I).

Nickel-Copper Alloys.—Both nickel and copper resisted sea-water 
corrosion exceedingly well. As a t Weston, the nickel lost considerably 
less in weight than  the copper (Table II), but was somewhat less uni-

T a b le  II .—Bars containing Nickel and Copper.

ós2
Metal. Identity

Mark.
Ni. Cu. Fe. Mn. As. Pb. — tc 2 Mean

Loss. Rcmarks.

B
0 Nickel M1B \  

MIC / 99-CO 0-0G 0-16 0*1 \  
0 -4 / 0-25 Perfect cxcept 

slight shell

M&B \  
M5C /

0 0  •) 
0 0  /

fauna attack.
B
C “ Corronil ” 70*27 28-03 0-G7 o-so 0-00 Slightly stained 

locally. 'lYaccs 
of shell fauna

B
C “ Silreroid” M4B \  

MIC / 41-21 5-4-47 0-90 0-33 0 0  \  
0-4 / 0-20

attack.

B
0

80 :20 copper 
-nickel

M3B \  
M3C / 20-08 79-72 0-11 007 1-3 1 

1-2 / 1-25 Brick red corro
sion product. 
Uniform a t 

B
C

9 0 :10 copper 
-nickel

M2B \  
M2C / 9-55 90-11 0-26 0-10 l i } 2-35

tack.
No obvious 

shell-fish a t
F
G

NC2F
NC2G 1-93 9S-00 0-04 nil nil 4-0 \  

3 -8 / 3-9
tack.

D Copper (ar
senie Yree)

E 99-92 tracę 0-01 0-02 3-5 3-5

F
G

Copper (with 
arsenie)

COl \  
C02 / 0-07 99-70 0-11 0-02 4 0  \  

3-9 / 3-9 Perfect.
D i» »» G 99-38 0-25 0-05 3*4 3*4 „
F
G ”

AC1 \  
AC2 / 0-03 99-42 tracę 0-39 0-03 5-0 \  

5 -1 / 5-05
D ” B 99-32 0-43 0-05 2-9 2-9 ”



P la tę  VII.

[  To face p. 112.



P latę  V III .

Fi
g.

 7
.—

Co
ar

se
 

M
un

tz
 

M
et

al
, 

M
M

3. 
X 

20
0.

 
Fi

g.
 6

.—
Ba

rs 
17

02
 

an
d 

17
46

 
of

Co
ld

-w
or

ke
d 

N
ic

kc
l-

C
hr

om
iu

m
- 

Iro
n 

A
llo

ys
.



Ferrous and Non-Ferrous Metals and Alloys 113
formly attacked. There were no marks on the copper similar to those 
on the nickel and high nickel alloys caused by shell fauna. These 
latter do not appear to have attached themselves to any appreciable 
extent to the copper and high copper alloys. Bars M5 of “ Corronil ” 
Iost least in weight and were in excellent condition. Bars M4 of “ Sil- 
veroid ” were closely similar. Further increase in copper content 
resulted in an increased loss in weight, but corrosion was very uniform. 
The presence of 1-93 per cent. nickel (bars NC) had no appreciable 
effeet on the resistance of the copper.

Copper.—The copper bars resisted corrosion well and uniformly. 
Vernon found in his aerial tests tha t the presence of 0-45 per cent. of 
arsenie greatly enhanced the resistance of his copper specimens to 
corrosion,* and in the present author’s tests a t Weston-super-Mare f 
arsenie was found to  retard slightly the corrosion of copper exposed 
to alternate wet and dry sea-action. Bar B (Table II) supports this 
conclusion for sea-action. Smaller ąuantities of arsenie appear to 
give varying results (Bars CO, G, and AC).

Copper-Zinc Alloys.—The influence of grain-size on the rate of 
corrosion of brass has freąuently been discussed. The generał opinion 
appears to be th a t the grain-size should not be large J ; some regard 
the effeet as not important within normal limits,§ whilst Briihl || con- 
cludes th a t a smali erystalline structure is conducive to most rapid 
corrosion. Bars of screw metal and Muntz metal were prepared, tliree 
of each of almost identical chemical composition, but differing in their 
grain-size. The results obtained with these are given in Table III. 
The greatest resistance to corrosion was offered by the bars of smallest 
grain-size in the case of screw and Muntz metal. Figs. 7 and 8 (Platę 
VIII) show the relative grain-sizes of tho coarse and fme Muntz metals, 
MM3 and MMI, respectively. These results are suggestive, but are 
not in themselves conclusive, for other factors besides grain-size may 
be a t work.

The ordinary zinc bars, OZ1 and 2, were made of the usual commercial 
metal such as is supplied to the Admiralty, shipbuilders, and shipping 
companies for anti-corrosive purposes. The greatest impurity was 
lead. The bars contained approximately 98-82 per cent. zinc, 1-12 
per cent. lead, 0 05 per cent. each of iron and cadmium, together with

* Vemon, Trans. Faraday Soc., 1927, 23, 178. Also Friend, J . Insi. Metals, 
1929, 42, 149.

t  Friend, J . Insi. Melals, 1928, 39, 127.
t  Anderson and Enos, Amer. Inst. Min. Met. Eng., 1924; abstract, this 

1924, 31, 431.
§ Anderson and Brooks, Mech. Eng., 1925, 47, 643.
II Briihl, J . Inst. Melals, 1911, 6, 285.
*i See Donovan and Perks, J . Soc. Chem. Ind., 1924, 43, 72 t .

VOL. X L V III. I
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T a b le  I I I .— Gopper-Zinc Alloys. Effed of Grain-Size.

Metal.
Iden-
tity

Mark.
Grain. Cu. Zn. Pb. As. Tin.

Los.

Franie
F.

in Weif 
Grms.

Frame
G.

jlit.

Mean

Screw SM 3 coarsc 59-55 38-77 1-37 tracę 0-22 3-8 4-5 4-2
metal SM 2 medium0 59-91 38-51 1-24 „ 0-25 3-8 3-8 3-8

SM1 line 59-97 38-35 1-32 0-09 0-25 3-8 3-0 3-4
Muntz MM 3 coarse Cl-22 37-83 0-74 tracę 0-12 4-0 3-3 3-G5

metal MM2 medium 61-18 37-93 0-68 łt 0-11 3-5 2-5 30
MMI fine 61-36 37-C8 0-7-1 0-01 0-12 2-1 1*4 1-9

•  Nickel 0-11%.

a tracę of arsenie and aluminium. The bars complied with the Ad- 
miralty specification for rolled zinc for anti-corrosive purposes—namely, 
th a t they had been rolled from castings three times the finished thick- 
ness. Bars PZ1 and 2 were prepared in a similai manner from high- 
grade speltcr containing 99-9 per cent. of zinc. I t  is interesting to 
note that, as with tin (below), the ordinary metal has proved more 
resistant to corrosion than the commercially pure spelter (Table IV)

T a b le  IV .— Bars of Miscellaneous Metals.
(For Analyses seo Tcxt.)

Frame. Metal. Identity Mark. Loss in Weiglit. 
Grma. łrean Loss.

G Common lead LC13 4-01
G >> >> LC13 4-5 1
C »» >» LP12 e-o f 4-75
1)

Antimonial lead (1-0% Sb)
LP12 4-5 j *

F LA13 4-2
D
1)

High-grade 99-9% pure zinc PZ1
PZ2

15 '6 \ 
15-2 J 15-4*

D Ordinary 98-8% zinc OZ1 13-9 \ 14-35D OZ2 14-8/
L> High grade 99-75% pure tin SR1 1 0 ) 0-951) SR2 0-91
1) English common ingot SCI 0-7 \ 0-55I) 99-2% tin SC2 0-4/
H Aluminium ALI 0-2 \ 0-15H AL2 0 1 /

* Both bars were pitted near their ends, espeeially PZ2, the depths of two 
pits in which were 1-3 and 1-35 ram.

which latter suffered somewhat severe pitting ncar its ends. Two pits 
measured on bar PZ2 were 1-3 and 1-35 mm. deep, respectively. Shal- 
low pits occurred a t numerous other places. The ordinary zinc bars 
were in Tery good condition, such pitting as occurred being very
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sliallow. These results are in hormony with those recently obtained * 
with plain and amalgamated zincs in electric batteries containing 
either dilute sulphurie acid or ammonium chloride solution. I t  
appears, therefore, tha t the presenee of about 1-1 per cent. of lead in 
zinc cxerts a beneficial action on its resistance towards corrosion.

The tin bars, which were specially cast for this research, had under- 
gone no further mechanical or heat-treatment. They were not subject 
to analysis, as the generał composition of the English common ingot 
tin was known, namely :

Per cent. Per cent.
Antimony . . . 0-300 Lead . . . .  0-398
Arsenie . . . 0-017 Copper . . . 0-000

with traces of bismuth, iron, silver, and sulphur. In  the high-grade 
pure tin the guaranteed percentage of tin  is 99-75; the impurities 
consist of the above in proportionately smaller amounts. The bars, 
after cleaning, were fouńd to be in excellent condition. The pure tin 
lost slightly more weight than the common metal, as in the Weston 
tests. In all cases there were very slight indications of incipient pitting 
(Table IV).

The aluminium bars had been rolled down rapidly or broken down 
from rods 2-5 in. sąuare to  2 in. square in rod mills a t a  commencing 
temperature of 460° C., which fell to 390° C. during the process. They 
were then cold-drawn from 2 in. sejuare to round bars 1^ in. in diameter 
by in. reductions.

Analysis showed the bars to contain 0-32 per cent, iron and 0-25 
per cent, Silicon.

On cleaning, the bars were seen to be in excellent condition, having 
suffered a negligible loss in weight JTable IV). A similar bar exposed 
a t Weston-super-Mare in the author’s previous research was practically 
destroyed by pitting; one pit, 5-81 mm. deep, had penetrated through 
more than one-fifth of the diameter of the bar. The conditions of 
exposure in the two cases, however, were different. A t Weston the 
rushing of the tide scoured the metal, whereas a t Southampton the 
layer of oily mud adhered tenaciously to  the aluminium, and thus 
tended to preserve its outer skin unbroken.

These results support the conclusion previously arrived at—namely, 
that the pitting was due, in the Weston tests, to discontinuities in the 
protective skin, and tha t if this pitting could be stopped aluminium 
might be very serviceable for marinę work.

The lead bars were prepared by extrusion from a solid błock of metal.

* Friond, J . Insi. Metals, 1929, 41, 92.



116 Discussion on Fńend’s Paper
The autimonial lead was prepared by melting down antimony and 
lead in the reąuisite proportions and casting into a błock for extrusion. 
Tlie compositions of tlie bars were as follows :

Lead LC. Lead LP. Antimotilal Lead.
%• %• %•

Lead . . . . . 99-90S 99-922 98-391
Antimony . . . . traco 0-003 1-000

Traces of copper, bismuth, silver, iron, zinc, and tin were also present.
The bars of ordinary lead LC and LP had sagged in the fram.es, and 

two of them almost fell out. The antimonial lead bar remained straight 
and rigid throughout the test. To what extent the observed losses 
in weight (Table IV) were caused by mechanical action it  is difficult 
to  decide, but all the bars were in excellcnt condition when cleaned, 
apart from points of obviously mechanical local injury. From these 
results and those obtained a t Weston there can be no doubt th a t the 
addition of 1-6 per cent. of antimony appreciably enhances the resistance 
of lead to sea action.

In  conclusion, the author desires to express his thanks to tho various 
finns who presented hitn with the bars for this research, particularly 
those who have assisted him to defray the cost of the research ; also to 
the Royal Society for a grant which enabled the micrographic study to 
be carried out.

T h e  T ecjhnioal Co l l e g e ,
B ir m in g h a m .

August 31, 1931.

D ISCU SSIO N .
D r. W . H . J . Y e p .n o n  * (M ember): In  tho absence of Dr. Friend, I  prcfer 

to  communicate in  writing anything in tho naturę  of a  contribution to  the 
discussion on this paper. There is, ho\vever, ono aspect of the work which 
should no t pass w ithout comment. I  understand th a t th is paper is tho last 
of the long series of reports in  which Dr. Friend has communicatcd the results 
of his yarious field tests : some of these have been conducted in  the sea, some 
in the open air, and altogether they  have extended ovor m any years. I  
th ink , therefore, th a t the mom ent is opportune for us to  express our apprecia- 
tion of this long record of corrosion invcstigation; and particularly should 
\vo bear in  mind the pioneer character of much of Dr. F riend’s work in  this 
country.

Profcssor T. T u rn er ,f M.Sc., A.R.S.M., F.Inst.M et. (Past-P resident): 
I  should like to  re-ccho w hat Dr. Vemon has said as to  our thanks to  Dr.

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

f  Professor Emeritus, The University of Birmingham.
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Friend for the work th a t ho has done extending ovor so m any years. There 
are only two pointa to  which I  wish to refer. The first is as to  the question of 
tho corrosion of large grain-size as compared w ith smali grain-size, which is 
referred to  on p. 113. Dr. Friend refers to  the work dono by Briihl. This 
work was dono in  my laboratory more than  tw enty  years ago, and his paper was 
the first contribution to  the subject of corrosion which was communicated to  
this Institu te , and which has, of course, in  other hands developed so. much 
during the interval. Now, Briihl did no t mako a very defmite statem ent on 
tho m atter, as m ight be supposed from the reference by Dr. Friend. Briihl 
proceedod by taking a  cold-rolled 70 : 30 brass plate. Two specimens were 
annealed a t  tho samo tem perature, b u t for different times, the result being 
th a t one deve!oped a much larger grain structure than  the other. They were 
then placed in  synthetic sea-water, and th e  ra te  of corrosion was obscrved 
for a  period of fifteen weeks. On immersion, the smali grain lost approxim ately 
5 per cent. more weight than  the coarse grain, b u t a t  the end of twelvc weeks 
the reverse effect was observod. On account of the length of the U nirersity  
term, the work had to be out short a t  tho end of fifteen weeks, b u t the trials 
showed th a t the ra te  of corrosion was gradually altcring, and th a t in  all 
probability the curres would have crossed each other had  the experiinent been 
conducted for a few weeks longer; and Briihl says, “  I t  would be interesting 
to ascertain the reason for such a  ehange.” I t  would therefore no t be correct 
to suggest th a t Briihl concluded th a t a smali crystalline structure is conducive 
to most rapid corrosion—except in the in itial stage. In  tho initial stage the 
smali grain m ay corrode m ost rapidly. The experiments of Briihl are scarccly 
comparable w ith those of Dr. Friend, because Dr. Friend used practically a 
6 0 :4 0  alloy, w hilst Briihl was using a  7 0 : 30, and thus would have quite 
different rates of corrosion in  sea-water. We still requiro further Information 
as to why in some cases. smali grain m ay corrodo moro quickly than  largo 
grain, and why in other cases—and the more usual cases—tho large grain 
corrodes moro quickly than  the smali grain.

Dr. Friend has also referred to  the fact th a t zinc, and particularly  tin , in 
corrosion are less aficcted wlien less p u re ; th a t is, th a t the pure materials 
do no t resist corrosion so well as those th a t contain a smali quantity  of 
impurity. T h a t raises a  T e r y  wide field of inquiry—first, as to  which of the 
particular im puritics present was responsible for the good effect ; and, 
secondly, how much of tho im purity would be beneficial. I t  has t>een observcd 
tha t varieties of commercial tin  are in  some cases distinctly more resistant to 
the effeets of corrosion than  the extrcmely pure kinds which havo been tested 
sido by side. On the other hand, some im pure tins- are worse. So th a t 
obviously there is some suitable proportion of an element th a t is commonly 
present which will givc benoficial results.

The P r e s i d e n t  : As Dr. Vernon has said, th is is the concluding paper of 
a series of reports which have been very interesting, b u t I  do no t th ink  for a 
moment th a t it  is the  end of the subject. I  look a t  this qucstion perhaps from 
rather a  different po in t of view. A t present I  am  doing some work on tho 
subject, and w hat I w ant to  know, and w hat I  cannot find any information on, 
is what the shclly substances shown in Fig. 2 leave behind them  ?

C O R R ESPO N D EN C E.
D r. F r i e n d  (in reply to the disoussion at the. m eeting): I  greatly appreciate 

the kind rem arks of Dr. Vemon and Professor Turner on the corrosion studies 
which have engaged m y atten tion  for nearly th irty  years. I  thank  Professor 
Turner for very eorreetly pointing ou t the differences between B ruhl’s research



118 Correspondence on Fńend’s Paper
and my own. Our knowledgc of the influence of grain-size on corrodibilifcy is 
still far from satisfactory. From the numerical da ta  given, Dr. Vemon does 
no t th ink  th a t there is sufficient justifieation for a ttribu ting  any beneficial 
effeet to  the addition of 01 5  per cent. of copper to  steel. If D r. Vemon could 
havc seen tho bars and personally noted the smooth even appearanee of the 
copper-steels, I  th ink th a t ho would have agreed w ith everything I  say about 
them . The results with copper containing arsenie were very disappointing. 
AIthougli this is m y finał report, tho President is right in believing th a t i t  is 
no t the end of the subject. I  can assure him th a t a  few odds and cnds still 
rem ain to be eleared up ! The above are some of them.

Mr. K . G. L e w i s ,*  M.Sc. : I  am  very interested in Dr. F riend’s paper, and 
would like to  ask if mieroscopie examination of the different materials was 
made. I  cannot tell whether flat bars were used for the riveting tests and 
two such bars riveted togetlier, or whether the rivets were “ snappcd ” over 
in one bar (flat or round). I t  is w ith regard to  the riveted bars of R1708 
and R1733 th a t I  ask if mieroscopical examination has been made. I  imagine 
th a t bar R1708 was in the austenitic State, otherwise riveting would have 
been a  m atter of very great difficulty. Similarly, after riveting, the areas of 
the bar which aro in the region of the rivet would become martensitic, due to 
cold-working. I  cannot imagine some type of corrosion no t taking place where 
there would be a change of structure in adjacent parts of the m ateriał, a t  any 
rate, after threc years’ exposure.

W ith regard to  tho plain (i.e., no t worked in any manner) steels of the 
nickel-chrome type, I  was very interested to  notę Dr. Friend’s rem arks on the 
high corrosion resistance, as I  have obtained the same result on similar materiał 
in sheet form which łias been subjected to esposure in a marino atmosphero and 
showing, also, no loss in tensile strength.

I t  is fairly well known now th a t steels of tłie “  acid-rcsisting ” type, in 
sheet form a t  any rate, do sometimes undergo intercrystalline attack , which, 
of course, can only be observed microscopically.

Dr. W . H .  J .  Y e k n o n  f  (Member) (in continualion o f remarks at the 
m eeting): The present paper raises issues th a t m ust bo assoeiated w ith  the 
inherent difficulties of investigations of this kind. The conditions of Dr. 
F riend’s tests are obviously extremely com plex; and when one eonsiders the 
various factors which cnter into the process—ehemical, physical, and 
mechanical—tho number of possible perm utations and combinations m ust 
be very great indeed. Any definite result or definite conclusion which can be 
obtained from such conditions is greatly to  be welcomed. To this end, 
however, it  is highly desirable th a t some information should be forthcoming 
as to  the relation between corrosion and time, on which the real comparison 
of the behaviour of the various materials so largely depends. In  view, more- 
over, of the difficulty of attaching any significance to results from isolated, 
or sometimes even duplicated specimens under such complex conditions, it  
m ay well become necessary to base eonclusions only on results th a t have been 
conflnned by tests eonducted in multiple.

I t  is for reasons such as these th a t I  would urge the exercise of considerable 
caro in interpreting the experimental results. For example, from the data  
given in Table I , there appears to  be no justifieation for attribu ting  a  slightly 
beneficial effeet to  the addition of 0-15 per cent. of copper to  steel. The 
results are given in duplieate for the plain steel and copper steel respectively;

* Assistant Lecturer in Metallurgy and Assaying, The College of Technology, 
Manchester.

t  Chemical Research Laboratory, Department of Scientific and Industrial 
Research, Teddington.
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b u t the differcnce between one pair of duplicates exceeds th e  dilference 
between the m eans; therefore one cannot say th a t the results bring ou t any 
appreciable difforence in behaviour between the materials.

In  conneetion w ith the results for the copper specimens, Dr. Friend has 
been good enough to  refer to m y aerial tests. Considering the evidence, 
however, this cannot be said to  bring ou t any eorrelation between the two 
groups of results. The actual (loss of weight) figures in the atmospherie tests 
were as follows :—

High-conductivity copper. 1-768 Arsenical copper . . 0-786
„ . 1-788 „ . . 0-782

On the other hand, the figures in  the present paper do no t show any marked 
restraining effect due to arsenie; the Unduplicated value for copper containing
0-43 per cent. arsenie is certainly lower than  th a t for the unduplicated value 
for the arsonic-free m ateriał; b u t sinee the duplieated values for 0-39 per 
cent. arsenie are appreeiably higher, one is scarcely justified in  reaching any 
definite conclusion as to the effect of arsenie. After all, tho difference between 
the atmospherie and sea-water results is no t surprising, beeause there can 
be no doubt th a t we aro dealing w ith  entirely different mechanisms. In  
ordinary atmospherie corrosion the a ttack  is definitely associated w ith tho 
presenee of sulphur dioxide in tho atm osphere; this is oxidized a t  the metal 
surfaoe w ith  formation of sulphate. There is good reason to  believe th a t the 
action of arsenie is dirccted specifically towards restraining this proeess; 
but, of course, i t  does no t necessarily follow th a t any comparable restraining 
effect will take place during complete immersion in sea-water. Most probably 
a similar sta te  of affairs holds good in  tho case of copper in  steel, which would 
explain why m arked protection has been recorded for copper-steels in the 
atmosphere, particularly in industrial atmospheres, wThilst little  or no protec
tion is afforded against sub-aqueous corrosion.

Dr. Fricnd’s results -with the cold-worked nickel-chrom ium -iron alloys 
are of in terest as sliowing th a t a eonsiderable am ount of strain  has set up no 
appreeiably greater corrosion in  these m aterials, notw ithstanding th a t tho 
air-formed film m ight bo expected to undergo eraeking on account of the 
stresses in the underlying metal.

F inally, I  should like to  refer to  tho interesting observations which Dr. 
Friend makes about the accumulation of shelly fauna. The aversion which 
these fauna show towards copper is striking, and affords another illustration 
of the toxic effect of copper towards the lower organisms, as illustrated in 
the m anufacture of eertain anti-fouling preparations. I t  is interesting also, 
although of course not surprising, th a t the organisms are more harm ful dead 
than alive; incidentally, the rather greater effect on the alloys containing 
nickel is no doubt due to  the presenee of sulphur in the decaying organie m atter. 
There are other cases in  which organisms are moro harm ful to  metals when 
alive than  when dead, as, for example, the death-watch beetle, which will 
boro through lead sheet as well as wood, bu t in these cases the evil they do 
lives after them  !

Dr. F r i e n d  (in reply) : In  reply to  Mr. Lewis, I  would say th a t fiat bars 
were used for the riveting tests, the rivets being prepared from smali round 
bars. No microscopie examination of the actual bars was made. Undoubtedly 
specimen R1708 was austenitic, as Mr. Lewis concludes. I t  would be difficult, 
if no t impossible, to  p u t it  in any other condition except by drastic cold-work; 
as far as heat-treatm ent -was concerned, i t  was a  stable, austenitic steel. After 
riveting, which was done in the eold, tho scverely deformed parts  of the 
rivets would presumably eontain some m artensite, as they were slightly



120 A u th ors Reply to Correspondenee

m&gnetic. I t  is unlikely, however, tl ia t even in these parts the structure would 
bo entirely or even preponderatingly martensitic. The adjacent parts of the 
bar would be practically entirely austenitie in  cliaracter.

T ru th  is strangor than  fiction. Mr. Lewis cannot inmgine sonie type of 
corrosion n o t taking place where there would be a change of structure in 
adjacent parta of the m ateriał. N either can I ; bu t the fact remains th a t there 
was no sign of corrosion either in  the severely deformed rivet hcads or on the 
adjacent unaltered austenitie bar, even after an exposure of three years. 
Actually the riveted bars had been esposed for a  longer to ta l period than  th is ; 
they had preyiously been exposed for two years to  the much more rigorous 
action of a  storm y sea a t  Weston-super-Mare.

B ar B1733 would eonsist of ferrite grains through which fine particles of 
carbide were dispersed more or less uniformly. Cold-work would d isto rt the 
ferrite grains more or less seyerely, b u t cause no pliase charge.

I t  is well known, of eourse, th a t  intergranular a ttack  is sometimes produced 
in the austenitie nickel-chromium stainiess steels; th is type of a ttack , how- 
ever, appears to  be only produccd in these matcrials when, owing to  fau lty  
heat-treatm ent, they  contain free Carbide as membranes round tho austenitie 
grains. This structural condition, as also the intergranular a ttaek , m ay bc 
produced in bars, forgings, castings or any other form in addition to sheets. 
I t  is gratifying to  note tlia t Mr, Lewis obtains confirmation of some of my 
results.
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THE “ FOGGING” OF NICKEL.*
By W. II. J. VERNON,f B.Sc., Ph.D., D.I.C., M e m b e r .

S y n o p s is .
A study has been made of the characteristic filming or “ fogging ” 

that occurs under suitablc conditions on polished nickel surfaees. Tho 
efTect is attributed mainly to the catalytie oxidation of smali amounts of 
atmospheric sulphur dioxido; suspended sulphates play a minor part. 
There is a critical relative humidity, below which the metal may bo 
exposed, apparently indefinitely, without action taking place, and abovo 
which fogging readily occurs. The process is afTectcd by light, film 
formation being approximately halved when light is coinpletely excluded.
In tho carly stages the film contains nickel sulphate with freo sulphuric 
acid; later, i t  passes into basie nickel sulphate. The formation of tlie 
primary film may be largely supprcsscd by pre-exposure of tho metal to 
an atmosphere containing traces of hydrogen sulphide, which appears to 
act as an anticatalyst. Fogging may also be inhibited by alloying tho 
nickel with chromium, or by covering the surfaee with a film of lanolinę.

T he brilliant lustre and high degrec of whiteness th a t characterize the 
surfaee of polished nickel constitute an im portant factor in the wide 
application of this metal as a protective and decorative coating. An 
offset to this, however, is the readiness with which the metal assumes, 
under many conditions of erposure, a duli creamy film, whereby the 
initially high reflectm ty is rapidly obscured; this phenomenon may 
conveniently be described as “ fogging.” Considering the practical 
problems to which it  gives rise, the phenomenon is doubtless of con
siderable economic importance; yet, judged by the published litera
turę, it is one to  which surprisingly little systematic investigation has 
been devoted. Some tests by the present author on the fogging of 
nickel and nickel-copper alloys were described in the F irst Report to 
the Atmospheric Corrosion Committee of the British Non-Ferrous 
Metals Research Association; % and a t  a later date a few additional 
results were communicatcd privately to the Association.§ The object 
of the present paper is to  give a connected statem ent of the subjcct as 
a wliole and to  record the results of certain ezperiments which have 
been conducted quite recently.

* Manuscript receiyed January 4, 1932. Prcsentcd a t the Annual General 
Meeting, London, March 10, 1932.

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

} Trans. Faraday Soc., 1924, 19, 8S0.
§ Buli. British N .-F. Metals Res. Assoc., 1927, (21), IG.
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P r e v io u s  R e s u l t s .

The earlier obscrvations * may bo summarized as follows. In  an 
indoor atmosphcrc maintained sufficiently above the dew-point, a 
polished nickel surface remains bright apparently indefinitely. If, 
however, the minimum temperaturo approachcs near to the dew-point 
temperature, then the charactcristic “ filming ” or “ fogging ” of the 
surface occurs. In  the early stages the film can be removed quite 
readily, merely by wiping with a cloth, leaving the brightness of the 
underlying metal apparently undiminislied. Very soon, however, 
more vigorous treatm ent is needed in order to dislodge the film, and 
a t a later stage it cannot be removed completely without abrading 
the metal. Evidently an initial physical condensation is followed by 
chemical reaction between the deposited film and the underlying 
metal. The minimum relative humidity necessary for fogging was not 
systcmatically worked o u t; but from the rccorded yalues it  appeared 
to be in the neighbourhood of 70 per cent.

In  contrast with the fogging of nickel, the tarnishing of copper 
and silver appears to proceed entirely by way of a metal-gas reaction. 
Thus, tarnishing is actually impeded a t high humidities, but proceeds 
readily a t low humidities; fogging, on the other hand, is facilitated 
by high humidities and ccases a t low humidities. The distinction 
between tarnishing and fogging is well brought out by the behaviour 
of nickel-copper alloys. Here the tendency for tarnishing inereases 
with the copper content, whilst the tendency for fogging inereases 
with the nickel content. Various alloys containing copper and nickel 
were exposed, together with specimens of the metals themselves, to 
atmospheres favouring rcspectively fogging and tarnishing. In  the 
“ fogging ” atmosphere the a ttack  commenced on the pure nickel 
specimen and proceeded through the series of alloys with an intensity 
proportional (so far as could be judged by visual examination) to the 
nickel content, the specimen of pure copper being practically unaffected. 
In  the “ tarnishing atmosphere ” the exact converse obtained, the 
attack proceeding from the copper and copper-rich end of the series, 
whilst the nickel specimen remained unaffected.

Information was obtained on the composition of “ fog films ” after 
prolonged exposure.| A specimen of heavily fogged nickel (99 per 
cent. nickel) after exposure in  an indoor atmosphere for a period of. 
four years, was treated for the removal of film by rubbing with cotton 
wool moistened with alcoliol. The surface of the underlying metal 
was definitely etched, and all tracę of the original lustre had dis-

* 1924 Communication (loc. cii.). f  *927 Communication (loc. cii.).
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appeared. The weight of film removed was 82-6 mg. (area of speci
men was 100 cm.2). The materiał was insoluble in water; and an 
analysis gavc Ni 27-9 ptfr cent., S 04" 21-7 per cent., showing th a t it 
consisted essentially of basie nickel sulphate. This result proyides 
another point of contrast between the fogging of nickel and the tarnish- 
ing of copper; for the sulphur in a tarnish film, although usually 
accompanied by oxide, is present entirely as sulphide. In  the tests 
which J . C. Hudson * conducted in Stevenson screens, the corrosion 
product on nickel specimens also consisted essentially of basie sulphate; 
the extent of corrosion was greatest in the most polluted atmosphere. 
and in this atmosphere nickel suffered much more severe attack than 
other non-ferrous metals. I t  would appear th a t tlie conditions of a 
Stevenson screen, in which the specimen is subjected to high humidities 
although screcned from rain, are such as to exaggerate greatly the 
incidence of fogging; the severe corrosion which ensues under such 
conditions may be regarded, indeed, as an advanced stage of “ fog
ging,” intensified by the hygroseopicity of the corrosion product itself. 
Hudson has also shown th a t on free exposure to the open air, whereas 
the corrosion of other common non-ferrous metals and alloys is in- 
creased, tha t of nickel and nickel alloys is actually reduced, owing to 
the fact th a t nickel is then free from the peculiar disability which 
distinguishes it  under screened conditions.

As already noted, copper, when alloyed with nickel, is neutral in 
respect to  its influence on fogging. Chromium, on the other hand, 
has a marked inhibitory effect. Specimens of chromium-nickel alloys, 
prepared in exactly the same way as the ordinary nickel specimens, 
remained quite bright in an atmosphere in which the nickel specimens 
fogged heavily. Although the lowest content of chromium employed 
was 15 per cent., the result was sufficiently striking to suggest th a t 
favourable results might still be obtained from the addition of chromium 
in smaller proportions. An interesting corollary to this result is again 
provided by the work of Hudson, who found th a t chromium greatly 
reduced the attack on nickel under Stovenson screen conditions; so 
much so th a t a chromium-nickel alloy was one of the most resistant 
of the various materials examined.

Thin films of grease aflord eflicient protection against fogging; 
their drawback, of coursc, is the way in which they detract from the 
appearance of a polished surface. Tests in which as much as possible 
of the grease was removed by wiping with a cloth showed tha t lanolinę 
is much more efiective than vaseline when the thinnest films are con-

* Third Report to Atmospheric Corrosion Research Committee, Tram. Fara
day Soc., 1929, 25. 200.
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cerned. If tlie protcction is required only for a limited period, as 
during storage, the film can be removed a t any time by means of any 
of tlie usual solvents and the original brigłitness a t once restored. 
The lanolinę may conveniently bc applied in the form of a solution in 
an organie reagent. Protection may also bc obtained by the use of 
transparent lacąuers, subject to the usual disadvantagcs inherent to 
artificially applied coatings. I t  is of interest to  notę th a t certain 
lacąuers h,ave a tendcncy to exhibit a species of fogging on their own 
account (technically known as “ blooming ” or “ blushing ” ), especially 
if exposed to humid conditions before the lacąucr has thoroughly set.

N ew  B xperim ental W ork .

Some of the experiments to be described were suggested by a prac- 
tical example of fogging, which, when i t  came to the notice of the 
author, appeared to have interesting implications. In  a shop window 
employed for the display of cameras (the conditions of a shop window, 
it  may be noted, are usually particularly favourable for fogging), 
nickel fittings on the most exposed parts were subject to  the most 
sevcre fogging, whilst those in sheltcred positions, as for example in 
the shadow thrown by the bellows, were comparatively immune. The 
observed efieets were such as to suggest th a t the process was influenced 
by light. Accordingly, experiments were started to test this possi- 
bility. Preliminary tests, in which polished nickel specimens were 
exposed in glass vessels with and without the exclusion of light, soon 
revealed a difficulty. Por whether the air remained stagnant or 
whether it  was drawn through the vessels, the rate of fogging was 
enormously reduced as compared with th a t of a freely exposcd speci
men. In  several experiments, although no change was visible on the 
“ dark ” specimen, the extent of fogging on the “ light ” specimen 
was so slight as to  preclude any very definite conclusions being reached. 
The experiments were therefore repeated under more drastic con
ditions, the apparatus being set up on the roof of the Chemical Research 
Labbratory, with the vessels freely exposed to the weather, the length 
of the glass tube leading into each vessel being reduced to  the minimum.

The type of vessel used in the experiments is illustrated in Fig. 1. 
The delivery tubes pass through the ground-on cap, which fits on to 
the lower cylindrical p a r t ; the specimen is suspended by a glass hook 
from the upper delivery tube. Two such vessels were rendered opaque, 
partly by wrapping with black paper and partly by coating with black 
varnish; two identical vessels were left free from covering of any 
kind. The whole set of four tubes, each containing a specimen pre- 
pared as described below, was supported on a stand as shown in the
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pliotograph (Fig. 2) ; tlie stand faced due south. Provision was made 
for aspirating air a t a uniform rate through the vessels by means of 
a filter pump, the rate of flow through each being shown by a 
“ bubbler ” placed on the exit side of the air stream.

The nickel sheet, from which the specimens were cut, was in the 
fully annealed condition; from the point of view of “ fogging,” how-

PIG. 2.

FIO. 1.
(J Fuli sizo.)

ever, this was probably of no significance, beeause previous observa- 
tions had failed to show any diffcrence in behaviour between the hard 
and the soft materiał. The sheet was 1 mm. in thickness and each 
specimen measured 8-3 X 2-3 cm. (these dimensions were employed 
for convenience in fitting into the holder used in the refłectivity deter- 
minations). The specimens were polished to  a bright “ mirror ” finish 
under works conditions. Before use they were freed from traces of 
polishing materia! by immersion in pure carbon tetrachloride, aided
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by gentle rubbing with cotton wool. This procedure was necessary 
on account of subsequent weighings; bu t it  had already been found 
to  have no apparent effect on the fogging of the metal. In  certain 
of the experiments, the specimen, besides being carefully weighed, was 
submitted to a measurement of its surface xeflectivity.*

Influence oj Light.
On January 19th, 1931, an experimcnt was started in which air 

was drawn continuously through one pair of vessels, and interm ittently 
through another pair, each pair comprising a “ light ” and a “ dark ” 
vessel, respectively. The rate of flow of the continuous stream through 
each vessel was approximately 250 c.c. per m inutę; the interm ittent 
stream was passed for only \  hr. each day (in order to change the air 
in the vessel), so th a t for the greater part of the time the air was “ stag- 
nan t.” W ithin two days a definite film of moisture was observed on 
the “ continuous light ” specimen. On removal from the vessel the 
moisture film quickly disappeared, leaving behind, however, a slight 
permanent fog film ; the “ continuous dark ” specimen was found to 
be apparently unalteTed. The experiment was then resumed, and the 
specimens were allowed to remain undisturbed for seven weeks. The 
pair of specimens exposed to  the continuous stream were then removed. 
Both had fogged, the “ light ” specimen, however, appreciably more 
than the “ dark.” After vacuum desiccation in the laboratory, their 
weight inerements were determined, together with their refiectivity 
losses. The results (Table I) showed th a t the weight of film on the 
specimen exposed to the light was almost exactly double th a t on the 
specimen from which light had been excluded.

T a b le  I.—“ Continuous ” Experiment (Seven Weeks).

Weight Inerements.
Refleciivity 

Losses. %.
Actual. Mg. Mg./dm.*.

“  Dark ” specimen 
“ Light ” specimen

0-73
147

1-9
3-8

55
95

Influence of Light and of Previous Exposure.
The “ interm ittent ” experiment was continued for 15 weeks. 

Neither the “ light ” nor the “ dark ” specimen then showed any sign 
of fogging. For a further period of 3 weeks the specimens were allowed

* By means of a reflection pbotometer at the Paint Research Station, Tedding- 
ton (through courtesy of Dr. L. A. Jordan and co-operation of Mr. R. F. Han- 
stock). The method is normally used for the measurement of tho gloss of fiat 
(painted) panels. Unfortunately the nickel specimens were not sufficicntly fiat; 
only in a few instances, therefore, could reproducible yalues bc obtained.
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to remain in tlieir respective vessels with the air stream completely 
stopped. Passagc of air was then resumed as a continuous stream ; and 
at the same time two new specimens were exposed in the other pair 
of vessels, the air stream being maintained through the whole a t an 
approximately equal rate. This was continued for 16 weeks, when 
all specimens were removed. The striking result then emerged th a t 
those specimens which had been previously exposed to “ stagnant ” 
conditions (34 weeks in all) had fogged very much less than those 
which had been exposed only to  the continuous stream. In  each case, 
however, the “ light ” specimen had fogged definitely more than the 
“ dark.” The weights of the respective films are given in Table II,

T a b le  II.

Conditions of Air Supply.
Weight Incremcnts.

Rcflectiyity 
Losses. %.

Actual. Mg. Mg./am.*.

“ Stagnant” (18 weeks) followed by 1 Dark 
continuous stream (16 weeks) /L igh t

Continuous stream only (16 weeks) j  LigM

0-379 
0-812
1-696 
3-243

0-99
2-12
4-45
8-50

22

97

together with the corresponding reflectivity losses. Thus, just as in 
the previous experiment, the weight of the film produced under light 
conditions is approximately double tha t produced in the d a rk ; further- 
more, the weight of film on specimens exposed only to  the continuous 
stream is approximately four times th a t on corresponding specimens 
previously exposed to stagnant air. Maximum differences (to the 
extent of 1 : 8) are thus cxhibited between previously exposed specimens 
in the dark and more recently exposed specimens in the light.

I t  is evident from the preceding results th a t the fogging of nickel 
necessitates the continuous replenishment of air near the specimen. 
The protective effect induced by previous exposure to  stagnant con
ditions a t once suggests an analogy with carlier results with copper, 
in which i t  was shown th a t inhibition from tarnishing could be obtained 
either by previous exposure of the specimen to relatively pure air,* 
or, alternatively, by previous confinement in a limited volume of the 
very same air, which, in larger ąuantity  and allowing frce diflusion, 
was responsiblc for the tarnishing from which immunity was sought.f 
In the case of copper, protection was attributed to  the formation, 
during the preliminary period, of an invisiblc film of oxide, atmospheric

* J. Chan. Soc., 1926, 128, 2273.
t  Second Report to Atmospheric Corrosion Research Committee, Trans. Fara

day Soc., 1927, 23, 183.
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impurity being present in too low a concentration to interfere with 
tlie continuity of the film. I t  was found, in fact, th a t the effect could 
be reproduced by lieating tho specimen in air for 1 hr. at temperatures 
between 75° and 100°. A t higher temperatures the film becomes thick 
enough to display interference colours; a t lower temperatures protec- 
tion ceases, probably beeause the thickness of the film has not reached 
th a t of the unit space lattice of cuprous oxide. In  order to ascertain 
whether the presenee of oxide films might be associated in a similar 
way w ith the protection of nickel against fogging, the following tests 
were carried out.

Influence oj Preińously Heaiing Specimen in Air.
A series of specimens was heated in air for 1 hr. a t (respectively) 

225°, 250° (no visible change), 275° (very faint yellow), 300°, 325°, 
and 350° C. (faint yellow). On subsequent exposure to  a fogging 
atmosphere for 32 days, the weight-inerement of a blank specimen 
(due to fogging) was 0-33 mg., whilst the weight-inerements of heat- 
treated specimens ranged from 0-31 to 0-36 m g.; no protective influence 
due to  the previous oxidation could be detected. Although these 
results were definitely unfavourable to the oxide-film hypothesis as 
applied to protection against fogging, some attem pt was made to 
account for the apparent differenee in behaviour between oxide films 
produced a t the higher and lower temperatures. The influence of 
humidity was examined by heating specimens in atmospheres the 
hum idity of which had been artificially raised. Experiments were also 
carried out in which any cracking of the film was minimized by very 
slow cooling, extending up to several days. In  no case, however, was 
any superiority in behaviour observed on subsequent exposure to a 
fogging atmosphere; indeed, slowly-cooled specimens fogged to a 
rather greater extent than specimens cooled in the normal manner. 
Yet another alternative explanation might be sought in possible differ- 
ences in structure between oxide films produced a t the lower and 
higher temperatures. Nevertheless, experiments with synthetie atmo
spheres (to be described under a later heading) have shown th a t it  is 
possible to explain the protection induced by previous exposure to 
ordinary air at ordinary temperatures quite independently of the forma- 
tion of oxide films.

Influence of Filtering and Screening llie Air.
Previous work has shown * th a t the rusting of iron above the dew- 

point may be entirely prevented either by filtering the air or by the
* Vernon, “ Second Report to  tho Atmospherie Corrosion Research Com- 

mittee ” (1927), loc. cit., p. 159.
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simple expedient of screening tlio specimens behind a single thickness 
of muślin. A specimen of iron suspended within a muślin “ cage ” 
will remain bright indefinitely, whilst a similar specimen outside the 
cage may rust keavily; moreover, 011 subsequent (normal) exposure 
the pre-exposed specimen displays marked resistance to further rusting. 
In order to examine the effect of filtering the air on the fogging of 
nickel, four vessels, as used in previous experiments (Fig. 1), were 
employed. Light was not excluded from any of the vessels, but to the 
entry tube of two of tliem a Jena glass air-filter (mcan diameter of 
pores, 20-30 microns) was attached; in each vessel a polished nickel 
specimen was suspended. The whole apparatus was set up 011 the 
roof of the Chemical Research Laboratory. The rate of flow of air 
was approximately 250 c.c. per minutę a t the start, slowing down to 
approximately 80 c.c. per minutę a t the end of 2 weeks, owing to the 
choking of the filters. The rates of llow of the unfiltered streams were 
adjusted so as to keep approximately equal to  those of the filtered 
streams. The effect of filtering the air was to reduce, but not to 
eliminate, the fogging of the specimens. After 2 weeks the weight of 
film on the specimens exposed to filtered and unfiltered air, respectively, 
was 1-25 and 3-17 mg.

In  addition to the foregoing, an experiment with a muślin “ cage ” 
similar to th a t used in the iron expcriments lias been conducted in an 
indoor atmosphere (relative humidity varying between 65 and 75 per 
cent.). Two specimens of polished nickel were suspended inside the 
“ cage ” and two immediately outside. The four specimens were set 
in line, parallel with and a t a distance of 9 in. from the wali of the 
room, which was an outer wali of the building. After 2 weeks’ exposure 
the specimens outside the cage had fogged appreciably; tlie weight- 
inerements were 0-19 and 0-16 mg. There was very little  to choose 
between the fronts and the backs of these specimens, the estimated 
reflectivity loss being 15 per cent. The weight-inerements of the 
specimens inside the cage were 0-12 and 0-11 mg.; these specimens, 
howeyer, showed a marked difference between front and back, the 
fronts being practically unaltered (estimated reflectivity loss, less 
than 1 per cent.), whilst the backs were approximately eąual in appear- 
ance to specimens outside (estimated reflectivity loss, 15 per cent.). 
Whereas, therefore, observation of the surfaces which faced the room 
would suggest th a t screening had a pronounced effect, tlie appearance 
of surfaces which faced the wali would lead to a negative conclusion. 
There is evidently a chilling effect due to  the wali, which would be 
expected to favour fogging. I t  is striking, however, th a t this is appar- 
ent only within the muślin cage where the influence of suspended 

VOL. x l v i i i . K
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particles is negligible. Tlie conclusion to  be reaehed from tlie fore- 
going results is th a t fogging is duo partly  to suspended m atter and 
partly  to gaseous m a tte r; furthermore, the latter component appears 
to  be the more readily affected by relative humidity.

In  order to obtain information bearing on the naturo of the sus
pended m atter, the lesidue on a glass air-filter (already described) has 
been oxamined after prolonged passage of air both outside the building 
and in a room indoors. The presence of combined ammonia was 
found, together with excess of sulphuric acid. The ratio of NH3 : II2S 04 
was 1 : 10-3 in the open air and 1 : 2-0 in the laboratory. Clearly, 
ammonium sulphate is a constituent of the intercepted m atter; but 
possibly other alkali sulphates are also present.* The condensation 
of these substances when the air is sufficiently humid is not difficult 
to understand.

Produclion of “ Fog Films ” in  Synlheiic Almospheres.
Recent work on copper exposed to synthetic atmospheres f  has 

shown th a t the oxidation of sulphur dioxide is catalyzed a t the metal 
surfaee with the formation of copper sulphate; this is accompanied 
cither by excess of copper liydroxide or by excess of sulphuric acid 
according as the concentration of sulphur dioxide in the atmosphere 
falls below or exceeds 0-85 per cent. An enormous acceleration in the 
rate of film formation (especially within the region in whicli free 
sulphuric acid is formed) takes place when a certain critical humidity 
(in the neighbourhood of 70 per cent. relative humidity) is exceeded. 
The much greater catalytic activity of nickel suggests th a t with this 
metal the deposition of a film of sulphuric acid should take place at 
yery much lower concentrations of sulphur dioxide. Experiments 
have been carried out in which nickel specimens have been exposed 
to various synthetic atmospheres. The appropriate techniąue lias 
been described in connection with the previous work; it  involves the 
preparation of the atmospheres in bell-jars, usually of 10-litre capacity, 
which are themselves contained in an air-thermostat a t 25° C. In these 
experiments it  has been found th a t all the phenomena of fogging may 
be reproduced in an atmosphere containing 0-003 per cent. sulphur 
dioxide. Provided this concentration is not exceeded, the metal 
remains bright for weeks a t a relative humidity of 50 per cen t.; at 
75 per cent. relative humidity, however, fogging occurs fairly rapidly,

* In this connection it is interesting to note that Dr. G. F. New, of the Paint 
Research Station, Teddington, found in 1928 that many paint and yarnish sur- 
faces, and also certain other surfaces, acąuire from suitable atmospheres a crystal- 
line deposit of ammonium sulphate. (Priyate communication.)

t  W. H. J . Yernon, Trans. Faraday Soc., 1931, 27, 255, 582.
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tlie surface being sliglitly filmed after 1 day’s exposure. The resulting 
film appears to be identical in properties witli tlia t produced on normal 
exposure. I t  may be removed readily in the early stages merely by 
wiping with a cloth, leaving the brightness of the underlying metal 
apparently undiminished; subsequently, however, i t  cannot be re- 
moved witliout abrasion of metal. Analyses of filrns removed in the 
early stages from specimens normally exposed and from those in the 
synthetic atmosphere have shown th a t the composition is sim ilar; in 
each case the film contains nickel sulphate with free sulpliuric acid. 
The similarity between films produced in the synthetic atmospheres 
and those produced by normal exposure has also been confirmed by 
microscopic examination.

Suppression of Fogging by “ Poisoning ” the Nickel Surface.
The conclusion to be reached from the foregoing results is th a t 

fogging is due mainly to  the catalytic activity of nickel in bringing 
about the oxidation of sulphur dioxide a t the metal surface. Accord- 
ing to this mechanism, the process should be capable of suppression 
by previously cxposing the metallic surface to conditions such th a t the 
catalyst is poisoned. In order to  test this, the efiect of traces of hydro- 
gen sulphidc has been examined. In  a first series of experiments, four 
specimens were exposed respectively to the following atmospheres 
(concentration of H 2S and period of exposure stated in each case ; 
relative humidity was 75 per cent. throughout); 0-0001 per cent. 
(1 day); 0-00002 per cent. (1 day); 0-00002 per cent. (3 h rs.); “ Blank ” 
(no H,S) (5 days). Following this preliminary exposure (and immedi- 
ate vacuum desiccation on its conclusion) the specimens were weighed 
and then exposed to  an atmosphere containing 0-005 per cent. sulphur 
dioxide (relativc humidity, 75 per cent.). After 1 day appreciable 
fogging had occurred; but the specimen which had been previously 
exposed to the lower concentration of hydrogen sulphidc for the sliorter 
time had undergone much less change than  any of the other specimens. 
The weiglit-increments (Table III) confirmed the impression gained 
from visual examination. A second series of three specimens was then 
exposed to an atmosphere containing only the lower concentration of 
hydrogen sulphide (0-00002 per cent.) for shorter times, namely, 2 hrs.,
1 hr., and £ h r., respectively. None of the specimens was visibly afiected 
by the treatm ent. After vacuum desiccation and weighing they were 
then exposed (together with a “ blank ” specimen th a t had not been 
previously exposed a t  all) to the same fogging atmosphere as before. 
After 1 day an interesting state of afiairs was revealed. The blank 
specimen had fogged definitely more than any of the pre-exposed
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specimens. Of these the degree of fogging increased with time of 
previous exposure (thus confirming the previous results), thafr specimen 
which had been previously treated for the sliortest time being relatively

T a b le  III.

Series.

Preliminarj’ Esposure. Subseąuent Esposure.

Atmosphere. Period,

(Atmosplierc containing 
0-005% SO,, 75% ltelative 

Humidfty, 1 X)ay’a 
Exposure.)

Weight Incrcments.

Actual. Mg. Mg./dm.*.

I 0 0001% HjS, 75% R.H. 
0-00002% H 2S

No HjS

1 day 
1 „
3 hrs. 
5 days

1-05
1-17
0-C8
1-18

4-3
3-25
1-77
3-35

II 0-00002% H 2S, 75% R.H. 
it tt 

tt tt 

Not previously exposed (“ blank ” )

2 hrs. 
1 hr.
JLii

0-537
0-413
0-373
0-817

1-40 
1-08 
0-97
2-13

bright. The visual observations were again borne out by the weight- 
increments (Table III). Hence, whilst previous exposure to the atmo
sphere containing hydrogen sulphide has afforded definite protection, the 
best result is eshibited by the specimen on which the gas has had the least 
time to act. Atmospheres containing lower concentration of hydrogen 
sulphide than th a t used in the second series of experiments (one volume 
of H 2S in 5 million volumes of air) are incoiwenient to prepare syn- 
thetically. I t  is reasonable to assume, however, th a t protection would 
continue to be obtained by previous exposure to  still lower concen- 
trations of hydrogen sulphide for longer periods. Previous tests liave 
sliown * th a t the concentration of hydrogen sulphide normally present 
in town air reaches a maximum in winter-time of sometliing in the 
order of one volume .of H 2S in 36 million volumes of a ir ; these con- 
centrations are sufficient to produce quite marked effects on suitable 
metal surfaces.

The foregoing results appear to accord quite well with a catalytrc 
mechanism of fogging. I t  would be expected th a t the concentration 
of hydrogen sulphide necessary to poison the active centres on a given 
surface would be extremely low, certainly much lower than th a t neces
sary to produce a film in the ordinary sense of the word. They appear,

* Vernon, “ Second Report to the Atmospheric Corrosion Research Com- 
mittee ” (1927), loc. cit., p. 122.
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moreover, to have an im portant bearing on tlic results recorded in an 
earlier part of the paper, in which it was shown th a t prolonged exposure 
to ordinary stagnant air affords marked protection 011 subsequent 
exposure to fogging conditions. In  the light of the present results it 
seems most probable tlia t this protection is due to a slow poisoning of 
the metal surface by traces of liydrogen sulpliide or possibly some 
other anticatalyst. This would readily account for the fact th a t the 
protection cannot be reproduced by short-period oxidation a t higher 
temperatures.

A d d e n d u ji.

Influence of Traces of liydrogen Sulphide.— In the concluding 
seetion of the paper i t  was shown th a t a considerable degree of immunity 
from fogging could be obtained by pre-exposure of the specimen to 
purified air to which very smali amounts of hydrogen sulphide had been 
added. The results strongly suggested th a t the protection induced by 
pre-exposure to ordinary air was also due to the presence of traces of 
this gas. This conclusion has sińce been pu t to a further test by 
examining the effect of ordinary air from which traces of hydrogen 
sulphide have been remoied. In  this expcriment four specimens were 
suspended, each in the same type of vessel previously employed (Fig. 1). 
The air in each vesscl was changed daily by aspirating air a t a uniform 
(slow) rate for i  h r . ; the conditions thus corresponded with those of 
the original “ interm ittent ” experiment (p. 126), except tlia t light was 
not excluded from any of the vessels, and th a t the air entering two of 
them was first led through a tube packed with granulated silver. The 
interception of any hydrogen sulphide was thus ensured without risk 
of introducing any complicating factor. After exposure in the vesscls 
for 39 days (without visible change), the specimens were transferred, 
together with two freshly polished “ blanks,” to a synthetic atmosphere 
containing 0-003 per cent. sulphur dioxide a t a relative liumidity of 70

T a b le  IV.

Weight Inerements on Espoaure to  Synthetic
Atułoapbcre (0*003% SO,, 75% relative

Conditions of Previous Eiposure. humidity) for 2 days.
(39 days.)

Actual, Mg. Mg./dm.’.

Ordinary7 air . . . . . 0-02 0-05

Purified air . . . . .
0-02 0-05
0-178 0-46
0-188 0-49

Not previously cxposed (“ blank ” ) 0149 0-39
** >> >» >» 0-153 0-40
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per cent. W ithin 2 days the two specimens th a t had been previously 
exposed to the ordinary unpurified air sliowed very slight fogging a t the 
edges only; on the ofcher band, the two specimens th a t had been exposed 
to  the purified air had fogged appreciably all over, actually to a rather 
greater extont than  the “ blank ” specimens. The respective behaviour 
of the specimens is w cli biought out by the weight-increments (Table 
IV). The result of this experiment, employing tho “ analytio ” method, 
tlnis amply confirms the conclusions previously reached from the 
“ synthctic ” method as to the part played by traces of hydrogen 
sulphidc during pre-exposure of tho specimen to ordinary air.

Composition o f “ Fog Films.”—The similarity between the com
position of films produced in normal and synthetic atmospheres in tho 
early stages of exposure was refeTred to on p. 131. Further exporimcnts 
havc shown th a t in each case there is a progrcssive inerease in basicity. 
This is illustrated by the formuł® given in Table V, calculated from 
analyses of the films after 21 days’ and 88 days’ exposure.

T a b le  V.

Period. “ Normal ” Atmosphcrc. Syathcttc Atmosphere.

21 day3 . . . .  
88 days . . . .

NiSO.i.O-SCHoSO,
XiSO1.0'33Ni(OH)s

NiSO4.2-i5Hj.SO4
NiSO4.O-i5Hj.SO4

The method followed was to dissolve the film in dilute acetic acid 
(0-52\T; this was without action on the metal under the conditions of tho 
test). Nickel was estimated colorimetrically by dimethylglyoximc; 
sulphate was prccipitated as barium sulphate and estimated by com- 
parison of the resulting opalescence with th a t produced in a standard 
solution. Ammonia, which was dcfinitely present (as ammonium 
sulphate) in the “ natural ” product (but not of course in the synthetic 
product), was estimated by Nesslcr reagent.

The prosence of ammonium sulphate in the films produced on normal 
exposuro to  the air is of special interest, as ęonfirming the conclusions 
reached from the “ filtering experiment ” doscribed in the text. I t  is 
significant, moreover, th a t the proportion of this substance inereases 
greatly with time. At 21 days there was not sufficient to estimate by 
the Nessler reagent; a t  88 days it  was present in appreciable quantity, 
and an appropriate correction was made in calculating the relative 
proportion of other radicals. I t  would seem th a t the accumulation of 
ammonium sulphate in tho product does not become appreciable until 
the surface of the metal has become covered with a primary film through 
the oxidation of sulphur dioxide.
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SUMMARY AND CONCLUSIONS.

The “ fogging ” of nickel consists in the formation of a creamy- 
white film 011 the polished surface of the metal. In  the early stages 
the film contains nickel sulpkate with associated sulphuric ac id ; it  
can then be removed readily by wiping with a c lo th ; subseąuently its 
removal is eflected with greater difficulty, and finally i t  cannot be 
dislodged without abrasion of metal. In  this condition the film con
sists of basie nickel sulphate. Copper, when alloyed with nickel, is 
neutral in respect to its influence on fogging, the tendency to fogging 
of copper-nickel alloys being approximately proportional to the nickel 
content. Chromium, 011 the other liand, has a marked inhibitory effect. 
Thin films of grease effectively prevent fogging; lanolinę is superior to 
vaseline for this purpose when the thinnest films are concerned.

For the initial condensation to take place, the relative humidity 
of the atmosphere m ust esceed a certain critical value in the neighbour- 
bood of 70 per cen t.; a t lower relative humiditics the metal remains 
bright indefinitely. Fogging is due partly  to the presenee of suspended 
sulphates in the air, and partly  (probably mainly) to the presenee of 
smali amounts of sulphur dioxidc, which are catalytically oxidized a t 
the metal surface when the critical humidity is exceeded. The fogging 
process is affected by light, film formation being approximately halved 
when light is completely excluded. Prolonged exposure of polished 
nickel to stagnant air a t ordinary temperatures induces a largo measure 
of immunity to fogging on subseąuent free exposurc. This effect, which 
cannot be reproduced by sliort periods of exposure a t higher tem
peratures, is probably due to the poisoning of the nickel surface by 
traces of an anticatalyst. A similar effect has been induced artificially 
by traces of hydrogen sulphidc.
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DISCUSSION.
Mu. U. R . E vans,* M.A. (M em ber): Dr. Vernon’s skilful invcstigation is 

very  much to bo welcomed. His tfare and aceuraey always invile confidonce, 
and the in terpretation  which he has given can bo accepted in  cvery essontial 
respect.

The idea th a t traccs of sulphur dioxide iri tho air are oxidized catalytically 
affords a  satisfactory oxplanation of three im portan t fac ts : (1) I t  erplains 
why nickel, w ith its  high catalytic activity , is more susceptiblc to  this type 
of a ttack  than  any  o ther motał know n; (2 ) it  oxplains why m otion in the 
air is needed; th e  am ount of sulphur (lioxide in ordinary air is very smali, 
and only if the air is constantly rencwod will tho nickel surface pick up a 
suflicient am o u n t; and (3) it  explains why fogging does no t occur when the 
nickel is actually  exposed to rain , which would wash away the sulphur com- 
pounds and prevent them  from accum ulating to  the reąuirod concentration; 
moreover, a  film of rainw ater is much thicker than  a  film of condonsod 
moisture, and  i t  would take much longer to  reach a  dangerous concentration 
in a rain-film than  in  a  dew-film.

Dr. Yernon is right in describing the effect of hygroscopic dust as a  minor 
ono. If dust played a nmin part, thero would bc no reason why other metals 
w ith low catalytic activ ity  should n o t be as susceptiblc as nickel. Probably 
the role played by hygroscopic m atte r is simply to  collect m oisture; the 
sulphur dioxidc can then  dissolve in  th a t m ixture, and sińce a solution of 
sulphurous acid is more prone to  oxidation than  ąnliydrous sulphur dioxide, 
the sulphuric aoid will bc produced more ąuickly.

My confidence in tho viow th a t  the uniąue susccptibility of nickel to 
sulphur dioxido is connected w ith catalytic oxidation is inereased by a 
recollection of some qualitative obscrvations made ten  years ago.f I  exposcd 
a  large num ber of dry metals and alloys in the upper parts  of vessels con- 
taining, in  their lower parts, certain  volatile acids or alkalis, such as sulphurous 
acid, hydrocliloric aoid, ammonia, and others. In  sornc eases the materials 
suffered no serious change; in others corrosion occurrcd, and sometimes tho 
corrosion product became pereeptibly damp or m oist; and i t  was in those 
eases, in which the corrosion product picked up liąuid from the unsaturated 
atm osphere, th a t the corrosion was most rapid. In  three eases ou t of more 
than  ono hundred combinations tried, tho m etal became not only dam p, bu t 
running wet, and here th e  corrosion was very rapid indeed. In  the  first, 
zinc placed over hydrocliloric acid sta rted  to  “ weep tears ” of a  syrupy 
liąuid, and was eaten  through w ithin a few weeks; for zinc ehloride, the 
corrosion product, a  very hygroscopic substance, picked up moisture so that, 
in th e  place of slow d ry  corrosion, rapid w et corrosion set in. Seeondly, 
copper placed over amm onia began to  shed tears of a purple liąuid con- 
taining a  complox n itr i te ; tliis shows th a t  ammonia on the surface of copper 
m ay be catalytically oxidized by air to a  nitrite . Thirdly, nickel placed over 
satu rated  sulphur dioxide solution gave ou t a  pale green liąuid containing 
nickel sulphate, and here the hygroscopic substance which succeeded in 
absorbing moisture from an unsaturated  atm osphere can only liave been 
sulphuric acid ; presumably the reason w hy the nickel became thoroughly

* Cambridge Univcrsity. t  Trans. Faraday Soc., 1923, 19, 201.
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wet, whilst th e  other metals rem ained d ry  or merely m oist, was because the 
nickel was catalytically far more active for this partioular oxidation than  
any of the o ther m etals tested.

Regarding th e  effeet of pre-cxposure to  stagnant air in preyenting fogging, 
I  th ink  Dr. Vernon’s explanation is tho riglit one. There is an oxide film 
formed on nickel by exposure to  a ir a t  ordinary tem peratures; it  has in fact 
been detected optically by D r. Tronstad,* b u t he also showed th e  film to 
be soluble in sulphurie acid, and therefore i t  is no t surprising th a t, in  the 
case of nickei, pre-oxidation has very little  action in  preyenting fogging, 
although in  protecting copper from a  tarnishing atm ospliere, as D r. Yemon 
showed some years ago, an oxidc film is of very great im portance indeed.

Dr. J .  S. O w e n s  f : D r. Vernon has referred in  his paper to  particulate 
m atter and to  some erystals which Dr. New discovered a t  th e  P a in t Research 
Station, Teddington. Through Dr. V em on’s kindness I  had  an  opportunity  
to compare these erystals, which D r. New identified as amm onium sulphate, 
with erystals which I  found deposited ou t of fog while the wind was blowing 
from London over my liouse in  Cheam. These erystals appeared identical 
with the ones I  discovered, and I  liave 110 reasonable doubt th a t they  also 
were ammonium sulphate.

In  this connection I  should like to  emphasize, for those who arc interested 
in corrosion, the cxtraordinary distance wbich sulphur will travel from its  
source. Wo are producing in London some hundreds of tons of sulphurie 
acid per day, and i t  has to  go somowhero; i t  doos no t simply disappear. I  
havc no doubt th a t a  good deal of i t  is deposited in  the form of sulphates, 
and fortunately we have strong winds and some is blown out over the soa.

Dr. Vernon refers to  an  cxpcrim cnt on the protective effeet- of muślin; 
a  piece of steel hung inside i t  was protected, and the inference was th a t  i t  
was particulate m atte r which was kep t out. I f  the muślin is able to  keep 
out particulate m atter, then  tho size of the hole m ust have some bearing on 
tho m atter. I f  the hole is too large i t  will no t keep ou t th is m atter, whereas 
if it is smali i t  will. The size of the particles is approxim ately 0-5 or 1 micron, 
and tlie hole in  th e  gauze is of the  order of 500 microns. If  you picturc a 
mouse travelling along a country road and  coming across a  railway bridge 
and finding i t  impossible to  get through th a t railway bridge, th a t  is the sort 
of condition these particles are up against when they  m eet th e  holes in  the 
gauze. I t  doos no t seem reasonable th a t  th e  mouse cannot walk underneath 
the railway bridge; b u t you m ust go a  step  further, and imagine th a t the 
mouse had been a t  a  dinner, say, of the In s titu te  of Metals, and was stagger- 
ing about the road. Then imagine th a t tlie sides of the railw ay bridge were 
coated w ith birdlime, so th a t if he struck the side he would stick there, and 
the chances are th a t ho will strike the side before lic gets through. I  think 
tha t th a t m ust bo w hat is happening in  th is case. There is a hole through a 
comparatively thick p late and a  little  particie try ing  to  get through is subject 
to tho Browning oscillation and i t  strikes th e  side before i t  gets through.

If  th a t is so, there will be a critical size of hole, and I  have been trying 
to find w hat th a t is. To do th a t I  exposed some slides which were mado 
in the following way. F irst an  ordinary inicroscopic slidc, on th a t a  eoyer 
glass, and on th e  cover glass a celi 0-5 mm . deep, 011 the top  of the celi wire 
gauze of yarying niesh, and on th e  top  of th a t a  piece of indiarubber plaster 
fixing all to  the slide. The wire gauze was about 0-1-1-0 mm . mesh. The 
slides were exposed for 48 hrs., and after th a t a  deposit of dust was found 
under the gauze on each eover glass. Five slides w ith gauze of yarying mesh 
were exposed and a  control w ithout a  gauze cover was cxposed besido them .

* Z. physikal. Chem., 1929, [A], 142, 241.
t  Superintendent of Observations on Atmospheric Pollution, London.
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th e  first, and reąuires checking, b u t tho results wero theso. Roughly, 
the deposit of dust on tho control was 77,000 particles per cm .2. The 
deposit on tho o ther slides taking the unsheltered area only, and deducting 
the area which was coyercd by the wire, w a s : using gauze w ith the hole
1-09 mm. 73,000; w ith a  0-48 mm . hole 09,000; w ith a  0-27 mm . liolo 
51,000; w ith a 0-15 mm . hole 39,000, and w ith a 0-09 mm. hole i t  was 30,000. 
If there was no such eflect as I  havo indicated, then  all these figures should 
bo tho sam o; there should bo as much dust on tho unsheltered area under 
tlie gauze as on the control, b u t such was no t tho case. I t  is interesting to 
notę th a t the hole 1 mm. in  diam eter had practically no effect.

Mr. W. R . B a r c l a y , *  O.B.E. (Y ico-President): I  feel th a t those of us 
who are in the nickel industry  m ust be grateful to  Dr. Vernon for this paper, 
and on behalf of nlyself and a num ber of colleagues in  th a t industry  I  should 
like to  tender him our thanks. There are only one or two things th a t  I  
desire to eontribute to this discussion. I  wish particularly to  refer to  Dr. 
Vernon’s in tim ation on p. 123 th a t ho eonfirms tho property  of chromium 
additions in inhibiting th is “ fogging ” of nickel. I t  m ay be useful to m ention 
th a t some 4 or 5 years ago I  was very much interested in  the properties of 
pure nickel o r relativ'ely puro nickel to  which smali percentages of such 
elem ents as alum inium, Silicon, manganese, copper, cobalt, chromium, &c., 
had been added. Somo work was carricd out by the Mond Nickel Company’s 
Research D epartm ent on theso lines to  ascertain tho eflect of smali additions 
of such elements to  ordinary malleable nickel. A t tho tim e we were con- 
cerned mainly w ith  physical and mechanical properties, b u t were naturally  
also interested in corrosion effects, and some of these specimens, including 
one containing slightly less than  3 per ccnt. of chromium, were esposcd to 
the atm osphere of Birm ingham (which I  suppose is fairly typical) for scveral 
m onths. W e discovered th a t whilo no o ther elem ent we tried  had any 
apparen t effect on th e  ra te  of fogging of nickel, th e  chromium-containing 
ailoy was ąu ite  distinctive; w ith  a smali percentage of chromium (2-5 per 
cent. to  be exact), the  contrast was ąu ite  striking in regard to fogging under 
ordinary conditions of exposurc to  tho atm osphere.

We were naturally  interested in  tliis, and  followed i t  up by trying further 
additions of chromium of about 5 per cent., 6 per cent., and up to  9 per cent. 
W liilst wo were no t able a t  the tim e to  investigate the subject so accurately 
and systcm atically as Dr. Vcrnon has done, we fclt ąu ite  satisfied th a t a 
chromium contcnt of about G por cent. would alm ost eomplctely inbibit 
fogging. W e found, indeed, th a t the 0 por ccnt. containing alloy was really 
very  little  inferior to  one containing 9 per cent., and m y own opinion is th a t 
a  chromium content of tho order of 5 -0  per cent. will, for practical purposes 
a t  any ra te , cffectively inhibit th e  fogging of nickel.

Wo confirmed th e  observation D r. Vernon has made (p. 129) th a t the 
filtering of a ir did no t eliminate fogging in  any of our specimens.

D r. R . S. H utton f  (V ice-Prcsident): Dr. Vernon’s referenee to  the work 
he did on this subject for the B ritish Non-Fcrrous Metals Research Association 
makes me ra th e r asham ed of th e  w ay in  whieh the Association has failed to 
utilize th a t •work, because i t  seems th a t  we have been cognisant of tlie m ain 
results and of the implications thereof for m any years, and I  cannot help 
thinking th a t somothing has been amiss w ith the drive and push we have 
given to  the ir practical application.

* Consulting Metallurgist, The Mond Nickel Co., Ltd., London.
f  Director, British Non-Ferrous Metals Research Association, London.
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some of us havo had in m ind for a  considerablc tim e in connection w ith this 
research; and I  th ink  th a t a  solution of the problem can perhaps be found 
much more readily th an  by adding 6 per cent. of chromium, which Mr. Barclay 
says is suflicicnt to stop th is fogging.

Tho great am ount of work done on nickel eatalysts has shown the inhibition 
caused by a fraetion of 1 per cent. of arsenie and some o ther elem ents and 
one cannot help feeling th a t the ir addition to  nickel and its alloys for the 
prevention of its  tendency to “ fog ” m ay have great praetical im portanee. 
The first firm th a t brings ou t a non-fogging nickel or nickel alloy would 
immediately brighten up our shop fronts and o ther fittings and lead to  a 
wido extcnsion in  tho uses of nickel. T liat idea has been availablo to  tho 
industry a t  least sinco tho year 1924. I  do no t know th a t anything very 
much has yot been dono w ith it, b u t perhaps this paper will revive in terest 
in the subject and lead to  some definite praetical results.

Professor T. T urner,* M.Sc., A.R.S.M., F.Inst.M et. (P ast-P residen t): 
I t  has been shown th a t if nickel be exposcd to  tho ordinary atm osphere and 
loft unpolished, tho surface effeet inereases steadily and a t  a  m uch moro 
rapid rato than  m ight be anticipated as compared w ith a  m etal like tin . If  
a  sheet of nickel and  a  sheot of tin  aro cxposed, i t  will be found th a t the 
nickel goes on corroding ón the  surface, although uniformly, a t  a  rato  which 
is greater th an  th a t of tho tin .

I t  is obyious, thorefore, th a t  the protection of nickel surfaccs by removal 
of this fogging is im portant. T hat brings in  a  ąuostion which was raised in 
discussing a  preyious paper, as to  tho adhesion of films, say to  magnesium 
or magnesium alloys, and liow we aro to  measure the strength  or am ount of 
adhesion. I t  will be found th a t some films can be much more easily removed 
than others, and obviously w hat we w ant to  do is to  rem ove the film w ithout 
abrading the  m etal which is undem eath. To do th a t it  is necessary to  have 
a m ateriał which is harder than  tho film b u t no t so hard as the metal. I t  
is merely a  ąuestion of selceting a  suitable m ateriał. The whole of the film 
may be removed, and no m etal, proyided th a t  the righ t m ateriał is eniployed.

I  havo mado experim ents in  connection w ith certain films and noted the 
difference, for oxample, between rubbing w ith eotton wool, w ith woven 
cotton, w ith soft lincn, w ith linen which had been ironed and was hard, and 
so forth. One ean go through tho gam ut, and there are m any o ther soft 
materials, such as a  loofah and indiarubbers of varying degrees of hardness, 
and these m ay bo followed by various polishing powders. In  th a t w ay for 
the soft films i t  is possiblo to  get a  scalę of hardness on tho same principle 
as tho Moli scalo for tho hardness of motals, and say definitely th a t  a  par- 
ticular film can bo rem oved by a  partioular rubbing m ateriał, which will 
remove the film, b u t which will no t affect tho m etal th a t is undem eath it.

Those who uso ordinary nickel should take care th a t i t  is kep t clean and 
tha t i t  is rubbed by  a  suitable m ateriał which is no t too hard, b u t which is 
sufliciently hard  to  remoyo tho surface film, and then, as Dr. Vem on mentions, 
a very shght film of lanolinę or some other oily m atte r will help very much 
in preserying the nickel and saving i t  from deterioration.

Dr. V e r n o n  (in reply) : I  greatly appreciato Mr. E vans’ agreem ent on 
cssential points eonceming the in terpretation  of results recorded in  tho 
paper. W ith regard to  the hygroscopicity of the product, th is is no doubt a  
very im portant fa c to r; I  believe, however, th a t  i t  eomes into operation a t  a 
secondary stage, subseąuent to  tho formation of tho “  fog ” film. W ith high 
concentrations of sulphur dioxide a t  high relatiye humidities, fogging, as

* Emeritus Professor of Mctallurgy, Birmingham Uniyersity.
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understood in tho paper, is no longor observed; the secondary process 
described by Mr. Evans then  predom inates from the outset. This loads, of 
course, to  more serious corrosion owing to  the fact, as Mr. Evans has said, 
tlia t tho surfacc becomcs definitely moist.

D r. Owens’ contribution is particularly  welcomc, no t only because of its 
iuim ediate bearing on tho present paper, bu t also because of its  w ider issue. 
The linking up of two apparently  independent groups of phenomena repre- 
sented by Dr. Owens’ work on fogs and Dr. New’s results on the “ blooming ” 
of paints is of the g reatest interest, and I  feel th a t  I  mysclf havc acted as a 
cata lyst by bringing together those two “  reactan ts.” I  yery greatly welcome 
Dr. Owens’ expcrim cnts in  connection w ith  tho “ muślin cago effect ” because 
th a t is ju s t th e  so rt of work th a t I  had been hoping would be done, and there 
is no one whom I  would ra ther see take up tho m a tte r th an  D r. Owens. I t  is 
gratifying th a t he has brought his g reat skill to  bear on this subject. I  
apprcciate his analogy of th e  mousc and  the bridge. As applied to  the muślin 
screen, there is only one thing I  would ad d ; and  th a t is th a t we should 
regard th e  bridge, perhaps, as an  ancient one, from which there are m any 
appendages. This’ would correspond w ith the fact th a t in the muślin screen 
the hole is no t clean-cut, bu t is partly  obscurcd by smali “  branch ”  fibres 
which, coupled w ith  th e  Brownian m ovem ent of th e  particie, m ight be 
expected to  play some p a rt in  its  interccption. Nevertheless, tliis does not 
affect the principle underlying D r. Owens’ experim ents; and i t  is greatly to  
be łioped he will earry them  to a still fu rther stage.

I  am  much indebted to  Mr. Barclay for his encouraging and corroborative 
rcm arks. I t  was due to  his co-operation th a t we were able to  show the 
influence of th e  larger am ounts of chromium, and i t  is particularly interesting 
to  know th a t  ho has found th a t  much smallcr am ounts aro eąually efficacious.

Dr. H u tton ’s contribution is espccially welcome a t  th is stage in view of 
the fact th a t the early tes ts on fogging were carried ou t a t  his instigation. 
R ecent work has made i t  elear th a t  catalysis m ust play some p a rt in tho 
phenomenon. Arising from this, certain  additional tes ts  are already in  hand 
which bear on some of the points th a t Dr. H u tton  has raised; possibly 
something m ay emergo from this work, b u t i t  is too early to  say yet.

Finally, I  would like to  thank  Professor T urner for his interesting rem arks 
and for the 110vel suggestion he has made for classifying the adhesiveness of 
surface films such as those 011 fogged nickel.

CORRESPONDENCE.
T h e  A u t ii o r  (in furtlier reply to disoussion at meeting) : Dr. Owens’ in

teresting analogy of the mouse and the bridge tem pts me to  suggest a  further 
slight extension. A t the meeting I  mentionod th a t a dilapidated bridge, w ith 
m any appendages, w*ould probably more nearly represent th e  hole in  the gauze. 
In  a  similar wray, as the particie intercepted by the gauze is likely to  be of a 
fibrous (sooty) character ra ther than granular (or siliceous), so perhaps a spider 
would afford a  sounder analogy than  a  mouse. I t  would, of course, have to  bo 
corrcspondingly largo—something in  the naturę  of a  g iant ta ran tu la ! The 
possibility of a specific (electrical) a ttraction  between the particie and the 
gauze should also, presumably, be takon into aecount.

Dr. J .  N e w t o n  F r i e n d  * (M em ber): Dr. Vernon’s results are of great 
in terest and im portance in  th a t  they  deal w ith  a  branch of corrosion in 
which reliable da ta  are very scanty. Tho closo p rosim ity  of nickel to  copper 
in the Periodic Classification of the olements would lead one to  expect a  close

* Hcad, Chemistry Department, Central Technical College, Birmingham.
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sim ilarity in their corrosion effects, and  tho marlced contrasts observed by 
Dr. Vernon serve to illustratc D avy’s p ithy  rem ark th a t “ analogy is the fruit- 
ful parent of error.” The stim ulating aotion of light on “ fogging ” was an 
obserration of interest. I  showed in 1011 th a t diffused daylight m arkedly 
assists the corrosion of iron completely immersed in wat er under conditions 
which negatived tho suggestion th a t i t  could be due to  a  purely therm al 
effect. I  also carried ou t numerous cxperim ents in  glass vcssels of varying 
colour in order to  ascertain  which kinds of wave-length aro m ost active, 
but unfortunately th e  results were inconclusive. I f  D r. Yernon can see his 
way elear to  study tarnishing and fogging under tho influence of selected 
stim ulating rays, results of very considerable in terest and im portance m ay 
be obtained.

Dr. J .  C. H u d s o n ,*  D.I.C., A.R.S.M. (M em ber): There is no doubt th a t 
under certain  conditions nickel is particularly susceptible to  a  peeuliar type 
of corrosion which Dr. Vernon has designated as “ fogging,” and the present 
paper is a  very im portant contribution to  our knowledge of th is phenomenon. 
I  am in entire agreem ent w ith Dr. Yernon as to  the im portance of the relative 
humidity in  determining w hether th is type of corrosion occurs or not, and I  
further agree w ith him in fixing the critical hum idity  a t  round about 70 per 
cent.

Dr. Vernon’s explanation of tho im m unity produced by long exposure to 
air as being due to anticatalysis is interesting, and  agrees w ith the experi- 
mental evidcnce. I t  m ight bo of value to  endeavour to  incorporate the 
anticatalyst in the m etal itself, say by alloying the nickel w ith a  fraction of 
1 per cent. of arsenical copper, thus yiclding an alloy w ith a  very low arsenie 
content—provided, of course, th a t  there were no metallurgieal objection.

The experim ental results obtained in  opaąue and transparen t vessels 
afford very elear evidence as to  the influence of light on the fogging of nickel. 
I t  would be of in terest to ascertain w hether the eifect is due to tho direct 
suppression of the actinic rays or indirectly to  differcnces in  the internal 
tem peraturo and hum idity of sereened and  unscrcened yessels respeetively. 
The point could be settlcd by a  fcw comparable tem perature determ inations 
in each type of vessel, and i t  would be of value to  liave such determ inations 
even if, as appears probable, th e  results were ncgative.

Dr. C. H. M. JENKINS f  (M em ber): Dr. Vernon’s paper forms a  fu rther 
adyance in  the study of corrosion, and i t  is hoped th a t the au thor will widen 
the scope of his work to include other forms of nickel th an  rolled sheet, as 
electrodeposited m etal has been perhaps moro exposed, particularly  in the 
past years, to  atm ospherie corrosion th an  any  o ther form. The sulphate 
Solutions from which the nickel has been deposited are liable to  be entrapped 
in the deposited metal. Although the microscopic exam ination of polished 
specimens freąuently  fails to  indicate the presenee of any ineluded non- 
metallic m ateriał, th e  presenee of a  fairly considerable ąu an tity  of ineluded 
materiał can be shown by exam ination of specimens annealcd in  racuo or 
in a ncutral atm osphere. I t  would be of considerable in terest to  the problem 
if the author would give us inform ation on the degreo of fogging in nickel- 
plated artielcs as comparcd w ith  rolled sheet nickel, as the form er m ay con- 
tain sulphate-bearing m ateriał which possibly possesses an accelerating eifect 
on the fogging action now described. If  such fogging action is perchance 
aecelerated in  electrodeposited nickel coatings, i t  m ay assist in a  fuller under-

* Investigator, the Corrosion Committee of the Iron and Steel Institute and 
National Fedcration of Iron and Steel Manufacturers, Birmingham.

t  Senior Assistant, Department of Metallurgy and Metallurgieal Chemistry, 
National Physioal Laboratory, Teddington.
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standing of tho mechanism of peeling in  these dcposits, and  thus supplem eut 
tho Information th a t has been accuinulatcd by  empirical means.

Dr. A. R . M a r t i n  * : I t  is possiblo to explain both Dr. Vernon’s present 
results w ith nickel and his prcvious ones w ith  copper by the hypothesis th a t 
sulphur dioxide dissolved in a  laycr of w ater 011 tlie surface of th e  m etal 
is oxidized by aerial oxygen to  sulphurie aeid, which a ttacks th e  m etal.

In  his rcply to  the discussion on his copper paper f  Dr. Vernon sta tes th a t 
an aąueous solution of sulphur dioxide is no t oxidized to  sulphurie aeid on 
exposurc to air. I  have verm ed the ineorreetness of th is sta tem en t both 
experimentally and by referenee to the H terature.J Contrary to  D r. Vernon’s 
statem ent, copper is a ttacked slowly by dilute sulphurie aeid in  the presenee 
of air.§ I  have exposed sm ali ąuan tities (about 0-5 grm.) of tho powdered 
ehlorides of potassium , barium , and copper, and of the earbonates of nickel 
and coppcr to  moist, b u t no t saturated , atm ospheres containing about 2  per 
cent. of sulphur dioxidc for about 2 days. On dissoIving the salts and testing 
for sulphates, nono was detected  in  the cascs of tho ehlorides of potassium 
and barium , b u t w ith th e  nickel and copper salts appreciable ąuantities were 
found. In  tho caso of tho copper salts the facts can be explained, w ithout 
making any new hypothesis, by the known accelerating influence of the 
copper ion (homogcncous catalysis) on the oxidation of solutions of sulphurous 
aeid and sulphites.|| The influence of tho nickcl ion on th is oxidation is 
unknown, but, in  view of the generał chemical sim ilarity of copper and 
nickel, i t  is probably tho same as th a t  of the  copper ion. I t  is uncertain 
whethor tho oxidation is accelerated by traees of copper and nickel ions 
disso!ved in  a superficial layer of water, or by tho ions occurring in  the crystal 
lattice and in  contact w ith  tho sulphurous aeid solution. However, in  the 
light of m odem  knowledge of the naturo of solutions and solids, the differ- 
encc is unim portant. I  th ink  th a t in  th e  case of the m etals tho process 
which occurs is similar to  th a t  which takes place w ith  its  salts. I t  is different 
from the hetorogeneous catalysis a t  a  few activc contres followed by a reaction 
such a s :

2S03 +  0 2 +  2Cu =  2CuS04

postulated by  Dr. V em on in  his paper on coppcr and prcsumably bclieved 
by him to  occur also w ith nickel, although here ho has no t made his position 
so elear. The copper hydroxide which occurred a t  low coneentrations of 
sulphur dioxide was probably formed by th e  hydrolysis of copper sulphate.

H eat-treatm ent would cause sintering and destruction of active centres, 
which in any case ono would no t expect to  find on polished nickel, and 
hence 011 D r. Vernon’s hypothesis protection from fogging. No such pro- 
tcclion was observed.

The reduction of fogging by previous exposurc to  hydrogen sulplńde 
m ay be explained w ithout resort to  th e  ad-hoc hypothesis of poisoning by 
supposing th a t adsorbed hydrogen sulphide (which would no t be removed
by vacuum  desiccation) reacts w ith  sulphur dioxidc accox-ding to  the wcll-
ktiown eąu a tio n :

2H2S +  S 0 2 =  2H 20  +  3S
* Aberdeen.
f  Trans. Faraday Soc., 1931, 27, 590.
{ Sec, for example, Lowry, Inorganic Chemislry, 1931, p. 377 ;• Mellor, Compre- 

hcnsive Treatise on Inorganic Chemislry, Vol. X, p. 207.
§ Lowry, loc. cii., p. 854.
|[ See Mellor, loc. cii. F. Binnecker, “ t)ber verschicdene Metallsalze ais Sauer-

Rtoffiibertrager an schweflige siiure,” Wetzlar, 1887, and L. Meyer, Ber., 1887, 50, 
219, found tha t nickel ions accelerate the oxidation of sulphurous aeid solutions.

U Trans. Faraday Soc., 1931, 27, 260.
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The. oxidation of sulphites m ay procecd both therm ally and photo- 

chemically,* the two reactions being completely similar. I t  seems Jikely, 
on generał grounds, th a t  sulphurous acid would resemble sulphites in  this 
respect, and therefore i t  is no t surprising th a t D r. Vernon finds th a t the 
fogging of nickel is influenced by light. However, in Dr. Vernon’s experi- 
ments the conditions of heating and cooling by radiation, and conseąuently 
for deposition of a  film of moisture, were no t th e  same for the two specimens, 
and hence i t  is desirable to repeat this work a t  constant tem perature in 
order to prove th a t light influences tho fogging of nickel.

Tin ions retard  tho oxidation of su lph ites,| and therefore nickel-tin  alloys 
might fog less rcadily than  pure nickel.

T he A u t h o r  (in rep ly): D r. !Friend’s interesting ąuotation of D avy comes 
opportuncly, for probably in no other field is there a greater tem ptation  to  
reason by  analogy than  in  corrosion, and certainly no t one in which there is 
greater danger of its leading to  false conclusions. In  the case of nickel and 
copper, i t  is interesting to  notę th a t the siinilarity between the metals is 
maintained even in respect to  fogging, although in greatly different orders of 
magnitude, so long as tho extem al conditions are suitably chosen; i t  so happens 
tlia t the conditions which most eommonly obtain are favourable for fogging in 
tho case of nickel, bu t no t in the case of copper. W ith regard to  the influence 
of light, further work on tho effects of selected stim ulating rays, as suggested 
by Dr. Friend, would 110 doubt lead to  results of definite interest.

Dr. Hudson has also commented helpfully on the “ light experim ents.” 
The ąuestion th a t he has raised about the possibility of slight tem perature 
diflerences in scrcened and unscreened t cssc Is is a  perfectly sound one. As Dr. 
Hudson mentions, the point could be settled by careful tem perature determin- 
ations in  each yessel; for tho results to  be conclusivc, howeyer, sonie sort of 
recording arrangem ent would haye to  be employed. W hilst frcely adm itting 
the desirability of this procedure, I  belieyo th a t therm al effects were no t 
responsible for the results reported in  th e  tex t. One would expect th a t  any 
such effect would vary from experim ent to experim ent according to  tho 
prevailing cxtcrnal conditions; whereas in three separate experim ents the 
same difference (between results from transparen t and opaque yessels) was 
obscrved in  practically idcntical numerical ratio.

The confirmation of certain points discussed in  tho paper, which Dr. 
Hudson is able to  supply from his own cxperience, is particularly welcome. 
Incidentally, I  should like to tako the opportunity to  make elear th a t the term  
“ fogging ” is actually due to  Dr. R . S. H u tton , by whom I  first heard the term  
used in  tlie present conneetion. The yery aptness of the term  makes one use it  
almost instinetiyely; and for this reason I  much regret the omission if, as seems 
probable, th is acknowledgment should have been m ade in  the text. The 
influence of arsenie (among other possible anticatalysts) on electrodeposited 
nickel is now being investigated, w ith the co-operation of Messrs. D. J . 
Macnauglitan and A. W. Hothersall (Research D epartm ent, W oolwieh); bu t 
Dr. Hudson has suggested a  conyenient means of introducing arsenie into 
rolled nickel which m ay well prove to  bo helpful.

I ani much indebted to Dr. Jenkins for the interesting and im portant point 
that he has raised concerning the comparatiye behayiour of rolled and electro
deposited nickel. A qualitative observation made some years ago left me w ith 
the impression th a t there was little  to  choose. Following Dr. Jenkin’s inąuiry, 
however, I  have recently conducted tests w ith remarkablo results; the 
electrodeposited coating (actually from two independent sources) has proyed

* Backstrom, J. A mer. Chem. Soc., 1927, 49, 1460. 
f  Titofi, Z. physikal. Chem., 1903, 45, 641.



144 Author’s Reply to Correspondence
to  be dofinitely superior to  tho rolled metal. Two alternativo explanations 
suggest themselves to aeeount for the superiority of the electrodeposited nickel 
•—namely, differenees in  eomposition due to  oecluded hydrogen in  the deposit 
on the one hand, or lnetallic additions in  the rolled m etal on the other. Each 
of these possibilities is now being investigated, the la tte r through tho co- 
operation of Mr. W. R . Barclay. I t  is interesting to  note in this eonnection 
th a t Bowden and llideal*  found th a t the oatalytie a e tm ty  of nickel with 
respect to  the discharge of hydrogen ions was much less for an electrodeposited 
surface than  for tho rolled or polished metal.

On a  preyious occasion Dr. M artin disagreed w ith a catalytic interpretation 
of allied phenomena involving the oxidation of sulphur dioxide a t  the m etal 
surface. He now tacitly  adm its th a t the mechanism is essentially catalytic in 
clmracter, for ho prefers to  regard i t  as an example of homogeneous catalysis 
ra ther than  the heterogeneous type postulatcd in this and in a preeeding paper. 
My own feeling is th a t the evidonco is dcfinitely in favour of heterogeneous 
catalysis so far as the prim ary mechanism is concerned,| although homogeneous 
catalysis m ay play an im portant contributory part. In  any case, i t  is re- 
grettable th a t Dr. M artin should seek to  support his yiews by misquoting 
statem ents th a t I  have made in support of my own. On tho previous occasion, 
in reply to  Dr. M artin, I  sta ted  th a t “  whereas solutions of sulphurous acid 
undergo negligible oxidation on exposuro to  air (Iow results in  titra tion  being 
due alm ost entirely to  evaporation of S 0 2), suiphito solutions, on the other 
hand, readily undergo oxidation.” This particular passago was taken prac- 
tieally verbatim  from a recently published w ork ; J  i t  compares the respective 
behaviour of sulphurous acid and sulphite solutions and, w ith the context, 
provides a  possible basis for the homogeneous catalysis yiewpoint. Dr. M artin 
now represents me as haying sta ted  simply th a t “  an acjueous solution of 
sulphur dioxide is not oxidized to  sulphurie acid on exposuro to  air,” and ho 
further supplies the information th a t he has verified tho incorrectness of this 
statem eht by reference to  the literaturo ! A moro flagrant misrepresentation 
follows when Dr. M artin writes th a t “  contrary to  Dr. Vernon’s statem ent, 
copper is attacked slowly by dilute sulphurie acid in  the prcscncc of a ir.” I t  
is, of course, absurd to  suggest th a t I  haye ever disputed this well-known fact. 
W hat I  aetually sta ted  was th a t “  the action of dilute sulphurie acid on copper 
is far too slow to  account for the ąuantities of sulphate produced in  the experi- 
m ents.” This remains perfectly true, and providcs, indeed, the crux of the 
question which Dr. M artin has evaded.

Tho present paper deals w ith a  specific problem ; i t  inakes 110 a ttem p t to 
investigate a  wide rangę of sulphur dioxide concentrations, as was the casc 
w ith the previous work on copper. Hero a  critical concentration of sulphur 
dioxide was reeognized below which copper sulphate is accompanied by copper 
hydroxide and above which freo sulphurie acid appears. I t  seems highly 
probablo th a t a sim ilar stato  of affairs obtains for nickel, except th a t tho 
critical concentration is depressed to  a  very much lower value; tlius, con
centrations of sulphur dioxide th a t oceur normally in  the atmosphere, although 
far too Iow to  produce free sulphurie acid on the surface of copper, are amply

* Proc. Roy. Soc., 1928, [A], 120, 80.
f  The mechanism cannot consist primarily in tlie solution of sulphur dioxide in 

an adsorbed film of water, as postulatecl by Dr. Martin, because tho sorption of 
water vapour on nickel is praetically negligible. (See McBain’s Sorption of Gases 
and Vapours by Solids, 1932, p. 310.) Moreover, on glass, where the sorption of 
wates is relatively enormous, 110 sulphurie acid is formed under conditions such 
tha t large amounts would be formed on copper (Vernon, Trans. Faraday Soc., 1931, 
27, 591) and, as the present work shows, still larger amounts on nickel.

\  Vallance, Twias, and Russell, Inorganic Chemisiry. Edited by J . Newton 
Friend, 1931, p. 130.
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suflicient to  do so on the surfaee of nickel. Dr. M artin’s remarks on the eflect 
of heat-treatm ent of the nickel appear to  ignore tlie faet th a t the heating was 
eondueted in air, w ith conseąuent production of a film of oxide whieh, however, 
in most of the experiments, was no t suffieiently thiek to  be y isible; his con- 
fidence, moreover, in  the absence of aetive centres on a  polished surfaee is 
scareely compatible w ith the experimental faets.*

Dr. M artin’s alternativo explanation of the influence of traces of hydrogen 
sulphide is discounted by results obtained sinee the issue of the adyance copy 
of the paper, and now incorporated in the Addendum. I t  is no t to be expeeted 
th a t any frec hydrogen sulphide could bc associatcd with a specimen th a t has 
been exposed merely to  “ ordinary a ir ”  drawn into the vessel from the open. 
Moreoyer, in the case of the atmosplieres to  which traces of hydrogen sulphide 
were added, on D r. M artin’s view the inhibiting effect should inerease w ith the 
time for which tlie speeimen was exposed; b u t the exaet eonverse was tho 
case.

In  the experiments in which the influenco of light was inyestigated the 
yessels w'ere in close proxim ity (Fig. 2), so th a t  any differenees in therm al con
ditions (apart from any th a t m ight be introduced by the provision to  exclude 
light—a  reasonablc point th a t w'as, in faet, raised by Dr. Hudson) m ust eancel 
out after a  long period of exposure. T hat th is is actually the case is obvious, 
to anyone bu t a eaptious critie, from an inspection of the results themselves.

* See, for example, the work of Bowden and Ridcal, loc. cii.
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MAGNESIUM ALLOY PROTECTION BY SE- 
LENIUM AND OTHER COATING PROCESSES.*

By G. I). BENGOUGH.f M.A., D.Sc., Member, and L. W HITBY.t M.Sc.,
M e m b e r .

S y n o p s is .

A process has been developcd for the production of films of selenium 
011 several light magnesium alloys. These films confer considerable 
resistance to the corrosivc action of sea-water spray. They are nonnally 
produced by immersion for a few minutes in a bath containing selenioiis 
acid a t laboratory temperaturę, but may also be produced by rubbing the 
alloy with porous materiał dipped in the bath.

The film has tho property of self-healing to a limited extent, especially 
when immersed in stagnant sea-water. I t  is only a few thousandths of 
a lnillimetrc tliick, and its production does not cause any appreciable 
dimensional change in tho alloys treated. I t  forms a satisfactory base 
for certain types of paint, and further work on tliis property is proceeding.

The speeial object of this research was to find a process for the pro
tection of magnesium-ricli alloys, particularly those used in aireraft 
construction, against corrosion by the atmosphere and ctloride solutions, 
especially sea-water spray.

The action of some kinds of atmosphere is cpiite slow; Hiege J 
points out th a t the metal may become covcred with a protective 
coating of magnesium carbonate. In  Berlin, bus wdieels of Elektron 
have been in use for some years, and serious attack has been recorded 
only when salt was used for melting snow in the streets. A t Tedding- 
ton, vertically suspended specimens of alloys AZM, Z3, and 66 (sce 
Table 1) have been exposed to  the weather in a field for nearly a y ear; 
on AZM specimens a patchy film showing interference colours has 
formed; on Z3 a smali amount of greyish-white deposit has formed, 
and alloy 66 has turned duli grey, but there is no serious corrosion on 
any.

In addition to these bare specimens, others were similarly exposed 
after treatm ent in the twelve baths recorded in Table II. Altogether

* Manuscript received December 12, 1931. Presented a t the Annual General 
Meeting, London, March 10, 1932.

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

t  MelallwirUchaft, 1930, 9, 361.



148 Bengough and Whiłby : Magnesium Alloy
162 specimens lmve been exposed to the weather in tlic suburban 
conditions of Teddington for about a year, but not one has seriously 
corroded. IIarvey * claims tha t more than 21 years’ protection 
against tlie weather bas been conferred on magnesium-base alloys by 
priming with thermoprene resin and finishing with spar varnish, both 
being pigmented with aluminium powder.

Some specimens of alloy 66 exposed to an indoor atmosphere 
liable to  be contaminated with produets of combustion gave much 
worse results, and a t the end of 12 months were covercd with a 
loose wkitc deposit; even in this case, howover, serious pitting was 
absent.

Nevertheless, the main problem for aireraft consists in securing

T a b le  I .— Composition o f A lloys Inresligaled.

Alloy.
Air Ministry 

Speciticft- 
tion. 

D.T.D.
Aluminium. Zinc. Silicon. Man

ganese.
Mngne-
sium.

British Maxium 00 
(sheet) 120 5 0-75 94-25

Elektron Z3 (sheet). 0- 0-2 3-0 0-0-3 97-0
Elektron AZJI 

(sheet) 125 6-15-0-45 0-8- 1-2 0- 0-2 0-2-0-5 92-5
Elektron AM 503 

(sheet) 118 0-0-3 1-3-1 -7 9S-0
Elektron VI (ex- 

truded rod) 129 9-5-11-5 0- 0-0 0-0-3 0-2-0-5 S8-0

Notę..-—Compositions arc those given by the makers.

adequate protection against chloride solutions. Sutton and Le Brocq t  
have recently reviewed the possibilities aś regards alloying, protection 
by means of simple chemical immersion treatments, coating with 
other metals, and anodic oxidation. The present authors agrec with 
their conclusion th a t chemical immersion is the most hopeful line of 
investigation; the field is wide owing to the ease with which films 
can be produced on such reactive materiał as magnesium-rich alloys. 
Coatings have been produced on alloy D.T.D. 120 (Air Ministry 
specification) in sheet form, containing 5 per cent. aluminium and 
0-75 per cent. manganese from more than 500 different solutions or 
mixtures of the following substances: aluminium, cadmium, cobalt, 
copper, lead, nickel, and zinc salts (seleeted from their chlorides, 
sulpliates, and nitrates), and sodium or potassium aluminate, arsenate, 
arsenite, borate, borofluoride, chromate, dicliromate, fluoride, meta-

* Trans. Amer. Electrochcm. Soc., 1929, 56, 57.
t  J . In-st. Metals, 1931, 46, 53.
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phosphate, molybdate, uitrate, oleate, oxalate, perborate, persulphate, 
orthophosphatc, phosphotungstate, pyrophosphate, sclenatc, sclenitc, 
silicatc, silicofluoridc, stcarate, sulphate, and tungstate. Some synthetic 
resins and several organie acids and salts, mainly easily obtainablc 
dyestufl intermediates, liave also been tried.

The coatings obtained liave usually been remarkably adherent, 
reasonably smooth, and easily produced. For exploratory corrosion 
testing, specimens 5 cm. square were suspended vertically in the 
laboratory by glass hooks and sprayed with sea-water twice daily for 
20 days. The corrosion products were removed by solution in chromie 
acid, as described elsewhere * by one of us, and the loss of weight was 
determined. The great majority of the coatings failed quickly under 
this preliminary test, and were not further investigated. About a 
dozen methods were selected, which resulted in weight losses between 
l/5 th  and l/30 th  of tha t of the untreated alloy. Blost of these were 
based on the use of chromie acid or bichromate, and a new set of spcci- 
mens was submitted to the following corrosion test, which was used 
for the rest of this research.

The specimens were suspended vertically, by gutta-percha covered 
wires, in a field adjoining the laboratory a t Teddington, and sprayed 
three times daily with sea-water collected 3 mil es outside Plymouth 
breakwater, and supplied by the Marinę Biological Association. The 
water was brought to Teddington and stored in glass carboys, and 
the spray itself was made of glass. Pressure was supplied from the 
laboratory service and kept approximately constant by means of a 
water column 48 in. high. Tests were carried out for 4 wceks on 
alloys AZM, Z3, and 66, and results for twelve different treatments 
are recorded in Table II. As a reference standard the sulphate- 
biehromate process devcloped by Sutton and Le Brocq was used; 
this process is described on p. 150. The results for alloys 66 and Z3 
sometimes show wide variations between duplicates. This is probably 
due to heterogeneity of tlie alloys themselves, the production of which 
had not reached its present stage when these tests were started. On 
the whole the best results were obtained with the tungstate-chromic- 
nitrie acid bath and the sclenite bath, particularly for the AZM 
alloy.

Since the selenite bath was the simpler, it  was decided to begin 
intensive investigation on it, using the AZM, AM503, and VI alloys, 
which appear a t this stage to be most useful alloys technically. The 
iilm formed on AZM has been investigated, and found to consist mainly 
of selenium, which is precipitated either in tlie red or tho grey form

* J . Soc. Chem. Ind., 1931, 50, S3t .
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itccording to  the expcrimental conditions. I t  is possible th a t a layer 
of magnesium selenide is formed next to the metal, but if so it  is too

T aei-e II.

Bath (aąueous solution).
Time of 
Treat
ment.

Temp. 
(° C-). Coating. Alloy.

Loss of 
Weight. 

Grm.

1% Sodium tungstatc +  
1% chromie anhydride -j- 
8 c.c. 2iV-nitric acid/1.

30 mins. 00 Dirty yellowish-grey; ' 
smooth after brushing. 

Dark greyish-brown. 
Smooth dirty grey.

GG

Z3
AZM

0 G0; 0-G2

0-17; 0-25 
0-05; 0-07

2% Chromio anhydride -ł- 
0-1% magnesium chloride.

1 hr. SO M att greyish-brown.

Smooth dark brownish-grey.

GG
Z3

AZM

1-01; 1-38 
0-37; 0-59 
0 0G; 0-10

2% Chromie anhydride +  
0*1% magnesium chloride.

2 hrs. 80 Smooth greyish-brown. 
Smooth brown.
Smooth and dark brownish- 

grey.

GG
Z3

AZM

0*86; 0-79 
0-28; 0-2G 
0-07; 0-07

2% Chromio anhydride -f 
5% sodium dichromate 4* 
0*1% ammonium chloride.

25 mins. 80 Dark brown smooth coating 
after brushing.

»» ii »» jt

GG

Z3
AZM

0-87

0*16
007

0-93

0-38
0-07

1% Potassium chlorochro- 
mate.

15 mins. 80 Dark brown, matfc coating, 
after bnishing.

« >» »i »»

GG

Z3
AZM

1*26

0-61
0-13

1-20

0-19
0-11

1*5% Potassium dichromate 
+  1-5% sodium sulphate 
10 aq. (sulphatc-bichro- 
mato process).

6 hrs. 95 Black film with brighb 
specks.

Deep brown sliiny film. 
Black, uniform film.

GG

Z3
AZM

0-50

0*11
0-08

0-53

0G5
0-08

5% Sodium dichromate +  
1% sodium persulphate.

G hrs. SO Smooth black with yellow 
spota.

Smooth shiny black.
As GG.

GG

Z3
AZM

1-03

0-3G
0-37

0-73

0-23
0-35

1% Sodium dichromate +  
0-5% sodium persulphate 

2 c.c. 2;V-nitric acid/1.

3 hrs. 80 Dark steely blue film.
Deep shiny brown film. 
Greyish-black, bright spots.

GG
Z3

AZM

1-05
0-16
0-29

1-02
0-17
0-23

2% Chromie anhydride +  
1% ferric sulphate.

5 mins. 80 Dark grey etched coating. 
Dark brown etched coating.

GG
Z3

AZM

1-02
1-19
0-97

1-04
1-53
0-63

2% Chromie anhydride 4* 
1% ferrous sulphate.

30 mins. SO Coating like smooth rust- 
covered iron (after brush
ing oil ioose powder).

GG
Z3

AZM

0-57
1-34 
0-09

0-60
1-38
0*09

2% Sodium perborate -f 
1% chromio anhydride -f- 
25 c.c. 2AT-nitric acid/1.

2 hrs. 80 Dark brown smooth coating. 
Brown shiny film.
Black shiny film.

GG
Z3

AZM

0-41
0-35
0*10

0-38
0*47
009

1% Sodium selenitc -f 20 
c.c. 2A'-hydroch]oric acid/1.

1-5 hrs. 80 Dark reddish-brown; rough 
before brushing.

»> »» ł* 
Shiny black after brushing.

GG

Z3
AZM

0-34

0*31
00G

0*19

0-52
0-0G

Blanks—emeried and 
pickled in 10% nitric aeid.

6G
Z3

AZM

1*65
0-90
0-25

1*55
0*88
0-23

tliin for detection by a 4-mm. Zeiss objective. This film would be 
hydrolyzed by water, and the resulting hydrogen selenide decomposed 
in presencc of oxygen, resulting in deposition of selenium—a reaction
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which would explain not only tlie slight hepatic smell which is pro- 
duccd when large numbcrs of specimens are storcd in a confined space, 
but also some phenomena described later.

The main part of the film is strongly adherent, and usually about
2 [i (0-002 mm.) thick, as estimated by weighing the metal before and 
after removal of the film by warm 66 per cent. caustic potash solution. 
On top of the coherent film powdery selcnium is sometimes formed, 
which is easily brushcd off. This loose layer is rarely more than 
0-00025 mm. thick.

The loss of thickness of magnesium in tho coating bath from all tho 
alloys mentioned abovc is usually of the same order as the thickness 
of the deposited film, so tha t the dimensional change of the specimen 
is slight.

Sodium selenite solution itself does not deposit selcnium on the 
alloys tested, but a great variety of additions to tho bath enables it  
to do so. Amongst those tried were : nitric, sulphuric, hydrochloric, 
phosphoric, acetic, and oxalic acids; sodium chloride, sulphate and 
phosphate, and sodium selenitc-selenious acid mixtures with and without 
the addition of sodium chloride; each was tried a t laboratory tempera
tures, 50°, 75°, and 100° C. The coatings produced by the addition of 
acids to sodium selenite do not give satisfactory protection alone, but 
have not yet been tested as bases for paint films. Sodium selenite- 
selenious acid mixtures, with the addition of sodium chloride, gave 
exeellent protection, bu t wcrc abandoned in favour of a simple selenious 
acid bath, owing to  the longer life of the latter and to the much shorter 
time of immersion necessary for the formation of a satisfactory film.

To obtain the optimum conditions for any one type of bath i t  is 
necessary to  test the eflects of concentration, temperature, and time of 
immersion, as well as slight variations of composition. As a result of 
intensive investigation of selenite baths, the following compositions 
and conditions were selected for usc on the AZM alloy :

1. 8 per cent. solution of sodium selenite +  3-2 per cent. 
selenious acid +  0-1 per cent. sodium chloride used a t 80°-90° C .; 
time of immersion 3 hrs.

2. 10 per cent. solution of selenious acid in water, +  0-1-0-5 
per cent. sodium chloride, used a t atmospheric tem perature; time 
of immersion 5-10 minutes.

Most of the work was done with the second bath, which is only slowly 
exhausted. Por instance, forty specimens were treated successively in 
500 c.c. of 5 per cent. selenious acid. After 8 weeks’ testing by the 
salt spray, no difference could be detected between tho first and last 
specimen, and many more could probably have been treated.
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Although the best films have becn produced by dipping the speci

mens into the bath, this proceduro is not absolutely necessary. Pro- 
tective films have bcen obtained by merely rubbing specimens with 
cottou wool saturated with No. 2 solution, given above. This pro
ceduro affords an easy method of repairing the film if it should be locally 
damaged, and would be a great advantage in industrial use. Piane 
surfaces may be protected in this way, as cxemplified in Fig. 14 
(Platę XI).

The behaviour of AZJI sheet treated in the selenious acid bath has 
been compared with similar sheet treated by the following proccsses :

1. The I.G. process, which consists of immersion in a bath 
containiug 20 per cent. nitric acid and 15 per cent. potassium 
bichromate.

2. The Jirotka process (sec English Patent No. 328,485).
3. The alum-bichromate process. '] Dcveloped a t the Royal Air-
4. The sulphate-bichromatc pro- - craft Establishment, South

cess. J Farnborough.

T a b le  I I I .— Alloy A Z M  (8 Weeks' Exposure). 
Composition of B a th : Selenious Acid at Laboratory Temperature. 

Losses of Weight, Grm.

Time of 
Treatment. 0-5%. 2-0%. 5%. 10%.

1 min. 
5 mins. 

15 „
30 „

3 hrs.

1-47; 1-87 
0-20; 0-49 
0-30; 0-26 
102;  0-32 
0’G5; 0’S7

0-55; 0-41 
0-19; 0-13 
0-18; 0-13 
0-22; 0-2G 
0 39; 0-40

0-2 1 ; 0-20 
0 1 1 ; 0 1 1  
0-17; 0-11 
0-1G; 0-30 
0-51; 0-81

0-07; 0-20 
0 09; 0-11 
0-14; 0-17 
0-28; 0-18 
1*13; 0-93

Untrcatcd Blanks.
3 92; 3-S6

G hrs.
(05° C.)

Sulphate-bichromatc process. 
2-08; 1-74

Note.—The esperiments with tho selenium treatm ent were repeated at 50°, 75°, 
and 100° C., but the laboratory temperature gavc the best results. The generał 
result of inerease of temperaturo was similar to tha t illustrated in Table IV.

The first specimen of each pair was brushed after treatment, but before being 
submitted to the corrosion test.

The Jirotka specimens were treated by Messrs. Protective Coatings, 
Ltd., the others were prepared in the laboratory after a preliminary 
cleaning of the alloy sheet by immersion for about 30 seconds in 10 per 
cent. nitric acid. Processes (3) and (4) were conducted according to 
the directions of Sutton and Le Brocq. All the specimens were sub-
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Platę IX .

Fig. 1.—Untreated Metal. 8weeks’ exposure.

FIG. 0.—I.G. Process. 4 weeks’ exposure. 
(Corrosion-product not remored.)

Fig. 3.—Sulphate-dicliromate Process. 11 
weeks’ exposure.

G. o.—Jirotka Process. S weeks’ exposure.

FIG. 2.—Selenium Process. 14 weeks* exposure.

FIG. -J.—Alum-łlichroinate Process. 14 weeks’ 
exposure.

\To face p. 152.



Fin. 8.—Alum-dichromatc Proccss. 8 weeks’ 
exposure.

FIG. 11.—I.G. Proccss. 2 weeks’ cxposure.

PlG. 9.—Selenium Proccss. 8 weeks’ exposure. F ig. 12.—Selenium Proccss. 12 weeks’ esposure.

P l a t ę  X . 
A M m  Alloy.

F ig. 10.—Untreatcd Metal. 12 weeks’ exposure.

FI 'Alloy.

------------------------ --- ----- --------H I
.—Untreatcd Metal. 8 weeks’ esposure.



Platę X I .

F ig, 13.—Selcnium P ro ces—Film Scratched.
(Note lack of preferential attack along scratches, 
and partial covering of scratch in bottom left- 
hand coraer.) 9 weeks* exposure.

FIG. 14.—Selenium Process. Film Produced by 
Rubbing. 9 weeks* exposure.

MG. 15.—Selenium Doposition on Paint Surface. 
12 weeks’ exposure.

Fig. 17.—Thermoprene Resin over Selenium. 
1C weeks' exposure.

FIG. 18.—Thermoprene Resin on TJntreated 
Metal. 3 weeks’ exposure.

F ig. IG.—As Fig. 15, but Paint Rcmored 
Attack Yisible. 12 weeks’ esposure.





mitted to the spray test, after which the corrosion produets were 
removed by the chromie acid method and the losses of weight deter- 
mined. The results are givcn in Tables I I I  and I I I a , and some of 
them are illustrated in Plato IX . The blank specimens and those coated 
by the Jirotka process gave very poor results; the alum-bichromate, 
the sulphate-bichromate, and the I.G. process gave considerably better, 
but the selenious acid bath gave the best.

In  considering the results it  should be remembered tha t the Jirotka, 
the sulphate- and alum-bichromate, and the I.G. processes are used 
to best advantage as undercoats for paints, and not alone. Moreover,
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T a b le  I I I a .— Alloy A Z M  (14 Wecks’ Ezposure). 
Composition oj B ath: Selenious Acid at Laboratory Temperature. 

'Loss of W eight, Grm.

Time of 
Treatment. 5%. 5% +  0-1% 

NaCl. 10%. 10% +  o-i%
NaCl.

10% +  0-5% 
NaCl.

5 m in s . 
10 „

2-00; 1-67 0-20; 0-18 0-37; 0-15 
0 25; 0-34

0-15; 016 
0-20; 0-15

0 13 ; 0-22 
019 ; 017

Untreated Blanks. 
2-77; 3-11

Jirotka process (8 wecks' exposure only). 
3-17; 2-41

6 lirs .
(90° C.)

Sulphate-bichromate process. 
0-51; 0 96

0 h rs .
(90° C.)

Alum-bichromate process. 
0-80; 0-93

I.G. process (8 tveeks’ ezposure only). 
0 19 ; 0-11

a film tha t gives the best results alone does not necessarily give the 
best results with a top-coat of paint. Although subject to these 
limitations, the results in Tables I I I  and I I I a suggest tha t selenium 
films may give useful protection to AZM alloy when used in mildly 
corrosive conditions, and would bc especially valuable when rapidity 
of treatm ent and accuracy of dimensions are necessary. In severe 
conditions some reinforcement of the very thin film would probably 
be desirable, and a few preliminary tests on top-coats of paints, &c., 
are described later.

Table IV givos results for alloy AM503. The best coating conditions 
were obtained a t laboratory temperatures, with 5 per cent. acid and 
very short times of immersion. In spite of the faet tha t the selenium





film is patchy, this alloy is the easiest to protect of all those tested , 
and Table IV shows th a t the sulphate-bichromate process gave results

T a b l e  IV .— Alloy A M  503 (12 Weeks' Ezposure).
Loss of W eight, Grm.
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Time cf Treatment. 5% Selenious Acid. 10% Selenious Acid.

Labc
5 m in s .

10 „
15 „

tralory Temperatur
0 -0 9 ; 0-08 
0  0 9 ;  0-11 
0 1 0 ;  0-13

e.
0 1 0 ;  0 1 1  
0 1 3 ;  0 1 6  
0 -1 4 ; 0 1 6

T
2 secs.
5 „

10 „

1 m in .
5 m in s .

10 „

15 „

emperature 50° C. 

0*0*7; 0  07

0 -0 8 ; 0  07 
0  0 9 ;  0 1 1

0 -0 7 ; 0-08 
0 0 9 ;  0-11 
0 0 8 ;  0 1 1  
0 -0 8 ; 0  08 
0 1 2 ;  0 1 4  
0 1 4 ;  0-20

T
2  secs .
5 „

10 „
1 m in .
5 m in s .

emperattire 75° C.

0*09; 6-io

0 1 1 ;  0 1 1  
0 -1 3 ; 0 1 8

0 1 2 ;  0 1 0  
0 -1 2 ; 0 1 3  
0 1 0 ;  0 1 1  
0 -1 0 ; 0 1 1  
0 1 9 ;  0 1 9

Te
2 secs .
5  „

10 „

1 m in .
5  m in s .

10 „

mperature 100° C 

012 ; 015

0 1 6 ; 0-18 
0 1 7 ; 0-25 
0-22; 0-30

0-10; 0-12 
0-13; 014 
0 1 2 ; 013 
017 ; 016 
0-26; 016

I.G. proce,
5 m in s .

■s (2  weeks’ exposu 
0-07;

re only). 
0-08

Sulphate-bichromate process. 
6 h rs .  | 0*06; 0-04

U n tr e a te d

Blanlcs.
0-68; 0-73

N 0te .—The first specimen of each pa ir was brushed before the corrosion tes t.

as good as, or better than, those given by tbe selenium process. When 
comparing tbe selenium-coated specimens with others, it  should be 
remembered th a t the loss-of-weight figures for the longer periods of
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immersion should be decreased by about 0-03 grm. to  allow for selenium 
removed by the chromic-acid bath.

Occasionally specimens of alloy AM503 showed intense local pitting, 
which is probably due to local segregation of manganese-rich materials, 
which are liable to occur unless special care is taken in the preparation 
of the alloy. Nonę of the protection processes prevents this type of 
pitting, but the effect of paints has not yet been sufEciently tested.

T a b l e  V .— Alloy V I  (8 Weeks’ Exposurn).
Losses of W eight, Grm.

Time of 
Treatment. 5% SeOa. 6% SeO, +  

0-1% NaCl.
5% SeOa +  
0-5% NaOl. 10% SeOa. 10% SeOa+  

0-1% NaCl.
10% SeOa+  
0-5% NaCl.

5 mins. 
10 „
15 „

0-05; 0-06
1-46; 0-04 
0-04; 1-61

Labor
0-64; 0-09 
0-55; 0-09 
0-10; 0*14

atory Tempera
0-09; 0-09 
0-11; 0-13 
0-52; 0-12

ture.
1*16; 1-07 
0-06; 0-97 
0-05; 0-09

0-51; 0-52 
0-10; 0-80 
0-78; 0-12

0-11; 0-11 
0-09; 0-11 
0-53; 0-12

5 mins. 
10 „
15 „

2-44; 0-09
0-09; 0-59
1-37; 0-10

T e
0-12; 0-13 
0-14; 013 
016 ; 0-14

mperature 50° 
0-11; 0-45 
0-12; 0-16 
0-16; 0-15

0.
0-45; 0-13 
0-15; 0-14 
0-31; 0-16

0*13; 0-45 
0-14; 0-70 
0-12; 0-13

0-13; 0-17 
0-44; 0-14 
0-13; 0-85

5 mins. 
10 „
15 „

0-07; 2-48 
0-10; 0-16 
0-09; 0-16

Temperature 75° 0.
0-11; 0-31 
0-14; 1-74 
0-14; 0-23

1 min. 
5 mins.

1-60; 0-10 
0-42; 0-16

Temperature 100° 0.
0-12; 0-25 
0-14; 0-69

Untreated 2-70; 2-95
Blanks.

6 hrs. 1

Alum-dichromate process. 
4-72; 0-42

Sulphale-dichromate process. 
6 „  0-70; 2-70

I.G . process.
5 mins. | 0-48; 0*04

Notę.—The first specimen of each pair was brushed before the corrosion tests.

Alloy VI was tested in the form of cylinders 2 4  cm. in diameter 
and 5 cm. long, turned down from extruded rod, 2-5 cm. in diameter. 
Holes about 0-8 cm. in diameter were drilled near the ends for sus- 
pension vertically by gutta-percha covered wire. The results are 
shown in Table V. Considerable yariation is shown between dupli- 
cates, which again seems to be due to local variations in composition. 
However, the bulk of the specimens stood up extremely well, aa
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exemplified in Fig. 9 (Platę X). On the whole, the 10 per cent. selenious 
acid bath used a t room temperature for 15 minutes seems to  be the 
most hopeful.

The behaviour of most of the selenium-coated specimens of AZM, 
VI, and AM503 alloys was peculiar. After spraying, corrosion started 
a t a few scattered centres, with deposition of specks of white product; 
but instead of proceeding rapidly, as is usual with magnesium alloys, it 
stopped, and the appearance of specimens was similar after several 
weeks under test to  th a t after a few days. Probably corrosion was 
stopped by self-healing of the films due to  deposition from hydrogen 
selenide released by decomposition of magnesium selenide a t pores. 
To test this a selenium-coated specimen of AZM alloy was scratched 
and immersed in  sea-water. Obvious deposition of selenium took 
place a t the scratches, which became covered with a reddish-brown 
film. A similar phenomenon could occasionally be seen to  take place 
a t scratches in films exposed to  the spray tests. No preferential attack 
occurred a t scratches, even when no deposition of selenium could be 
observed. The partial covering and the lack of preferential attack 
along the scratch are illustrated in Fig. 13 (Platę XI).

The selenium protection process is covered by provisional patents 
Nos. 14724/31 and 1350/32.

T e s t s  o n  P a in t e d  Sp e c im e n s .

A large number of different paints was applied to the untreated 
alloy 66, but none was satisfactory under the spray test. Intense 
corrosion occurred after only 10 days’ exposure, and usually started 
from the holes or edges; blistering and stripping of the paint were 
frecjuent. Mediums tested included bitumen, tung oil, tung oil-glyptal 
resin, linseed oil, sulphur-treated oil, spar varnish, thermoprene resin, 
chlorinated rubber, and cellulose nitrate. Pigments tried included 
aluminium, ferric oxide, red lead, and titanium  white. Several pro- 
prietary paints and lanolinę were also tested. As a result of these 
tests it  was decided to discontinue paint investigations on the bare 
alloys.

The efiect of paints on selenium-coated specimens of AZM was very 
different. Several specimens have been exposed to  the spray test for 
more than  16 weeks, and blistering and stripping have not yet occurred. 
The value of the selenium film is illustrated in Figs. 17 and 18 (Platę XI). 
The paint coat is still intact after 16 weeks on the treated specimens, 
whereas i t  failed a t the holes after a comparatively short time on the 
untreated alloy.



Protection by Selenium and other Coating Processes 157
Coats th a t have stood up reasonably well on selenium-treated AZM 

alloy are thermoprene resin and sprayed lanolinę solution pigmented 
with aluminium powder. Thermoprene resin appears to  harden to  a 
much greater extent after application over a selenium film tŁan after 
application to  the bare m etal; it  is possible th a t an action analogous 
to vulcanization takes place.

A peculiar phenomenon was observed with an aluminium pigmented 
tung oil-glyptal resin medium. A large number of smali red spots 
appeared on the surface of the paint in the early stages of the test, 
and increased in number with time. This phenomenon, inexplicable 
a t first sight, is thought to  be due to  deposition of selenium a t and 
round the pores in the paint film, owing to formation of a tracę of 
hydrogen selenide, which is decomposed by the water and oxygen 
surrounding the pore. The function of the selenium is to close the 
pores in the paint. Fig. 15 (Platę XI) illustrates a specimen after 
3 months’ exposure, showing a mass of these smali red blisters. I t  
appears to  be severely attacked, whereas after remoyal of the paint 
film each red blister was found to correspond only with a light and 
thinned patch in the selenium coating as shown by Fig. 16 (Platę XI). 
No pitting was visible at any of the light patches, and the loss of weight 
of the specimen was but 20 mgms. The same phenomenon has been 
noticed a t the edges of a specimen with a top coating of spar varnish, 
where, although the varnish has actually cracked, corrosion has been 
stopped a t these parts.

Cellulose enamels, although useful as top coats for other paints, 
appear of little use by themselves, whether on bare or on selenium- 
coated metal. This is thought to  be due to their lack of elasticity, a 
disadvantage when dealing with a metal such as magnesium which has 
a high coefficient of thermal expansion. A comprehensive investigation 
is a t present in progress on the effect of both pigment and medium 
on selenium-coated metal.
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APPENDIX.

S o m e  P r o p e r t ie s  o f  Se l e n iu m .

There is generał agreement th a t elemental selenium is not 
poisonous,* but some of its compounds are stated to be so, and 
are believed to act analogously to  those of arsenie and antimony. 
Hydrogen selenide is stated f  to  be more toxic than hydrogen sulphide 
or hydrogen telluride, but in the authors’ experience no danger arises 
from it in the processes mentioned in this paper, partly perhaps owing 
to  the extremely smali concentrations in which it  occurs, and partly 
to  the rapidity with which it  is decomposed in presence of moisture and 
oxygeD J with deposition of selenium. I t  seems probable, however, 
th a t the toxicity of selenium compounds has been over-estimated; 
certainly no ill efiects were felt by Professor G. T. Morgan and his 
assistants in their extensive researches on organie compounds of 
selenium.

Selenium is extremely stable under all normal conditions of exposure; 
it  is even less oxidized than  sulphur by aerial oxygen,§ and is insoluble 
in water. || Unlike sulphurous acid, selenious acid solutions are not 
oxidized by aerial oxygen, and, moreover, do not deposit selenium on 
standing. Exposure to  strong sunlight, however, is stated f  to result 
in a deposition of selenium, and to avoid gradual exhaustion of the 
bath by this means it  should be kept covered when not in use.

Exhaustion of a selenious acid bath will occur in practice due to 
gradual removal of selenium and to  saturation of the liquid with 
magnesium selenite, which will then be deposited on the surfaee of the 
metal as colourless crystals. A t this stage i t  becomes a simple m atter 
to  recover all selenium remaining by addition of hydrochloric acid and 
passage of sulphur dioxide through the heated liquid. The selenium 
which is rapidly precipitated in this way, may be filtered off and 
re-converted to  selenium dioxide by treatm ent with nitric acid.

* Czapek and Weil, Arch. Exp. Path. Pharm., 1893, 32, 438; Woodruff and 
Gies, Amer. J . Physiol., 1902, 6, 29; Lehrmann, Biochem. Zeit., 1923, 134, 390.

t  Forcraud and Fonzes-Diacon, Cornpt. rend., 1902, 134, 171, 229, and 281.
t  Moser and Doctor, Z. anorg. Chem., 1921, 118, 284.
§ Krafft and Steiner, Ber., 1901, 34, 560.
|| Cross and Higgen, J . Chem. Soc., 1879, 35, 249.
"I de Coninck, Compt. rend., 1906, 142, 511.
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DISCUSSION.

Mb. H . S u t t o n ,*  M.So. (M em bcr): This paper is of very great interest to 
me and to  m y colleagues a t  Famborough. I  should, in  the first place, like to 
congratulate the authors on haying conducted some most yaluable experiments 
on the protection of magnesium against corrosion by surface treatm ent. The 
present paper introduces a surface treatm ent for magnesium alloys which is of 
great scientific interest, and one which seems to  be capable of useful technical 
applieation. The problem is one of considerable difficulty; those who have 
actuałly  had experience in  th is field best know the difficulties.

There now appears to  be some accumulation of eyidence to  show th a t 
cleaning the surface of magnesium alloy samples in  nitric or sulphurie aeid, 
and the conseąuent remoyal of the surface layer of the alloy, usually more or 
less contam inated by foreign m atter worked into the alloy during manufacture, 
has a pronounced benefit on the corrosion resistance; the remoyal of the 
contam inated surface layer is adyantageous.

In  th is paper we are giyen some results of comparatiye tests of samples 
trea ted  by the Jiro tka , the  selenium, and the bichromate treatm ent processes. 
If  the J iro tk a  and the bichrom ate treatm ent processes were applied w ithout 
previous aeid cleaning of th e  wrought materiał, the  results should no t be com- 
pared directly w ith  the rest, on account of the known benefit of aeid cleaning. 
Process No. 1 (the I.G . process) entails, of course, the remoyal of a  large 
am ount of m ateriał from the surface.

Do the authors consider th a t the coating contains any selenious aeid, and 
if so do they  th ink  th a t th is helps in  healing discontinuities a t  points where the 
film is dam aged? I  understand th a t they regard magnesium selenide as 
responsible for the self-healing process. This appears to  me to  be a novel and 
highly interesting example of self-healing of a  protective film, and the mechan- 
ism of the self-healing action appears to  be well w orthy of close study.

In  Table V, I  obserye a  very great difference in  the behayiour of duplicate 
samples treated  by the alum dichromate process; one sufiered a loss in weight 
of 4-72 grm. and the other of 0-42 grm. T hat seems an enormous difference. 
The corrosion observed on one of these samples was greater than  th a t of the 
blanks, which to  me is a  yery surprising result. I t  would be of considerable 
in terest to  know if the authors inyestigated the two samples I  have mentioned, 
in  order to  ascertain, if possible, the reason for the very pronounced discre- 
pancy in  the results of the corrosion test. Occasionally we have found th a t 
local segregations in  manganese have given very discordant results in  duplicate 
or triplicate obseryations of corrosion resistance by  sample tests such as these. 
W e have further found th a t there is a very great difference in  resistance to  
corrosion between alloys containing, say, 0-2 per cent. manganese and 0-5 per 
cent. manganese. In  Table I  those percentages are ąuoted  as the lim its of 
manganese content of one of the alloys used in the inyestigation, and we should 
have been yery interested to  see the results of actual chemical analyses made 
on the yarious batches of m ateriał used in  the present research.

The importance of a  high manganese content is clearly shown in  Table IV, 
in which improyed resistance to  corrosion is shown by specimens treated  by all 
the  methods described and also by the blanks. The alloy inyestigated in  this 
case contained 1-3 to  1-7 per cent. of manganese.

W ith  regard to  the failure of cellulose enamels our ideas m ay be a  little  
different from those of the authors. We belieye th a t they  sometimes fail as a 
result of very considerable changes in yolume under changes of humidity.

* Senior Scientific Oflicer and Head of the Metallurgical D epartm ent, Royal 
Aircraft Establishm ent, Fam borough.



160 Discussion on Bengough and Whitbys Paper
I t  would be interesting to  us to  know w hether the authors have trea ted  an 

alloy containing copper. In  some of the chrom ate baths we haye experienced 
difiioulties in  dealing w ith alloys containing copper. There is also, of course, 
difficulty in th e  n itric acid cleaning of alloys containing copper, owing to  the 
tendency of copper to  redeposit.

I  am  inclined to  agree w ith Dr. Bengough’s rem arks in  introducing the 
paper, th a t  a good deal will depend on the behayiour of the protectiye film 
under coats of enamel and  other organie protectiyes.

Captain R. H . A t k in s o n ,*  R .E. : I  should like to  inquire w hether the 
authors have tried  tellurium . I t  is so similar in  properties to  selenium 
th a t th a t is a  ąuestion one is naturally  led to  ask, especially as so many 
different solutions were tried. I f  anything, tellurium  is more “ noble ” th an  
selenium; in  fact, i t  is sufficiently “ noble ” to  be a source of trouble in  the 
refining of the platinum  metals. As to  its  availability, I  th ink  there are 
considerable ąuan tities in  the anodę slimes in  th e  electrolytic copper refineries, 
and a  certain am ount is also obtained as a  by-product in  the refining of the 
platinum  metals from nickel ores.

D r. R . S. H u t t o n  -j- (Y ice-President): The authors’ process for the pro
tection of magnesium looks as though i t  m ight proye ju s t as yaluable and 
effective as the one Dr. Bengough gave the world some years ago for alum in
ium. The im portance of these films, particularly  if they  possess any self- 
healing properties, is so great th a t I  yenture to ask the authors whether it  
would no t be possible to  evolve more rational methods of testing these coatings 
th an  the purely empirical ones which i t  seems still the custom to  employ. 
Obyiously we do w ant to  know w hether alloys when protected in th is way will 
stand  up to  salt-spray tests and so on, b u t could we no t get a  little  nearer to  
the fundam entals ? I t  seems to  me th a t th e  effectiye value of these films 
depends on several different properties. In  the first place, surely they  haye to  
be thoroughly well bedded down on the basis metal. Mr. Sutton referred to 
th e  im portance in  th a t connection of the prelim inary acid or other cleaning of 
the m etal before the coating is applied. There are methods, which have been 
used already in  another direction,J by which we can make a ąuantita tiye test 
of the adhesion of films to  the underlying metal. Is  i t  feasible to  try  to  devise 
some standard  tes t of th is naturę, suitable for protectiye coatings ?

Another im portant property is the porosity of these films—how continuous 
and uniform or fuli of fissures and pores. Surely there again i t  ought to  be 
possible to  devise some simple tes t th a t would indicate the relatiye porosity 
of these films. The protectiye films have also to  be chemically resistant to  a  
rangę of corrosiye m aterials.

All those three properties—and perhaps there are others—are ąu ite  
distinctiye, and dem and individual te s ts ; and, as we have the rare oppor- 
tu n ity  of Dr. Bengough’s presence here to-day, I  p u t forward these ąuestions 
in  the hope th a t now, or a t  some la ter period, he will work ou t for us some 
system atic series of rational tests which m ight be applied ąu ite  generally to  
problems of th is naturę.

Dr. W. R o s e n h a in ,§ F.Inst.M et., F .R .S .  (P ast-P residen t): I  associate 
myself w ith w hat Mr. Sutton said about th e  extraordinary interest and 
praetical im portance of the work described in  th is paper, and also, from a 
little  personal knowledge, I  can support w hat he said as to  the difiiculties en- 
countered in  experiments on subjects of th is  kind.

* Assistant Works Manager, Mond Nickel Co., Ltd., London.
f  Direetor, British Non-Ferrous Metals Research Association, London.
J Nottage, Proc. Boy. Soc., 1930, [A], 126, 630. § London.
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F irst of all, the alloys used, so fa r as I  could gather from, I  am afraid, a  not 

too careful perusal of the paper, were always in  the wrought condition, either 
sheet or extruded m etal ?

Dr. B e n g o u g h  : There was one casting.

Dr. R oseniiain : T hat answers m y ąuestion, because the magnesium 
alloys are largely used a t  the present tim e in the cast condition, and the 
behayiour m ight no t be the sam e; b u t I  am glad to  hear i t  has been 
included.

W ith regard to the character of the film, Dr. H utton  has already pu t some 
of the ąuestions th a t I  w anted to  ask, bu t one I  m ight add concerns the 
electrical insulating properties of this film. I  am not considering i t  so much 
from the corrosion protection point of view, although no doubt electrical 
insulating power is an  im portant factor there, bu t from a much more generał 
point of yiew, both as to  the character of the film and as to  its possible uses in 
other directions. Dr. Bengough is no doubt well aware, as m any of you are, 
th a t the anodic film on aluminium is being used for electrical insulation 
purposes a t  the present time, and we m ay perhaps live to  see magnesium being 
no t exactly self-insulated, b u t alm ost so, in  a similar manner.

T hat raises another ąuestion which attaehes itself very closely to  w hat 
Dr. H u tton  has sa id ; I  refer to  the ąuestion of w hat he called the porosity of 
the film. I  am inclined to  use a more generał term , and say the perm eability 
of the film as measured in th is way. We saw the lightning-like rapid ity  w ith 
which th a t film is deposited when the solution is rubbed oyer a piece of clean 
magnesium. I t  rem inded me yery much of the action of mercuric chloride on 
alum inium ; the a ttack  is eąually rapid. The ąuestion in  m y m ind is, Does 
the film reach a  lim iting thickness very ąuickly ? In  other words, does one 
get in  a few seconds as much protection and as great a weight or thickness of 
film as can be got a t  all, or does the action continue if the exposure to  the 
reagent is prolonged, and can the film be strengthened, possibly, by some form 
of electrolytic action—the application of a current, for instance? These 
ąuestions seem to  me to  be of importance in  connection w ith the y ita l m atter 
of the self-healing property of a film, because I  th ink  th a t i t  has been stated, 
and w ith a good deal of tru th , th a t a proteetiye film is of no use unless i t  is self- 
healing. Any other film is really nothing more than  a paint, although i t  m ay 
be a  yery good paint, and therefore is liable to  damage and the piece is liable 
to  destruction because of slight local injury.

If  the film can definitely be made to  hołd in some form or other the reagent 
from which selenium is further deposited in  a sufficiently definitely attached 
form, so th a t i t  shall no t be washed out readily, even if for th a t purpose i t  is 
necessary to  protect the layer by a  surface coating of some kind, then we should 
get the conditions under which self-healing could be very pronounced; other- 
wise I  find i t  difficult to  see how the mere presence of selenium in one p a rt of 
the film will account for the film being reformed, except over very smali 
fissures. I  gather th a t a t  present its self-healing property is lim ited in  th a t 
way.

Captain Atkinson referred to  the use of tellurium. Personally, I  am  yery 
grateful th a t tellurium was no t used by Dr. Bengough and his colleagues. 
Some of his colleagues did work w ith tellurium for some tim e, and I  had  the 
misfortune for some months to  sit a t  lunch in the same building w ith them. 
I  kept as far away as possible, bu t really i t  became yery difficult, because of the 
ąuite  unavoidable unpleasant effluvium which workers in  th a t m ateriał 
acąuire. I  th ink  th a t i t  will no t be used if i t  can possibly be avoided for any 
industrial purpose whateyer, except possibly in  an  isolated island in  the 
A tlantic or Pacific !

VOL. XLVIII. M
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Mr. W h i t b y  (in reply) : In  reply to  Mr. Sutton’s ąuestion w hether all the 

m aterials were first piclded, I  would say th a t they  w ere; those trea ted  by the 
J iro tk a  process being first pickled in  nitrio acid before being sent for tre a t
m ent. I  cannot say w hether th e  coating contained selenious acid. In  every 
case th e  film was thoroughly washed before being subm itted to  the sea-water 
spray, and, in  v iew of the high solubility of selenious acid, i t  seems rather 
doubtful if more than  a  traee could be left. On the ąuestion of the difierences 
between certain duplicate specimens in  Table V, I  th ink  th a t Mr. Sutton will 
find th a t  m any other duplicates besides those for the  alum -diehrom ate pro
cess have exhibited fairly  large difierences. W e th ink  th a t  i t  is almost 
undoubtedly due to  the local segregation of manganese. We agree w ith 
Mr. Sutton  th a t hum idity  m ay be a factor in producing the breakdown of 
cellulose films. We have no t trea ted  any  alloys containing copper, b u t have 
confined ourselves alm ost entirely to  alloys having the greatest commercial 
use.

Captain A tkinson asked w hether we had  used tellurium . We have used 
it, and  I  have a specimen here which has been coated w ith te llu rium ; I  can 
assure Dr. Rosenhain th a t i t  has no objectionable properties. So far as 
tellurium  is concemed, I  should like to  point ou t th a t  the choice of compounds 
is very lim ited. Tellurium dioxide, unlike selenium dioxide, is insoluble in 
w ater. Tellurous acid is also insoluble in  w ater for all practical purposes, so 
th a t one is confined m ainly to the use of telluric acid or its salts. If  a  solution 
of potassium  tellurite be acidified tellurium  dioxide is precipitated. Another 
point against i t  is its higher cost.

Dr. Rosenhain asked w hether castings had  been treated . There were two 
castings among the specimens which we passed round, and we are also inyesti- 
gating castings of AZG alloy. As to  the insulating properties of selenium, the 
film itself is usually a m ixture of th e  red and grey form s; the grey form is, of 
course, a  conductor, hence I  do no t th ink  th a t the film would be so good an 
insulator as the anodic oxidation film on aluminium. The film can be thickened 
to  a  considerable ex ten t by  inereasing the  tim e of immersion, b u t begins to  
flake ofi after i t  has reached a certain thickness.

CORRESPONDENCE.

T h e  A u t h o r s  (in further reply to the D iscussion): We agree w ith D r. H u tton  
th a t i t  is desirable th a t the characteristic properties of protective films should 
be investigated in  detail. I t  will take a  long tim e to  devise a  set of tests of the 
properties which will predict behayiour in  p rac tice ; the factors are probably 
numerous, and m ay include power of self-healing, insolubility, adhesion, 
continuity, low conductivity, and  chemical and physical stab ility  in  fluctuating 
conditions. The relative im portance of these factors has still to  be ascertained, 
and  un til an immense mass of da ta  has been coliected and correlated w ith 
field tests it  is necessary to  depend m ainly on the la tte r  in spite of their appa- 
ren t crudeness. Field tests m ay, indeed, be defended on the ground th a t 
they  te s t the relevant properties en bloc, and the inform ation obtainable from 
them  is lim ited only beeause they  usually include w hat is presumed to  be 
typically bad, and no t all possible, conditions of exposure, and beeause they  do 
no t usually throw  much light on the mechanism of protection. Laboratory 
investigation is, therefore, desirable to  ąuicken understanding of th e  problems 
involved.

Captain A tkinson will probably be interested in  the following experiments 
w ith tellurium .
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INTERCRYSTALLINE CORROSION OF 
DURALUMIN.*

By A. J . SIDERY,f Assoc.Met. (Sheff.), M b m b e b , K. G. LEW IS.t M.So., 
and H. SUTTON,§ M.So., M e m b e k .

S y n o p s is .

Experiments were carried out to determine the influence of overstrain 
in tension or in compression and of certain modifications of heat-treatment 
on the tendency of Duralumin to  develop intercrystalline corrosion. For 
the purpose of evolving a reliable test which would permit the relative 
susceptibility of yarious samples of Duralumin to  this form of corrosion 
to  be estimated in a reasonable spaee of time several reagents were 
inyestigated. I t  was found tha t partial immersion in a AT-1 solution of 
sodium chloride to  which 1 per cent. (by weight) of hydrogen chloride 
had been added was capable of producing intercrystalline corrosion con- 
sistently in samples of Duralumin where a propensity towards this type 
of corrosion existed. The effect of oyerstrain was examined by subject- 
ing to this test a  number of specimens of heat-treated Duralumin sheet 
to which tensile stress had been applied to produce various degrees of 
permanent elongation and a number of longitudinal strips cut from 
samples of heat-treated Duralumin tube which had been compressed to 
arbitrarily selected stresses above the elastic limit in compression. The 
results of the experiments indicated th a t oyerstrain in tension increased 
slightly the tendency towards intercrystalline penetration, but no 
relation was observed between this tendency and the degree of 
elongation. There appeared, however, to be a critical rangę of stress 
in compression, viz., 14'0-16’9 tons/in.2, for the materiał employed in the 
experiments. Samples which had been compressed in this rangę of 
stress showed the greatest susceptibility. Corrosion tests were made on 
samples of the sheet and tube which had been heated a t yarious tempera
tures in the rangę 470°-520° C., ąuenched in cold or in boiling water, and 
aged a t room temperature with a view tó ascertain the influence of such 
modification of heat-treatment and of ąuencliing medium on the suscepti
bility of the materiał to  intercrystalline attack. I t  was obseryed that, 
in generał, the higher the ąuenching temperature the smaller was the 
tendency of the materiał to  develop intercrystalline corrosion, bu t there 
was, howeyer, an increased tendency towards the pitting form of 
superficial corrosion under the conditions of test employed. Materiał 
ąuenched in boiling water showed a yery much greater propensity 
towards the intercrystalline form of corrosion than did materiał ąuenched 
in cold water or in cold oil.

U n d e r  c e rta in  conditions of use D u ra lu m in  has som etim es been  found 
to  develop a  fo rm  of corrosion w hich p en e tra te s  below  th e  surface of 
th e  m a te ria ł an d  is n o t necessarily  accom panied  b y  v isible corrosion

* Manuseript receiyed Noyember 17, 1931. Presented a t the Annual General 
Meeting, London, March 9, 1932.

f  Scientific Officer, Royal Aircraft Establishment, Famborough.
J Assistant Lecturer in Metallurgy, The College of Technology, Manchester.
§ Senior Scientific Officer and Head of the Metallurgical Department, Royal 

Aircraft Establishment, Famborough.
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produet on the surface. In  the early stages the generał effeet of this 
form of attaok, which is intercrystalline in character, is a marked 
reduction in the ductility of the materiał and a somewhat smaller 
decrease in maximum stress.

Rawdon 1 asserts th a t this deterioration results from sources out- 
side the Duralumin, and th a t it  is not a spontaneous disintegration of 
the metal itself. He also states th a t no distinct eyidence of a structural 
condition a t the grain boundaries which would definitely account for 
the intercrystalline corrosive attack has yet been found in the micro- 
structure of Duralumin sheet,2 and th a t the propensity of the materiał 
for intercrystalline corrosion is intimately bound up with the method 
of heat-treatm ent used.3

Pessel4 carried out some interesting experiments in which speci
mens of Duralumin sheet, which had been subjected to  pressure shortly 
after heat-treatm ent and aged while under pressure, were submitted 
to  corrosion tests in comparison with materiał similar as regards com- 
position and heat-treatm ent, bu t which had been aged in the normal 
manner. His results indicated th a t materiał aged under pressure 
sufEered a slightly smaller loss of tensile strength and ductility after 
corrosion than  did the alloy aged w ithout the application of pressure.

Grogan and Clayton 5 suggest th a t compressive stresses in the sur
face layers of cold-water-quenched Duralumin being much higher than 
those in boiling-water-quenched materiał account for the difference 
between these materials in resistance to  intercrystalline corrosion.

Von Zeerleder 6 investigated the effeet of cold- and warm-water 
quenching in the finał heat-treatm ent of an alloy of the Duralumin 
type. Quenching in water a t 50° C. and ageing a t 50° C. were found 
to  have no eflect on resistance to  corrosion.

Meissner 7 investigated the deterioration of “ super-Duralumin ” by 
corrosion as infłuenced by ageing temperature.

In  the present paper experiments are described which were made 
to determine the effects of overstrain and also of certain modifications 
of heat-treatm ent on the tendency of Duralumin towards intercrystalline 
corrosion.

For the purpose of these experiments it  was considered desirable 
to  develop a form of corrosion test which would enable the suscepti- 
bility of the materiał to intercrystalline corrosion to  be determined and 
which would give consistent results in a reasonable space of time.

A series of exploratory corrosion tests of the “ water-line ” type 
was made on samples of 20-S.W.G. British Duralumin sheet having 
three conditions of surface, viz., “ as heat-treated,” “ sand-blasted,” 
and “ scratch-brushed,” in order to afford information on the influence 
of the type of surface on the susceptibility to  intercrystalline corrosion.
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The samples had been previously heated for 15 minutes a t 490° C. 

in an electric muffle furnace, then quenched in cold water (temperature 
18°-20° C.) and allowed to “ age ” a t room temperature for a t least 
8 days.

The sand-blasting was carried out with fine silica sand used a t a 
pressure of 6-8 lb./in.2, whilst in the scratch-brushing operation care 
was taken to obtain a uniform surface finish on the samples.

The suitability of the following reagents as corroding media was 
investigated:—

(1) Natural sea-water (obtained from the English Channel).
(2) N -1 solution of sodium chloride.
(3) Aqueous solution containing 1 per cent. (by weight) sodium

chloride -f- 0-5 per cent. (by weight) sodium bicarbonate.
(4) Mylius’ reagent, consisting of an aqueous solution containing

1 per cent. (by weight) sodium chloride +  3 per cent. (by
weight) hydrogen peroxide.

(5) N -1 solution of sodium chloride to which 1 per cent. (by weight)
of hydrogen chloride had been added.

(6) N -l  solution of sodium chloride to which 3 per cent. (by weight)
of hydrogen chloride had been added.

A standard volume, viz. 250 c.c., of each of the above solutions was 
measured out into glass vessels which were supported in a large 
mechanically-stirred water-bath, the temperature of the solutions being 
maintained thermostatically a t 20° C. ±  0-1° C. and losses due to 
evaporation being replaced by frequent additions of the requisite 
amounts of distilled water. Samples in each of the three surface 
conditions were suspended in each of the above reagents so .that a 
total area of 50 cm.2 of rolled surface was immersed, the upper portions 
of the specimens being coated with paraffin wax down to approximately 
5 mm. from the “ water-line ” in order to prevent creeping of the 
solution and to localize the formation of corrosion product.

The samples were immersed in this manner for 14 days, with the 
exception of those eases where Mylius’ reagent was used. In  these 
instances the period of immersion was 3 days.

A t the conclusion of the test period the samples were sectioned

The results of microscopical examination of these preliminary 
specimens indicated tha t, of the three surface conditions investigated, 
a sand-blasted surface afforded the greatest facility to intercrystalline 
attack of the materiał. As this type of surface could be produced 
reasonably consistently, the surfaces of subsequent specimens were 
prepared in this manner, except where otherwise stated. Further, a
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2V-1 solution of sodium chloride to which 1 per cent. (by weight) of 
hydrogen chloride had been added was capable of producing inter- 
crystalline corrosion consistently in Duralumin, in cases where a 
tendency towards this type of corrosion existed, in short-time tests of 
the type employed. This solution was considered to be the best of 
the reagents investigated and was selected for subseąuent experiments.

P art I.-— I nfluence  of Oyerstrain  in  Te n sio n  or in  Compression.

For information on the efiect of overstrain in tension or in com
pression on the tendency of Duralumin to  develop intercrystalline 
corrosion, a series of tests was made on samples of recently manu- 
factured British Duralumin sheet and tube, the sheets being 6  ft. X  2  ft. 
X  0 -0 3 6  in. thick and the tube 2  in. external diameter, 0 -0 6 4  in. thick, 
and approximately 12 ft. long.

The composition of the materials as determined by chemical analysis 
was as follows :—

Sheet No. 1. Sheet No. 2. Tube.

Silicon, per cent. 
Copper, „ 
Manganese, „ 
Magnesium, ,, 
Iron, ,, 
Tin,
Zinc, „ 
Nickel, ,, 
Aluminium, „

0-28
4-02
0-63
0-59
0-48
nil
nil
nil

remainder

0-19
4-25
0-59
0-40
0-48
nil
nil
nil

remainder

0-34
4-10
0-59
0-40
0-42
nil
nil
nil

remainder

The results of mechanical tests made on samples of the materials in 
the condition “ heated a t 490° C. for 15 minutes in an electric muffle 
furnace, quenched in cold water and aged a t room temperature for 
8 days ” were as folio w :—

Sheet No. 1. Sheet No. 2. Tube.

In  Direction 
of Rolling.

Normal to 
Direction of 

Rolling.
In Direction 
of Rolling.

Normal to 
Direction of 

Rolling.
Com

pression.

Tension. Tension. Tension. Tension.
Elastic limit, tons/

in.2 .

op00 7-5 9-7 9-5 10-5
0-1 per cent. Proof

Stress, tons/in.2 14-7 14-2 15-6 13-2 14-9
0-5 per cent. Proof

Stress, tons/in.2 16-4 16-0 17*3 15-2 1 7 0
Maximum Stress,

tons/in.2 . 25-1 25-0 26-7 28-0 17-8
Elongation, per

cent. 20-0 18-0 1 4 0 18-0
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Samples of Duralumiit Sheet after 14 days’ immersion in N -l 
Sodium Chloride solution to which 1 per cent. (by weight) 
of Hydrogen Chloride had been added.

Left. Quenched in boiling water in heat-treatment. 
Right. ,, ,, cold „ ,, ,, ,,
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The microstructure of a longitudinal section. of the sheet cut per- 

pendicularly to the rolled surface, polished, and etched with a reagent 
consisting of equal parts by volume of 5 per cent. hydrofluorie acid 
and 10 per cent. nitric acid is shown in Fig. 1 (Platę X II) X 100, and 
th a t of a section of the tube cut in a piane normal to the surface and 
parallel with the axis is shown in Fig. 2 (Platę X II) X 100. The grains 
of the tube were finer and more nearly equiaxed than those of the 
sheet.

For experiments on the influence of strain in tension, tensile test- 
pieces were prepared from sheet No. 1 having test-length dimensions

Fig. 3.—Curve showing the Relationship Percentage Elongation-Stress applied 
(tons/in.2) in Duralumin which was given Normal Finał Heat-Treatment, 
“ Aged ” in Air a t Koom Temperature, and Stressed in Tension to  give 
various Degrees of Elongation.

------O 1—— Samples cut in the direction of rolling.
■----- X-------- Samples cut normal to the direction of rolling.

of 10 X l -25 cm. After stress had been applied to secure the desired 
degree of permanent elongation, the heads of the test-pieces were cut 
off, leaving a sample 10 X 1-25 cm. for corrosion test. Some of the 
test-pieces were cut with their axis in the direction of most rolling of 
the sheet and others with their axis normal to th a t direction. Un- 
stressed samples were included in each series of corrosion tests for 
purposes of comparison.

The average stresses reąuired to give the requisite amounts of 
permanent elongation are shown in Table I  and are represented 
graphically in Fig. 3.
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Table I.

Samples Stressed in the 
Direction of Rolling.

Samples Stressed Normal to the 
Direction of Rolling. Elongation, per cent.

16-4 1 6 0 1
18-3 17-9 2
19-5 1 9 1 3
20-8 20-4 4
21-6 21-4 5
22-3 22-2 6
23-9 23-4 8
24-4 2 4 0 10
25-5 25-3 15

25-4  (failure) 1 6 1
25-9  (failure) 17-8

Strain in compression was applied to  tubular specimens, 3-125 in. 
long, cut from tbe 2-in. diameter tube. After stress bad been applied 
to  produce tbe desired degree of permanent strain in compression, tbe 
specimens were cut into longitudinal strips 1-25 cm. wide for use in 
tbe corrosion tests. Since strain in compression of tubes was, under tbe 
conditions employed, probably not uniform over tbe test lengtb, 
tbe samples were subjected to arbitrarily selected stresses above tbe 
elastie limit in compression.

As in tbe preliminary experiments, tbe corrosion tests were of tbe 
“ water-line ” type, employing 250 c.c. of tbe N -l  sodium cbloride 
solution containing 1 per cent. (by weigbt) of bydrogen cbloride in 
eacb case as tbe corroding medium. Tbe temperature of tbe latter 
was maintained tbermostatically a t 20° C. ±  0'1° C. during the tests, 
which were of 14 days’ duration.

The generał procedure was to heat the samples a t 490° C. for 15 
minutes, quench in cold water (18°-20° C.), allow them  to age for a t 
least 8 days a t room temperature, and then to  give them  the desired 
amount of strain, if any, in tension or compression. In  some cases 
the specimens were stressed immediately after heat-treatm ent and 
allowed to  “ age ” while in the corroding medium.

Before being subjected to  corrosion test the surfaces of the specimens 
were sand-blasted and the upper portions of the samples coated with 
paraffin wax down to 5 mm. from tbe “ water-line ” to prevent excessive 
creeping of the solution. The following are observations made on tbe 
various batches of samples tested.

Series I .  Samples Heat-Treated, Aged, Słrained in  Tension, and then 
Subjected to Corrosion Test.

After the samples had been cleaned and washed, i t  was seen th a t 
the p itted areas were elongated in the direction of rolling. Micro- 
scopical examination reyealed seyere pitting and coarse, irregular
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intercrystalline corrosion on all the samples. The samples stressed 
normally to the direction of rolling were the most severely attacked.

Series I I .  Samples Strained in  Tension Immediately after Heat-Treat- 
ment and Quichly Transferred to Corroding Reagent.

The samples appeared superficially to  have behaved in the same 
manner as normally aged materiał. Intercrystalline corrosion was 
fairly generał throughout the series. The samples stressed normal to 
the direction of rolling to  8 and 12 per cent. elongation contained smali 
areas of typical intercrystalline corrosion.

On the whole, corrosion was not quite so severe as in samples aged 
before being strained and subjected to  corrosion test.

Series I I I .  Samples Heat-Treated, Aged, Strained in Compression, and 
then Subjected to Corrosion Test.

Samples were cut from lengths of tube which had been subjected 
to compressive loads of 11*5, 13-0, 14-0, 15-5, 16-9, and 21-3 tons/in.2, 
respectively, after heat-treatm ent and ageing. Under a load of 21-3 
tons/in.2 buckling of the tube was observed a t one end.

Corrosion tests were made on the strained samples and also on 
samples of unstrained materiał.

A tendency was observed for an “ oval ” form of corrosion, as 
illustrated in Fig. 4 (Platę X III), to develop in the unstrained specimens 
and in those which had been most highly stressed. Pitting was observed 
on practically all the specimens. The samples which had been stressed 
in the rangę 14-0-16-9 tons/in.2 were the only ones which showed 
typical intercrystalline corrosion. The overstrain produced by the 
application of compressive stress in the rangę 14-0-16-9 tons/in.2 
appeared to be critical as regards the tendency of the materiał towards 
intercrystalline corrosion. This observation was confirmed by the 
results of tests made with several other reagents.

In  order to ascertain whether this rangę of stress when applied in 
tension would produce overstrain corresponding with a maximum 
degree of susceptibility of the materiał to  intercrystalline attack, 
strips were cut from the tube, heat-treated, aged, and machined to the 
form of tensile test-pieces having a gauge-length of 10 cm. and a width 
over the gauge-length of 1-25 cm, These were then stressed as follows:—-

Sample No. Stress Applied. Tons/in.2.
Permanent Elongation. 

Per cent.

1 140 01
2 15-5 0-2
3 16-9 1-2
4 21-9 5-0
5 25-0 100
6 27-7 (failure) 140
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Corrosion tests of a similar naturę to those employed, in the case of 

previous samples strained in tension were then made on the specimens, 
which were subsequently examined microscopically.

The microscopical examination revealed very little typical inter
crystalline corrosion among this series of samples as compared with the 
corresponding batch of specimens strained in compression. The 
samples stressed in the rangę 14-0-16-9 tons/in.2 did not exhibit any 
marked tendency towards the above form of corrosion; for instance, 
the sample which had been stressed a t 15-5 tons/in.2 was merely 
pitted.

Effect o f Aeration of Corroding Agent.

In  order to  ascertain the effect of aeration on the behaviour of 
Duralumin samples under corrosion test, a series of specimens of the 
sheet 10 cm. X 1-25 cm. was given the normal finał heat-treatm ent 
(i.e., heated a t 490° C. for 15 minutes and ąuenched in cold water) 
and subjected to corrosion tests in the foliowing conditions :—

Series A—Heat-treated and immediately subjected to corrosion test. 
Series B—H eat-treated, aged, and subjected to  corrosion test.
Series C—H eat-treated, aged, strained in tension, and subjected to 

corrosion test.

The reagents employed for series A and B consisted of :—

(1) Natural sea-water (from the English Channel).
(2) iV-l solution of sodium chloride.
(3) Solution containing 1 per cent. (by weight) of sodium chloride +

0-5 per cent. (by weight) of sodium bicarbonate.
(4) N -1 solution of sodium chloride to which 1 per cent. (by weight)

of hydrogen chloride had been added.
(5) N -1 solution of sodium chloride to  which 3 per cent. (by weight)

of hydrogen chloride had been added.

In series A and B samples having three types of surface, viz., “ as 
heat-treated,” “ sand-blasted,” and “ scratch-brushed,” were subjected 
to test in each reagent. In  the case of series C, “ sand-blasted ” surfaces 
and reagent (4) only were employed. The corrosion tests were of the 

water-line ” type hitherto employed, but bubbles of air were caused 
to impinge on a definite area of each sample a t a depth of 4 cm. from 
the “ water-line.” The bubbles were ejected a t regular intervals from 
glass capillary tubes. The tests were of 14 days’ duration, a t the end 
of which the specimens were microscopically examined.

Observations on the various series are given below.
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Series A .
All the samples immersed in the acid solutions showed greater 

corrosion than  the rest. The former all showed some coarse and 
irregular intercrystalline corrosion. The samples immersed in the 
solution containing sodium bicarbonate also showed irregular inter
crystalline corrosion in places. Generally, the effect of aeration 
appeared to be to inerease corrosion slightly near the point of 
impingement.

Series B.
A smali amount of intercrystalline corrosion was observed on the 

samples immersed in the reagent containing sodium bicarbonate. 
Those immersed in the acid solutions showed much irregular inter
crystalline corrosion of both the coarse and fine varieties and, also, 
the “ oval ” form of corrosion.

Series C.
This series included samples strained in tension in the direction of 

rolling and samples strained in tension normal to the direction of 
rolling, the rangę of elongation being similar to  th a t employed in 
preyious experiments.

Throughout the series pitting and irregular intercrystalline attack 
were fairly generał. The “ oval ” form of corrosion predominated in 
the lower portions of those samples which had been strained in the 
direction normal to  th a t of rolling.

P a r t  II.—I n f l u e n c e  o f  Q u e n c h in g  i n  B o il in g  W a t e r  C o m p a r e d  
WITH THAT OF Q u ENCIIING  IN  COLD W A TER IN  F lN A L  H e AT- 

T r e a t m e n t .

In  view of the faet th a t hot water is sometimes used in practice as 
the quenching medium in the finał heat-treatm ent of Duralumin, with 
the object of accelerating age-hardening or of reducing distortion due 
to  internal stresses, the effect of quenching in boiling water on the 
corrosion-resistance of the materiał was compared with th a t of quench- 
ing in cold water. Samples 10 cm. X 1-25 cm. cut from sheet No. 2 
and samples of tube as used in P art I  of the paper were heated a t 
490° C. for 15 minutes in an electric muffle furnace and ąuenched in 
boiling water, or, altematively, in cold water a t 18°-20° C.

For information on the influence of strain in conjunction with the 
above modification of heat-treatment, samples of sheet which had been 
heat-treated, ąuenched in boiling or in cold water and aged, were 
strained in tension in or normal to  the direction of most rolling so as 
to produce 1, 5,10, and 15 per cent. permanent elongation, and samples
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of tube wbich had been heat-treated, quenched in boiling or in cold 
water and aged, were strained under compressive loads of 12, 15, and 
17-7 tons/in.2 and then cut longitudinally into strips 1-25 cm. wide, 
as in the  experiments described in P art I.

Both sets of samples were sand-blasted lightly and then subjected 
to corrosion test in a N -1 solution of sodium chloride containing 1 per 
cent. (by weight) of hydrogen chloride, the conditions of the tests being 
the same as those employed in P a rt I.

Obseryations made on the samples after microscopical examination 
a t the conclusion of the corrosion tests were as follow :—

(i) Unstrained Samples.
The specimens which had been quenched in boiling water exhibited 

typical intercrystalline corrosion, the  corrosion of the cold-water- 
quenched specimens being more of the naturę of pitting.

Fig. 5 (Platę X III) x  100, shows sections of two samples of 
Duralumin sheet cut normal to the direction of rolling. The specimen 
shown on the left was quenched in boiling water and th a t on the 
right quenched in cold water.

(ii) Samples of Sheet Strained in  Tension in  the Direction of Rolling.
The samples which had been quenched in boiling water were all

severely attacked by intercrystalline corrosion, generally of the typical 
form. The cold-water-quenched specimens were more seriously pitted 
than  those quenched in boiling water, bu t were relatively free from 
intercrystalline attack. Some areas exhibiting the “ oval ” form of 
corrosion were observed, however.

The further below the “ water-line,” the coarser was the corrosion 
both as regards pitting and intercrystalline attack and, in the cold- 
water-quenched samples, the greater the tendency to the “ oval ” form 
of corrosion.

(iii) Samples of Sheet Strained in  Tension Normal to the Direction of 
Rolling.

The intercrystalline corrosion observed in this series was confined 
to  the boiling-water-quenched specimens, from the immersed portions 
of which appreciable amounts of materiał had been removed. The 
specimens quenched in cold water were, in most cases, p itted  severely.

(iv) Samples o f Tube Strained in  Compression.
Coarse and typical forms of intercrystalline corrosion were observed 

in all the boiling-water-quenched samples, and in the cold-water- 
quenched samples subjected to the heavier compressive loads the
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typical variety was also present. The remainder of the cold-water- 
cjuenched specimens showed somewhat irregular intercrystalline corro
sion. Unstrained samples cut from cold-water-quenched pieces of the 
tube showed the “ oval ” form of corrosion a t the lower portions, 
i.e., tbe parts which had been more deeply immersed in the corroding 
medium. Intercrystalline corrosion was finest in the yicinity of the 
“ water-line,” and tended to become coarser towards the lower extremity 
of the specimens.

Effect of Quenching in  Oil.
In  order to  ascertain whether ąuenching in oil afiected the sus- 

ceptibility to intercrystalline corrosion, samples of the sheet were heat- 
treated a t 490° C. for 15 minutes and quenched in whale oil a t room 
temperature. After removal of the oil, the samples were allowed to 
age a t room temperature.

“ Water-line ” tests were then made on the specimens in natural 
sea-water and also in N -l  sodium chloride solution to  which 1 per cent. 
(by weight) of hydrogen chloride had been added, the tests extending 
over a period of 14 days.

On examining the specimens microscopically, it  was found th a t the 
extent and character of the corrosion were practically identical with 
those observed in the cold-water-quenched samples.

P a r t  III .—E f f e c t  o f  M o d if i c a t io n  o f  T e m p e r a t u r e  o f  H e a t -
T r e a t m e n t .

Samples cut from sheet No. 2 in the direction of rolling and samples 
of the tube were beated in an electric m u le  furnace for 15 minutes a t 
temperatures of 470°, 480°, 490°, 500°, 510°, and 520° C. and quenched 
in cold or in boiling water. Ageing of the specimens was then allowed 
to take place a t room temperature over a period of a t least 14 days.

Microscopical examination of sections taken from specimens 
quenched from the diiierent temperatures and fully aged revealed no 
apparent difierences in microstructure. No indications of incipient 
melting were observed in the specimens quenched from 520° C., which, 
in common with the other samples, showed fairly large grains of CuA12 
which apparently had not been in solid solution.

Corrosion Tests.
Corrosion tests under conditions similar to  those obtaining in the 

preceding experiments, and employing the acidified sodium chloride 
solution as corroding agent, were made on samples quenched from 
each of the above-mentioned temperatures in cold water (18°-20° C.) 
and on a corresponding set of samples quenched in boiling water.
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The results of microscopical examination of the various groups of 

specimens after corrosion test were as follow :—

Sheet Quenched in  Cold Water.
This series showed a greater tendency towards intercrystalline 

corrosion in the low-temperature-ąuenched than  in the high-tempera- 
ture-quenched samples, those ąuenched from 470°, 480°, and 490° C. 
being the only samples to  exhibit any typical intercrystalline corrosion. 
The converse was true as regards superficial corrosion, the  greatest 
amount of pitting and the “ oval ” form of corrosion being observed 
on the samples ąuenched from the three higher temperatures, namely, 
500°, 510°, and 520° C. The “ oval ” form of corrosion was confined 
to  areas well below the “ water-line.”

Tube Quenched in  Cold Water.
Pitting was observed on all specimens. The tendency towards 

intercrystalline corrosion was again less on the specimens ąuenched 
from the higher temperatures. Irregular intercrystalline corrosion 
was fairly generał throughout, bu t the typical yariety was confined to 
the samples ąuenched from the two lowest temperatures, i.e., from 
470° and 480° C.

Sheet Quenched in  Boiling Waler.
This series was characterized by the irregularity of type and extent 

of corrosion. P itting was present on all specimens. Typical and 
coarse intercrystalline corrosion was exhibited by the samples ąuenched 
from the three lowest temperatures, whilst on the remaining three the 
intercrystalline attack was irregular in character. The “ oval ” form 
of corrosion was again found only on the more deeply immersed portions 
of specimens ąuenched from the three highest temperatures.

Tube Quenched in  Boiling Water.
Typical and generally coarse intercrystalline corrosion was shown 

by all samples. The specimens ąuenched from the three higher tem 
peratures exhibited irregular intercrystalline attack  and also the 
“ oval ” form of corrosion.

Mechanical Tests.
W ith the object of ascertaining the influence of the above-mentioned 

modifications in heat-treatm ent on the mechanical properties of the 
materiał, tensile and “ limiting radius ” bend tests were made on 
specimens from sheet No. 2 after heat-treatm ent and ageing. H ard
ness tests were made on the samples with the aid of a Yickers diamond 
hardness testing machinę immediately after heat-treatm ent, and then



a t interyals as age-hardening proceeded. The indentations were made
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The results of the tensile tests, which are giyen in Table I I  and are 
own graphically m Fig. 6, indicate generally th a t the cold-water- 

quenched materiał was yery slightly superior to materiał ąuenehed in
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boilmg water, except as regards limit of proportionality, the yalues of 
which appeared to be somewhat erratic. The percentage elongation 
was greater on those specimens which were ąuenehed from the higher 
temperatures.

Table I I I  shows the results of the limiting radius bend tests. The 
radius (r) of bend is giyen in terms of the thickness (t) of the sheet,
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Table II.

Quenching Temperature 
(° 0.).

Quenched in Cold Water. Quenched in Boiling W ater.

470. 480. 490. 500. 510. 520. 470. 480. 490. 500. 510. 520.

Acting Length, in. 2 2 2 2 2 2 2 2 2 2 2 2
Limit of proportionality,

tons/in.2 . 10-6 10-1 10-2 9-8 9-9 9-2 10-8 9-7 11-5 9-4 10-3 11-6
0-1 per cent. Proof stress,

tons/in.2 . 13-2 14-8 14-7 15-0 14-7 14-6 13-3 14-1 14-3 14-5 14*8 15-1
0-5 per cent. Proof stress,

tons/in.2 . 15-3 16-0 16-5 16-8 16-8 16-7 15-5 16-8 16-1 16-8 16-8 17-1
Ultimate stress, tons/in.2 25-0 27-1 25-8 26-1 25-9 26-1 24-7 26-0 25-6 25-9 26-2 26-6
Elongation, per cent. . 15-0 17-0 18-7 20-0 22-0 21-5 16-0 18-0 18-0 19-0 19-0 21-0
Young’s modulusx 10~®,

lb./in.2 . 10-4 10-5 10-1 10-6 10-4 10-4 10-0 10-4 10-0 10-4 10-5 10-3

Table III.

Quenching Temperature, ° O. 470. 480. 940. 500. 510. 520.

Quench- 
ing 

Medium.

r  =
Cold W ater

I t  c
2 t uc

l t  c 
2 t uc

l t  C
2t uc

l t  c 
2 t uc

l t  c 
2 t  uc

c
l t  uc

Boiling W ater l t  c 
2 t uc

ł t  c 
l t  uc

i t  c 
I t  uc

J t  c 
l t  uc

c
l t  uc

J t  c 
l t  uc

and the abbreviations “ c ” and “ uc ” denote “ cracked” and “ un- 
cracked ” respectively.

The results of the hardness tests, shown graphically in Figs. 7 and 8 
(Plates XIV and XV), indicated th a t modification of the conditions of 
heat-treatm ent within the scope of these experiments had only a very 
slight effect on the hardness attained after complete ageing. The 
samples ąuenched in boiling water age-hardened very rapidly during 
the first few hours.

SuMMARY AND DlSCUSSION OF R e SULTS OBTAINED.

The tests have shown th a t it  is possible to develop intercrystalline 
corrosion in Duralumin in laboratory tests of short duration.

Under the conditions of the corrosion tests, it  was found th a t the 
corroding media employed in the earlier experiments showed differing 
degrees of ac tm ty  in producing intercrystalline corrosion. Several 
reagents, viz., the Mylius solution, and the more strongly aeid solution 
of sodium chloride, were very potent in producing in practically all the 
samples tested a form of intercrystalline corrosion diSering somewhat 
from the typical form, and also the typical variety where the Duralumin 
was in a susceptible condition. The former, here described as “ oval,” 
appears to be a coarse form of intercrystalline corrosion, in which 
corrosion probably proceeds round smali aggregates of grains.
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In short-time tests of this kind, the N -1 solution of sodium chloride 

containing 1 per cent. (by weight) of hydrogen chloride was considered 
to be the most suitable of the reagents employed.

Samples of Duralumin which had been heat-treated, aged in air, 
and then subjected to attack by a suitable corrosive agent, showed 
somewhat greater susceptibility to intercrystalline corrosion than did 
samples which had been heat-treated and allowed to “ age ” during 
immersion in the reagent.

The results of the experiments on materiał strained in tension 
indicated th a t cold-work increased slightly the tendency towards 
intercrystalline corrosion, but no relation between this tendency and 
the degree of elongation was observed.

On the other hand, there appeared to be a critical rangę of stress in 
compression, viz., ] 1-0-16-9 tons/in.2. The samples of Duralumin tubo 
which had been compressed in this rangę of stress showed the greatest 
susceptibility.

On the whole, Duralumin sheet strained transversely with respect 
to the direction of rolling was found to be more liable to penetration 
by intercrystalline corrosion than was similar materiał strained in the 
direction of rolling.

I t  was observed th a t where intercrystalline corrosion occurred in 
non-aerated reagents, it  was usually more abundant in the vicinity 
of the water-line.

When bubbles of air were caused to impinge on a specimen partly 
immersed in a corrosive reagent, the effect of aeration generally seemed 
to be to  increase corrosion slightly near the point of impingement.

The results of corrosion tests on both sheet and tube indicated 
th a t the higher the ąuenching temperature, the smaller was the tendency 
of the materiał to develop intercrystalline corrosion. In  the materiał 
ąuenched from the higher temperatures employed, there was, however, 
an increased tendency towards the pitting form of superficial corrosion. 
In samples ąuenched in boiling water, the tendency towards inter
crystalline corrosion was much greater than in those ąuenched in cold 
water.

The results as regards the increased tendency of Duralumin ąuenched 
in hot water towards intercrystalline corrosion, and the reduced tendency 
of Duralumin ąuenched from temperatures of 500°-520° C. towards this 
form of corrosion compared with th a t ąuenched from lower tempera
tures, are in accordance with the experience of American investigators. 
Rawdon 3 states th a t “ sheet materiał ąuenched in hot water shows a 
very much greater tendency towards intercrystalline corrosion than the 
same materiał after being ąuenched in cold water.” On the influence 
of temperature in finał heat-treatment the same author remarks :
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“ If the tem perature is somewhat below th a t a t which complete solu- 
bility of the alloy constituents is attained, the materiał will not be 
fully heat-treated, and the corrosion-resistance will be relatively low.” 
This conclusion, however, appears to be based on tests of samples 
quenched either from 500°-510° C. or from 425° C. The results of the 
present experiments are to  some extent confirmatory, bu t Rawdon’s 
suggestion of the complete solution of the alloy constituents being the 
leading factor in securing low tendency to  intercrystalline attack 
appears to be open to question, sińce Duralumin sheet heat-treated a t 
520° C. still contained particles of CuAl2 which apparently had not 
been in solid solution. I t  seems probable th a t the rate of cooling 
through the rangę of temperature in which deposition of the CuA12 
and other constituents would occur freely on slow cooling may be the 
governing factor. Since 490° C. lies very close to the upper lim it of 
this rangę for Duralumin, ąuenching from this temperature would be 
expected to  give a slower rate of cooling through the upper portion of 
the rangę.

As regards the greater tendency, observed in these experiments, of 
Duralumin quenched from 500° to 520° C. toward the pitting or super- 
ficial form of attack, the la tte r is the  less serious of the two types of 
attack normally observed in corroded Duralumin, sińce the extent of 
the corrosion is much more apparent than  in the intercrystalline type. 
Moreover, i t  is possible th a t the immersion tests employed in the 
present experiments are more favourable to this form of attack than 
exposure to  marinę atmosphere would be.

The experiments on the effect of variation of quenching temperature 
on the mechanical properties of finally heat-treated and aged Duralumin 
have been made so far only on samples cut from a single sheet of 
20-S.W.G. materiał. The results indicate th a t the ultim ate stress, 
0-1 and 0-5 per cent. proof stresses, and Young’s modulus values of the 
m ateriał cold-water-quenched and aged were nearly the same as, but 
very slightly higher in generał than  those obtained on the materiał 
boiling-water-quenched from corresponding temperatures and aged. 
In  generał, the effects of variation of quenching temperature in the 
rangę 490°-520° C. had very little  effect on the tensile or on the bending 
properties. The hardness of heat-treated and aged materiał as recorded 
by Vickers hardness tests was not sensibly affeeted by modification of 
quenching tem perature within this rangę.

A cknow ledgm ents.
The work described in the paper was carried out for the Air Ministry 

and under the direction of the Alloys Sub-Committee, Aeronautical 
Research Committee.



The authors desire to  express their thanks to the Director of 
Scientific Research, Air Ministry, for permission to  publish this paper. 
They gratefully acknowledge the valuable assistance rendered  by 
Mr. C. W. George in the preparation of the photomicrographs, and by 
Mr. W. D. Douglas in providing facilities for the stressing of the 
vanous specimens. The authors also wish to record their indebtedness 
to Dr. L. Aitchison, Dr. G. D. Bengough, and Mr. U. R. Evans, M.A., 
for their kind interest and suggestions a t the outset of this work! 
The authors’ thanks are also due to the Controller, His Majesty’s 
Stationery Office, for permission to publish the results of the work 
in the present form.

REFERENCES

l f -  Kawdon, Not. Admsory Gttee. for Aeronaulics, Tech. Notes, No. 282, 1928.
3 t t  q iVaW^ 0n’ at Ądmsory Cttee. for Aeronautics, Tech. Notes, No. 283, 1928. 

f1* o. Kawdon, Nat. Advisory Cttee. fo r Aeronautics, Tech. Notes. No. 284 1928*

r ^ S r w S ^ s T ! 930’23> 77u-777’ ais° Metauur*ist <sû -
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DISCUSSION.
D r . W. R o s e n h a in ,*  F.Inst.M et., F .R .S. (Past-P residen t): I  know th a t 

tliere a,re others here who are probably more interested in the details of this 
paper than  I  am, and who really ought to  commence th is discussion but 
as they  seem shy about domg so, I  w ant to make one or two rem arks in 
connection w ith one aspect of the subject. I t  has been m y experience in 
exammmg a good deal of Duralum in whieh has undergone intercrystalline 
corrosion, th a t apparently  the structural elements which are formed by 
stam pm g im mediateły after ąuenohing, and therefore during the a^eing or 
before the ageing process has been completed, liaye suffered much more 
rapidly than  other parts which were hot-rolled or cold-rolled and afterwards 
heat-treated and aged. T hat yiew; of course, has been sta ted  before and 
1 have no doubt th a t its echo is to  be seen in  th is paper in  the experiments 
on the effect of oyer-strain. Those experiments are very interesting and 
their conolusions are also suggestiye, b u t I  should like to  point out th a t they  
are no t quite conclusiye, because, in  m y yiew, the influence of over-strain 
particularly if carried out before the ageing has been completed, does not 
I10,1.11 tbe fac t th a t the m etal has been subjected to  plastic deformation, bu t 
m  tbe tac t th a t senous residual stresses have probably been left in it. S tam p
mg and deformation into corrugated shapes alm ost ineyitably 'leave the 
materiał m  a  self-stressed condition, and, if the ageing occurs after th a t i t  
m ay actually occur unevenly as a  conseąuence of th a t s ta te  of affairs and 
m  any case, i t  intensifies th a t self-stressed condition. I  have alwayś 
imagmed, m  the cases which I  have seen, th a t i t  was this self-stressed con- 
dition which was the real cause of the acceleration of intercrystalline corro-

* London.
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sion. I t  is true  th a t  certain American obseryations appear to  give the very 
reverse of th e  experience which I  have described. The actual parts  con- 
sidered were the parts  of some airships, and in m y case the channel sections 
of the airship girders were practicafiy uncorroded, w hilst the th in  bracmg 
m ateriał was heayily attaoked by  intercrystalline corrosion, whereas the 
Americans described the exact converse from their obseryations. I  can 
only th ink  th a t  the difference m ust be due to  some very wide difierence m  
the method of working adopted. I  belieye th a t they  do their deformmg in 
rather a different way, and  a  possible result is th a t in  their case the channels 
were more seyerely self-stressed th an  the bracing stampings.

I  repeat th is experience, which I  have mentioned before on vanous occa- 
sions, because I  should very much like to  have seen th is paper completed by some 
experiments, which I  adm it are no t easy to  make, on the a ttack  on D uralum in 
which was no t strained so m uch as stressed. I t  can be done m  one lairly  
simple way, whieh A rchbutt and I  adopted sonie years ago in  another 
eonnection—th a t is, to  take a  strip  of m ateriał and  spring it. I  contess th a t 
the am ount of stress deyeloped in  th a t  way, when i t  is held in  a sprung con
dition, is no t very definite, b u t its effects are very obyious. We investigated 
in  th a t  w ay an  alum inium  alloy w ith  20 per cent. of zinc, and we consistent y 
produced intercrystalline a ttack  in  th a t manner, whereas, if le łt lying 
unstrained, the attack , although i t  d id  occur in  tim e, happened much more 
slowly, and  the analogous case of season-cracking in. brass is another instance 
in  which intercrystalline a ttack  undoubtedly is yery much afiected by stress.

One would like, therefore, to  know how far th e  fac t th a t in  th e  expen- 
m ents described in  the paper th e  over-strain was applied in a simple way— 
th a t is to  say, purely tension or compression which left a  minim um ot residua! 
stress in  the deformed m ateriał—altered the effeet as against a km d ot 
mechanical plastic working which would leaye behind i t  a  considerable 
am ount of self-stressing. In  practice, in  a great m any applications ol 
D uralum in, th a t k ind of plastic working which is liable to  leave seli-stressmg 
behind i t  is applied, and  w ith D uralum in i t  is no t possible to  appiy any 
relieving heat-treatm ent w ithout damaging the m ateriał. A ny heating 
suffleient to  relieve stresses would ineyitabły alter the s ta te  of ageing ol the 
m ateriał, possibly to  its disadvantage. .

However, th a t  is asking for more, as one often does after havm g been 
given a great deal, because th is paper is already fuli of interest. 1 am 
narticularly  interested th a t a  reageht has been found which rapidly produces 
intercrystalline attack . I  should like to  ask the authors, howeyer whether 
they are satisfied th a t a m ateriał which undergoes relatiyeły rapid  a ttack  
under this somewhat fiercely corrosiye agent is also the m ateriał which 
undergoes th a t a ttack  m ost rapidly under ordinary conditions. i  know 
th a t  is a  difficult question to  answer, and  I  do no t expect them  to  answer it, 
b u t I  should like to know w hat degree of assurance they  have on the subject, 
because i t  is im portant th a t we should no t base our conclusions on an acceler- 
a ted  corrosion te s t of th is kind, which has, no doubt, m herent in  i t  all the 
defects which unfortunately a ttach  to  all accelerated tests in  connection w ith 
the difficult subject of corrosion, unless we are fully satisfied about it.

This paper is one which I  th ink  eyeryone interested in  light alloys m ust 
yalue very much.

Professor D r. G e o k g  S a c h s  * (M em ber): The problem discussed łiere 
appears to  me to  be very complicated, and  I  should like to ask some ąuestions 
on points which seem to  be of fundam ental im portance in  th is connection.

In  th e  first place, i t  is no t elear w hether intercrystalline fissures occur
* Leiter des Metall-Laboratoriums der Metallgesellschaft A.G., Frankfurt-am- 

Main, Germany.
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a t  all in  th e  absence of stresses. T his ąuestion , as fa r so I  can  see, can n o t 
be answ ered defim tely ; b u t m  m y  opinion th e  presenee of stresses is a  
necessary  cond ition  fo r th e  fo rm atio n  of in te rcry s ta llin e  frac tu re .
, £ n  im portant factor which promotes the formation of fisśures is un- 

doubtedly the presenee of precipitated particles. I  th ink  th a t recent work 
has defimtely proyed th a t the deleterious effect of heating on Duralum in 
an d  sim ilar alloys is due to  th e  p rec ip ita tio n  of co n stitu en ts from  solid solu- 
tion . On th e  o th er hand , p rac tica lly  no  such  p rec ip ita ted  co n stitu en ts  a re  
p resen t in  th e  norm ally  age-hardened  state .*

'* •  C. H- DESCHf F.R .S. (M em ber of C ouncil): I  should like to  ask  
w hether th e  de ta ils  of th e  s tru c tu re  hav e  been exam ined  during  th e  process 
of corrosion, beeause th e  location  of th e  corrosion a t  th e  g ra in  boundaries 
m ay  be to  som e e x te n t a  secondary  effect due to  th e  se ttin g  up  of local 
couples betw een th e  im p u ritie s o u t of so lu tion  w hich accum ula te  a t  th e  
g ram  boundaries a n d  th e  su rround ing  m etal. A n u m b er of years ago I  
show ed a  pho to g rap h  J  of D u ra lu m in  ta k e n  in  th a t  w ay  in  th e  course of a  
s tu d y  of th e  corrosion of certa in  m etals un d er th e  m icroscope, an d  i t  was 
found  th a t  th e  corrosion began  n o t ex ac tly  a t  th e  g ra in  boundaries, b u t 
ru nn ing  in  a  line ju s t  paralle l w ith  each of these  inclusions, obviously owing 
to  th e  fo rm atio n  of local couples.

A t th a t  tim e  th e  p rec ip ita tio n  idea  of th e  ha rd en in g  of D u ra lu m in  h ad  
of course n o t been in troduced , a n d  was n o t  considered, b u t, as Professor 
Sachs has ju s t  sa id , th e  effect of m echanical deform ation  on th e  p rec ip ita tio n  
is so g rea t th a t  one w ould have  to  tak e  th a t  influence in to  account.

D r. H . Moobe,§ C.B .E . (Y ice-President) : I  feel th a t  th e  large a m o u n t 
ot Information co n tam ed  in  th is  p ap er on  th e  su b jec t of th e  in te rcrysta lline  
corrosion of D ura lum in  is of th e  v e ry  g rea tes t value, a n d  I  th in k  th a t  we 
are  m uch  in d eb ted  to  M r. S u tto n  a n d  his co-workers fo r th e  in tensive  s tu d y  
th ey  are  m ak ing  of th is  ą u es tio n ; b u t  we still seem  to  be a  long w ay  from  
a n  exp lan atio n  of w h a t is th e  cause of th is  in te rcry s ta llin e  corrosion The 
au th o rs  a re  ex trem ely  g uarded  in  th e ir  suggestions on p . 180 as to  th e  possible 
causes, a n d  if M r. S u tto n  w ill specu late  a  lit t le  m ore in  his rep ly  I  shall be 
g ratefu l, even th o u g h  he m ay  feel th a t  he is on  y e ry  u n certa in  ground.

Is  th is  in te rcry s ta llin e  corrosion due to  in te rcrysta lline  fissures as P ro 
fessor Sachs h as suggested, o r to  th e  sep ara tio n  of som e m ate ria ł a t  th e  
c ry sta l boundaries, o r to  som e o th er cause ? D r. R osenhain  has suggested 
th a t  m te rn a l stress m ay  be a n  im p o rta n t facto r. Personally , I  th in k  th a t  
th e  eyidence is ag a in st th e  suggestion th a t  stress is im p o rtan t. I f  a  d irec t 
a tta c k  on  th e  problem  does n o t  seem  to  be leading us to  th e  solution, i t  is 
possible th a t  analogies w ith  o th e r cases of in te rcry s ta llin e  corrosion, such as 
th a t  of th e  austen itic  sta in less steels, m ay  help  us. T he case th ere  seems to  
be d is tin c tly  sim pler. A usten itic  sta in less steels w hen su b jected  to  certa in  
form s of h e a t- tre a tm en t d e p o s i t  a  C arb id e — I  am  n o t certa in  of its  n a tu rę —  
a t  th e  c ry s ta l boundaries, an d  th e  ten d en cy  to  in te rcry s ta llin e  corrosion w ith  
these m ate ria ls does ap p ear to  be  bound  u p  w ith  th e  presenee of th is  carbide 
I f  steps a re  ta k e n  to  p re y en t th e  sep a ra tio n  of th e  carbide a t  th e  e ry sta i 
boundaries, th e  in te rcry s ta llin e  corrosion does n o t  occur.

I  should  like  to  em phasize th e  im portance  of a  so lu tion  of th is  yery  wide 
a n d  generał ąu es tio n  : w h a t a re  rea lly  th e  causes of these  in te rcrysta lline  
corrosions w hich  we g e t in  yarious m ate ria ls  ?

* von Goler and G. Sachs, Metallwirtschaft, 1928, 8, 671.
t  Superintendent, Department of Metallurgy and Metallurgieal Chemistry 

National Physical Laboratory, Teddington. ’
J Tranę, Faraday Soc., 1916,11, 198. § Research Department, Woolwich.
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Professor Dr. S a c h s  : In  this connection perhaps some researches on other 

alum inium alloys m ay be of interest. Certain alloys w ith a high content of 
copper, zinc, and  o ther hardening constituents and w ith a very high tensile 
strength  show a strong tendency to  crack. Strips in  a  ben t or stressed sta te  
fracture after a  short tim e in  contact w ith w ater yapour, freąuently  when 
no signs of corrosion can be obseryed. I  do no t know w hether the fracture 
is intercrystalline, bu t I  th ink  th a t  th is is th e  case, as th e  whole phenomenon 
is very  similar to  the season-cracking of brass.

The fracture is strongly dependent on yarious factors. An unbent strip  
generally does no t frac tu re ; w ith inereasing am ounts of bending th e  tim e 
th a t  elapses before fracture a t  first rapidly decreases, th en  rem ains nearly 
constant. Like Duralum in, these alloys are self-hardening. A fter ąuenching, 
fracture takes place more and more rapidly w ith progress of th e  ageing pro
cess. The tendency to  fracture is, howeyer, no t g reatest in  th e  s ta te  of 
m aximum hardness. Of specimens aged a t  different tem peratures, th a t 
trea ted  a t  150° C. fractures the m ost rap id ly ; this has an  appreciably smaller 
tensile strength  th an  th a t  aged a t  room tem perature. I t  m ust be assumed, 
howeyer, th a t  th e  am ount of new constituent precipitated a t  150° C. is much 
greater th an  th a t  precip itated  a t  room tem perature. On th e  other hand, 
specimens annealed a t  300° C. have practicalły no tendency to  crack. The 
tendency to  crack is therefore no t greatest when the in ternal stress is greatest 
nor when precipitation is a t  a maximum , bu t w ith a certain combination of 
bo th  these factors.

Mr. S u t t o n  (in reply) : Dr. Rosenhain referred to  the influence of stresses, 
and we ourselyes have paid a tten tion  to  th e  possible influence of residual 
stresses in  th e  m etal. H e also m entioned experience w ith channels in  some 
of th e  American airships as compared w ith our own. I  th ink  th a t, generally 
speaking, in  B ritish practice we have had less trouble w ith the thick m ateriał 
th an  w ith th e  th in . I  agree w ith Dr. Rosenhain, and I  am sure th a t m y co- 
authors would also agree, th a t smali differences in technical practice m ake a  
vast difference to  the  finał behaviour of the Duralum in sheet. We intend, 
if we are perm itted  to  go fu rther w ith this work, to  determine by machining 
of measured pieces th e  residual stress in  m ateriał about which we know 
something of the properties of resistance to  intercrystalline corrosion.

Professor Sachs referred to  the influence of the condition of no residual 
stress in  the m ateriał. Pully-softened D uralum in seems to  be ra ther highly 
susceptible to  the intercrystalline form of corrosion; one m ight reasonably 
assume th a t the residual stress in  th a t m ateriał would be smali, and i t  seems 
elear th a t susceptibility is no t due to  residual stress.

I t  does appear possible, and indeed yery probable, th a t one stage of the 
precipitation process or th e  various phenom ena which lead up to  i t  is of very 
great im portance. The heat-treatm ent conditions, particularly the method 
of ąuenching and the tem perature of the ąuenching medium, seem to  be of 
considerable im portance.

In  reply to  Dr. Desch, although a t  th is stage we haye no t pursued the 
particular line of inyestigation to  which he refers so carefully as probably 
the  case w arranted, we in tend to  go more closely into the ąuestion of the 
microscopic inyestigation of corrosion in  Duralum in. I t  does, howeyer, 
appear to  be a faet th a t the corrosion does no t necessarily always s ta rt from 
the edge of a  crystal—th a t is, as obseryed on th e  surfaee under examination. 
T hat m ay perhaps be due to  the large potential difference which m ay exist 
betw een an  inclusion and the rest of th e  materiał.

The eyidence is no t all ayailable a t  the m om ent for giying such a  generał 
sta tem ent on the conditions governing intercrystalline corrosion such as 
Dr. Moore would perhaps wish to  have. Local stress m ay be influential,
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and doubtless frequently is. I t  is now well known th a t simultaneous opera- 
tion of corrosion and tensile stress, m ay result in  failure a t  low load, and the 
failure seems to occur by intercrystalline corrosion. Secondly, local externally 
applied stress is probably m ost im portant when the boundary conditions are 
favourable to  intercrystalline corrosion. Thirdly, in  certain eases the boun
dary conditions appear to  be of predom inating influence.

These rem arks are very ten ta tive  a t  the moment. We feel i t  is desirable 
to establish each point as we go along, and in  the present paper the point 
in  our mind was to  determine w hether the effect of overstraining was likely 
to  be perm anently detrim ental.

There is one m atte r of great im portance which was raised by Dr. 
Rosenhain—namely, w hether norm al exposure conditions would reveal 
good correspondenee to  the result obtained by the accelerated te s ts ; in  other 
words, does the accelerated te s t show up as bad m ateriał th a t which would 
actually give a  bad result, for instance, under marinę conditions ? The 
availablc da ta  suggest th a t there is close agreem ent between the results of 
the accelerated te s t and the exposure tests  we liave been able to  make to 
date, in respect of resistance to  the intercrystalline form of corrosion.

C O R R E S P O N D E N C E .
T h e  A u t h o r s  (infurłher reyly to the Discussion at the M eeting): In  further 

reply to  Dr. Rosenhain’s rem arks, we had intended to  make experiments on 
pieces of Duralum in under externally applied stress, and hope la ter to  investi- 
gate this field. Experim ents by Rawdon * indicated th a t Duralumin sub- 
j ected simultaneously to static tensile stress and corrosive infłuences deteriorated 
more quickly than  Duralum in subjected to  the same corrosive conditions bu t 
w ithout the externally applied tensile stress. The additional effect produced 
by stressing the m ateriał in  tension was, however, considerably less than  the 
effect of corrosion alone. Rawdon considers th a t, under very mildly corrosive 
conditions, the effect of static  tensile stress m ay he negligible so far as corrosion- 
acceleration is concemed.

On the subject of fissures, raised by Professor Sachs, we agree w ith him th a t 
precipitated particles appear to  play an im portant p art in  the formation of 
intergranular fissures. The rem arks of Professor Sachs on cracking of bent 
samples of high-strength aluminium alloys containing copper, zinc, and other 
hardening constituents are of much interest. Ageing of Duralum in and 
similar alloys in the rangę 140°-150° C. appears to  he very detrim ental from 
the corrosion point of view. The work of Meissner f  and v. Zeerleder $ brings 
out clearly the greater susceptibility of m ateriał so trea ted  to  deterioration 
under corrosive conditions.

Dr.-Ing. K. L. M e i s s n e b  § (M ember): I t  is interesting to  note th a t not 
only the conditions of heat-treatm ent and cold-working are im portant for 
the intercrystalline type of corrosion, bu t th a t the surface condition alone 
is also capable of affording this a ttack . The authors sta te  th a t a  sand- 
blasted surface afforded the greatest facility to  intercrystalline attack . I t  is 
well known in practice th a t sand-blasting diminishes the corrosion-resistance 
of aluminium alloys. Hence, in connection w ith other considerations regard- 
ing the fatigue properties of the materiał, sand-blasting is prohibited in 
Germany for constructional m ateriał used in  aireraft. On the other hand, 
sand-blasting is sometimes considered to  be absolutely necessary for roughen- 
ing the surface before the application of some lacquers and other corrosion

* U.S. Nat. Advisory Cttee. Aeronautics Tech. Note No. 305, 1929.
f  J  Inst. Metals, 1931, 45, 187-208. |  J. Inst. Metals, 1931, 46, 169-186.
§ Chief Metallurgist, Durener Metałlwerke A.G., Dureń, Germany.
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preyenting m edia which cannot be pu t on the sm ooth surface of rolled 
m ateriał.

Further, i t  m ust be sta ted  th a t the type of a ttack  depends largely on the 
composition of the corroding medium. The authors mention th a t a  solution 
of sodium chloride -f- hydrogen chloride is th e  m ost efficient for producing 
intercrystalline corrosion. The Mylius solution is also known to  produce in ter
crystalline attack , and I  th ink  th a t it  is for th a t reason th a t abbreviated 
laboratory corrosion tes ts  are no t always comparable w ith the behaviour of 
the  m ateriał in  practice—for example, if used in sea-water. I t  is to  be expected 
th a t this will always be th e  case if the conditions of the m ateriał itself do not 
ałford th e  tendency towards intercrystalline a ttack  under norm al conditions 
of corrosion, as, for example, in the atm osphere or in  natu ral sea-water. 
In  such cases m ateriał of this kind m ust give uncertain or misleading results 
when tested  in  solutions which are themselves capable of producing in ter
crystalline corrosion.

As regards th e  reason why m ateriał ąuenched from th e  highest possible 
soaking tem peratures, i.e. from 500° to  520° C., tends less to  intercrystalline 
corrosion th an  do m aterials ąuenched from slightly lower tem peratures, as, 
for instance, from 490° C., th e  authors mention th a t  the ra te  of cooling m ay 
be the  goyerning factor ra th e r than  th e  more or less complete solution of the 
alloy constituents, sińce heterogenous particles of CuAl2 can always be seen 
in  heat-treated  Duralum in. I t  m ust, howeyer, be rem embered th a t the 
a ttack  of artificially aged m ateriał is always intercrystalline, bu t th a t the 
conditions of artiflcial ageing which produce deleterious intercrystalline 
a ttack  are no t sufficient to  cause a  rem arkable segregation or precipitation 
of the constituents. E ven if such precipitation occurred to  a m arked 
degree, the particles would separate ou t of the solid solution m ostly in  
th e  crystals, and  no t on th e  crystal boundaries. I t  can easily be imagined 
th a t a m ateriał which is no t fully heat-treated , for example, if ąuenched 
from 425° C., will haye a lower corrosion-resistance than  one ąuenched from 
a higher tem perature, because th e  form er has more heterogenous particles. 
I t  is, howeyer, no t so elear th a t the different ąuenching tem perature produces 
a  different type of corrosion instead of affording only corrosion of a  different 
degree bu t of the same type.

T h e  A u t h o r s  (in reply) : We are in agreem ent w ith Dr. Meissner th a t 
sand-blasting has a very adyerse influence on the corrosion properties of light 
alloys when no protective is subseąuently applied. We decided to employ 
sand-blasted surfaces on our specimens, sińce, as a result of prelim inary 
experiments, we found th a t th is type  of surface provided more fayourable 
conditions for intercrystalline a ttack  than  did either a scratch-brushed or an 
“ as heat-treated  ” surface.

Regarding Dr. Meissner’s rem arks on the freąuent incongruence of the 
results of short-period laboratory corrosion tes ts  and those of norm al exposure 
tes ts  in  sea-water, we have found th a t D uralum in in  such a  condition as to 
render i t  susceptible to  severe intercrystalline a ttack  on immersion in the 
sodium chłoride-hydrogen chloride reagent is also susceptible when subjected 
to  norm al marinę exposure.

In  reply to  Dr. Meissner’s interesting rem arks on the effect of heat-trea t
m ent, we are in agreem ent w ith him  th a t the reason for the difference in  the 
corrosion behayiour of m ateriał ąuenched from different tem peratures is not 
y e t elear. I t  appears reasonable to  suppose th a t the use of the higher soaking 
tem peratures (500°-520° C.) results in solution of m ost of the smali particles 
of CuA12 and o ther hardening constituents, leaying only relatively large 
particles undissolyed. The la tte r  m ay be responsibłe for the more m arked 
surface p itting  experienced in the high-tem perature ąuenched Duralum in.
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NOTE ON THE INTERACTION OF ALU
MINIUM AND WATER VAPOUR *

By RICHARD SELIGMAN, Ph.nat.D., P a s t -P k e s id e n t , and 
PERCY WILLIAMS, B.So., M e m b e k .

S y n o p s is .

The statement having been made recently th a t aluminium and its 
alloys arę rapidly attaeked by super-heated steam a t 300°-350° C., the 
authors have made experiments, and have found tha t no such attaek 
takes place under the conditions which they define.

H anson and Sla t e r ^ have recently put forward the view th a t pin 
holes in aluminium and its alloys are due to the absorption of hydrogen 
set free during the corrosion of the metals by water. They hołd { tha t 
the water must be liquid, and th a t above the dew-point no such corro
sion takes place. So far as the present authors are aware, there are 
only two references to this subject in literature, and both are to experi- 
ments carried out a t temperatures far higher than those which Hanson 
and Slater had in mind.

St. Claire Deville,§ writing in 1859, says th a t an aluminium wire 
heated to red heat in a glass tube through which steam was passed 
showed no change after several hours, either by loss of brilliancy 
(eelat) or gain in weight. Seventy years later, Guillet and Ballay |j 
wrote th a t aluminium and its alloys are heavily attaeked by quiek- 
fłowing superheated steam, metal of 99-87 per cent. purity and 1-5 mm. 
thickness having been completely destroyed in 300 hrs. a t a temperature 
of 300°-350° C., whilst in the same time a piece of rolled sheet of ordinary 
purity gained 3-25 grm. in weight per 100 cm.2 exposed.

This would be strange in the light of a statement by Pilling 
and Bedworth,Tf th a t even a t 600° C. oxidation of aluminium by 
oxygen ceased after 60-80 hrs., and th a t after heating for as much 
as 890 hrs. the weight of the film remained a t 0-01 grm. per 100 cm.2.

* Manuscript receiyed October 19, 1931. Presented at the Annual General 
Meeting, London, March 9, 1932.

t  ./. Inst. Metals, 1931, 46, 216. t  J . Inst. Metals, p. 226.
§ “ De 1’Aluminium,” 1859, p. 25. U Compt. rend., 1929, 189, 551.
If J . Inst. Metals, 1923, 29, 574.
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The m atter being of interest, both practicalły and theoretically, 

the authors have re-examined it, and as a result of their experiments 
hołd th a t St. Claire Deyille, who did not, as a rule, err on the side of 
under-estimating the resistance of aluminium to attack, was, never- 
theless, right in this case, and th a t in Guillet and Ballay’s experiments 
some other factor was a t work which the present authors have no means 
of identifying.

Two experiments were necessary, because the method used by 
Guillet and Ballay differed from th a t of Deyille in one particular, which 
might have been im portant. Whereas Deville used a tube which was 
presumably open a t one end, Guillet and Ballay exposed their test- 
pieces in the steam main of an industrial installation, where the steam 
was a t a pressure of 15 kg./cm.2 * and therefore in much greater con
centration than  in Deville’s tube. The steam used in Guillet and 
Ballay’s experiments was also flowing a t an average speed of 30-35 
metres per second, which must have been much faster than  th a t of 
Deyille, but they state th a t this cannot have affected their results, 
sińce a second series of test-pieces placed in the steam separator (ballon 
secheur), where the steam was a t rest, was similarly, though more 
slowly, attacked. Unfortunately, their paper gives no details of this 
second method of experimenting, bu t a priyate communication, for 
which the authors are much indebted to MM. Guillet and Ballay, shows 
th a t it  had been carried on for 4500 hrs. One point seems to be 
important. In  both cases the boiler was a t work for only 9 hrs. out 
of the 24 hrs. I t  is difficult to understand, therefore, how MM. Guillet 
and Ballay can have made sure th a t their test-pieces were not in con- 
tac t with licjuid water for long periods. The possibility th a t boiler 
compounds were carried in the steam can also not be ignored.

The present authors were not concerned with quick movement of 
their steam, which, they hołd, would only facilitate chemical attack 
by the mechanical removal of protective films, but they made sure 
th a t no liquid water touched their test-pieces. In  one case the amount 
of air present was also reduced to  far below th a t required to form the 
protective film described by Pilling and Bedworth.f

Under these conditions aluminium sheets of yarying purity and a 
cast aluminium-silicon alloy exposed to  superheated steam a t tem 
peratures of 200°-500° C. showed very slight fluctuations in weight 
from day to day, but no significant change when the time of heating 
was prolonged to more than 100 hrs.

* Priyate communication. f Loc. cit.
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I. E xperim ent at Atmospheric P ressu re .

The samples, which had been dipped in caustic soda, washed, and 
then dried a t 100° C., were supported on a silica plate in a silica m n ie , 
close to the junction of a thermocouple. Steam was blown into the 
back of the muffle through a silica tube in sufficient volume to replace 
the contents of the muffle four times per minutę, and escaped through 
crevices round the muffle door. In  order to prevent liquid water from 
coming in contact with the specimens, a baffle was placed in front of 
the steam inlet. For the same reason the muffle was first heated each 
morning to  the temperature of the experiment, the test-pieces were 
introduced, and 2 minutes later the steam was admitted. In  the even- 
ing the test-pieces were removed hot from contact with the steam. 
The experiment was continued for 15 to 20 working days, and the total 
time of exposure of the specimens to steam was 103-133 hrs.

The following results were noted :—

Table I.

No.
of

Test-
piece.

Composition. Alu
minium

(by
differ
ence).

Area,
cm.8.

Length 
of Ex- 
posure, 

Hrs.

Total Change in 
Weight. Grm.

Change in 
Appearance.Cop

per. Iron. Sili
con. Actual. Per 100 

cm.2.

A. Temperature 200° C.

1 0-02 0-30 0-21 99-47 73 133 +  0-0001 +  0-00014 No change.
2 0-00 0-16 0-14 99-70 75-8 133 -0-0002 -0-00026 ,,
3 0-02 0-01 001 99-96 26-5 133 no change no change „
4 Alpax 59*5 133 -0-0006 -0-0010

B. Temperatu -e 350° C.

5 0-03 0-54 0-21 99-22 68 103 no change no change A few superficial
G 0-00 0-16 0-14 99-70 68 103 +  0-0007 '+0-0010 blisters; otherwise
7 0-02 0-01 0-01 99-96 33 103 no change no change no change.
8 Alpax ... 42 103 -0-0001 -0-0002 No change.

C. Temperatu re 500° C.

9 0-02 0-30 0-21 99-47 73 113 +  0-0003 +  0-00041 Surface duli.
10 0-00 0-16 0-14 99-70 75-8 113 -0-0001 -0-00013 A few blisters; sur

face bright.
11 0-02 0-01 0-01 99-96 26-5 113 +  0-0001 +  0-00038 A few blisters; sur

face tamished. In-
terference colours.

12 Alpax ... 59-5 113 -0-0003 -0-00050 Surface slightly
dulled.

II. E xperim ent u n d e r  P r essu r e .

A sm ali strip of refined aluminium containing Silicon 0-01, iron 0-01, 
copper 0-02, aluminium (by difference) 99-96 per cent., weighing 0-5276
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grm., and having a surface of about 8-3 cm.2, was placed in a thick- 
walled tube of Pyrex combustion glass, closed a t one end, together 
with a sealed glass capillary containing a weighed ąuantity  of water. 
The open end of the tube was drawn out, the air exhausted to 0-001 
atin. by a Geryk pump, and the tube, which then had a capacity of 
36-9 c.c., sealed. I t  was wrapped in wire gauze and placed in a steel 
tube within an electrically-controlled furnace, in which it was held at 
300° C. continuously for 217£ hrs. The dimensions of the capillary 
were such as to ensure th a t i t  burst a t a temperature of about 250° C., 
so th a t the conversion of its contents into vapour would be very rapid, 
and the risk of the aluminium being attacked by liquid water smali. 
The weight of water (0-1 grm.) was sufficient to fili the Pyrex tube with 
dry saturated steam a t a temperature of 152-5° C., a t which tempera
ture the pressure would have been 5 atm . Therefore, a t 300° C. the 
pressure will have been about 6-7 atm . and the superheat about 
136° C.

At the end of the experiment the Pyrex tube was opened while 
still hot, so as to avoid condensation on the surface of the metal. No 
change in the appearanee or weight of the sample could be detected.

Calculation showed th a t the weight of the air derived from the 
capillary (0-05 c.c.), together with th a t remaining in the Pyrex tube 
after exhaustion, was about 0-0001 grm., which would contain only 
about one-twentieth of the oxygen found by Pilling and Bedworth to 
be necessary to inhibit further oxidation a t 600° C. There is therefore 
little likelihood th a t the immunity of the aluminium from attack was 
due to oxidation prior to  the admission of the steam.

D ISCU SSIO N .

D r. R i c h a r d  S e l ig m a n  (inłroducing the paper) : This is a  very smali 
oontribution to  a very large subject, and I  do no t propose to  do more th an  to  
d irect your a tten tion  to  the four lines of the synopsis and then  to  add  three 
fu rther obseryations.

The first of these is th a t  Mr. W illiams and I  haye no t made any a ttem pt 
to  do w hat I  consider m ust be the impossible in  this case—namely, to give a 
proof th a t interaction between solid aluminium and w ater vapour cannot in 
any  cireumstances take place. All we have done is to  seleet certain conditions 
under which we felt th a t, if any in teraction  did take place, i t  would be the 
one for which we were looking. We established those conditions and found 
no such interaction. T hat is the lim it of w hat th is note purports to  describe.

The second point I  should like to  make is, th a t the experiments were 
originally carried ou t a t  the tem perature which Guillet and Ballay lay down 
in their paper. After we had completed these, a t  the reąuest of certain 
members of the Publications Committee the experiments were repeated a t  the 
tem peratures of 200° and 500° C.
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My th ird  and last point is th a t, whereas we have been able to  find no such 

action as Guillet and Ballay describe, we are no t absolutely certain th a t some 
change does no t take place a t  the highest tem perature nam ed in  the note and 
a t  the still higher tem perature (620° C.) a t  which we have sińce been working. 
We direct a ttention  in the note to  the occasional appearance of blisters. I t  is 
(juitf! possible th a t it  is—and we assume i t  to  be—the blistering of sheet which 
occurs from tim e to  tim e even w ith  th e  best sheet a t  high tem peratures. 
Having gone on to  a  higher tem perature—we are no t absolutely certain th a t 
some other change is no t taking place. We cannot reconcile the appearance 
of some of the test-pieces w ith the mere deyelopment of w hat I  have called 
original sin in the metal. We can offer no explanation. We do no t even know 
if it  is a fact th a t the w ater vapour plays a part, bu t I  have brought one sample 
w ith me which shook our confidence.

T hat is all I  desire to  say, except to  rem ind you th a t th is little  paper owed 
its origin to  a  ąuestion which you, Mr. President, asked me some tim e ago, and 
to  which we have here a ttem pted to  giye the answer.

Professor D. H a k  s o k ,*  D.Sc. (Yice-President) : I  think th a t our immedi- 
a te Past-President need offer no apologies for bringing this short paper to  our 
notice, because the results do contribute to  the solution of a very im portant 
practical problem, and it  is, I  am  ąu ite  sure, satisfactory to  those members who 
are interested in  aluminium to know th a t the experiments described by Guillet 
and Ballay are no t characteristic, a t  any rate, of all aluminium when exposed 
to  steam a t high tem peratures. I  find th is particularly interesting, because it  
deals w ith a type of experiment which is somewhat analogous to  some w ith 
which I  have been connected. Mr. Slater and I  have studied the action of 
w ater on aluminium for different purposes, and we ha ve most definite eyidenee 
th a t reactions can occur between aluminium and m any of its alloys a t  ordinary 
tem peratures where there is contaet w ith liąuid water, and a t  much higher 
tem peratures th an  those w ith which the authors have been concerned— 
namely, when the m etal is molten. Molten aluminium will decompose w ater 
very readily, generating hydrogen and aluminium oxide, and certain reactions 
of the naturę of electrolytic corrosion between w ater and aluminium and its 
alloys a t  low tem perature will also produce hydrogen and, I  suppose, aluminium 
oxide, or hydrated produets.

I t  is very interesting to have this eyidenee from Dr. Seligman, th a t there is 
an interm ediate region in which the action does no t appear a t  any ra te  to  be 
rapid. If one considers the chemical naturę of aluminium, one would expect 
i t  to reąct w ith w ater a t  all tem peratures, w hether th a t w ater were liąuid  or 
yapour, and I  suggest to  Dr. Seligman th a t the cause of this failure to  develop 
any appreciable action under the conditions of his experiments m ust be due 
to  something which prevents the w ater from coming into proper contact w ith 
the aluminium. I t  does suggest th a t the protective film, although it  m ay be 
very thin, is sufficiently continuous and  suffieiently imperyious to  aąueous 
yapour w ithin the rangę of his experiments to  act as a real protection.

I  th ink  th a t the subject is by no means closed, and th a t i t  m ay be tha t, 
under other conditions, and possibly in  the case of certain alloys, the protection 
m ay not be so perfect, and there m ay possibly be some action.

I  listened w ith interest to  Dr. Seligman’s additional information, th a t he 
and Mr. Williams obtained some eyidenee of action a t  the higher ranges of 
tem perature even between the solid m etal and steam. I  th ink th a t I  am right 
in understanding th a t ?

Dr. S e l ig m a n  : Some indication th a t we could no t definitely say there
was none.

* Professor of Metallurgy, The Uniyersity, Birmingham.
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Professor H a n s o n  : You do no t exclude the possibility of some action ?

Dr. S e l ig m a n  : No.

Professor H a n s o n  : The subject is, I  feel, one of practical im portance and
also of theoretical im portance. I  hope th a t Dr. Seligman will be able to  
contribute fu rther to  this subject, or, a t  any  ra te , to  use his influence to  see 
th a t someone else does. I  hope we shall no t regard the m atte r as closed.

Mr. T . H e n r y  T u r n e r ,*  M.Sc. (M ember): A practical application of the 
results reported in  this paper would seem to  lie in  the use of aluminium alloys 
for reciprocating steam  engines or possibly turbines. Experim ents have been 
carried ou t in  full-scale commercial practice for some considerable tim e, where 
alum inium has worked nominally in  contact w ith steam  in reciprocating 
engines.

There is always a  film of oil, or carbon deposit, in  commercial practice, and 
it  m ay be th a t the film was so continuous in  the case to  which I  refer, th a t 
in  effect the  steam  never d id  come, as in  Dr. Seligman’s carefully conducted 
experiments, in  contact w ith  th e  aluminium. I t  is a  fact, however, th a t, so 
far as th e  steam  engine experiments go, an alum inium alloy can stand up to  
steam  under practical conditions for a considerable tim e. I  cannot say 
w hether i t  will become a regular practice to  use aluminium or its alloys under 
such conditions, b u t I  know th a t  such alloys have stood up for a much longer 
tim e than  would have been thought possible on th e  basis of the French work, 
and to  th a t ex ten t practical trials appear to  confirm D r. Seligman’s findings.

Dr. A. G. C. G w y e r  t  (V ice-President): I  am naturally  very interested 
in  th is paper, b u t have yery little  comm ent to  make on it, as Dr. Seligman 
has already anticipated, in  his introductory rem arks, the one ąuestion which I  
had to  ask. Bearing in  m ind th a t  the authors reported no action a t  500° C., 
whilst we know from Professor H anson’s work th a t if steam  is passed into 
m olten alum inium a t 700° C. there is definite action, I  intended to  inąuire a t  
w hat interm ediate tem perature action definitely started. I t  is now elear, 
however, th a t  there is very little  if any action at, say, 600° C. or 620° C.

I  should imagine th a t the absence of chemical action was to  be attribu ted  
to  th e  fac t th a t the steam  was dry, and  I  take i t  th a t  the authors took every 
precaution to  ensure th a t no w ater condensed on the m e ta l; the samples were 
also heated, I  think.

Dr. S e l ig m a n  : Yes, for ąu ite  a  short tim e.

D r. W. R o s e n h a in , J  F.Inst.M et., F .R .S. (Past-President) : This is a
yery interesting ąuestion and the paper raises a  num ber of points for further 
inąuiry. The im m unity of a ttack  which is shown in Dr. Seligman’s experi- 
m ents is, of course, due no t only to  the  fac t th a t the steam  was dry, because 
a t  tem peratures from 300° C. upwards i t  would probably be d ry  unless the 
pressure were very high indeed, bu t also to  the fact th a t there is no abrasive 
action of any kind. I  th ink  th a t industrial steam  m ight carry particles of 
solid or liąuid w ith it, and th a t the action m ight be ąu ite  different, because, 
clearly, if the protective film is continuously removed from the surface, 
continuous action would occur.

* Chief Chemist and Metallurgist, London and Xort h- Kastern Railway, Don- 
caster.

f  Chief Metallurgist, The British Aluminium Co., Ltd., Warrington.
j  London.
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So far as the higher tem peratures are concerned, the specimen which 

Dr. Seligman has shown is very interesting, and i t  bears a resemblanee to 
several specimens of aluminium alloy which I  have seen which have no t been 
subjected to  steam  preeisely, bu t to  a furnace atmosphere no doubt containing 
steam, for a  yery prolonged period, and whieh blistered even more markedly 
than  the present sample. W hether th a t blistering was really due to  steam 
we do no t know, b u t I  th ink th a t the evidence th a t we now have suggests th a t 
it  was. One felt th a t i t  m ust be something entering the m etal from outside, and 
therefore, if i t  happens in an  atm osphere of pure dry steam, the only thing th a t 
can enter, apparently, is the hydrogen produced by reaetion w ith  the w ater 
yapour. One is inclined to  speculate on th a t m atter from the point of view of 
what Dr. C. A. Edwards has shown to  happen in  steel—namely, th a t the 
hydrogen enters the m etal possibly in  atomie form from the nascent sta te  and 
th a t it  then combines into molecules inside and is unable to  escape except by 
blowing bubbles. T hat specimen looks as if somebody had tried  to  blow 
bubbles inside i t !

The ąuestion why the m etal a t  620° C. should reaet only slowly, while a t 
700° C., if steam  is blown into it, i t  reacts very ąuickly, is one to  which I  th ink  
the answer is obvious. In  the one case there is a  solid w ith a more or less fixed 
surface film, and in  the other case a liąu id  in  which the surface film is con- 
tinuously being broken by every fresh bubble. I  th ink  th a t th is view is con- 
firmed by the fact th a t the surface film does ac t as a very  po ten t barrier to 
interchange of gas between the m etal and the surrounding atmosphere, and 
the im portance of th a t fact from the practical point of view is very great.

We are very much indebted to  Dr. Seligman for bringing forward this 
eyidence, bu t I  cannot help thinking there m ust be some factor in the m atter 
which we do no t understand, beeause I  can scareely suppose th a t Guillet and 
Ballay simply made m isstatem ents. They m ust have found w hat they 
describe, and evidently there was some difference in the conditions. Possibly 
the steam  moying a t  a  high yelocity carried w ith it  some particles, liąuid or 
otherwise, which acted as an abrasive and destroyed the surface film in their 
case, bu t no t in  the case described in this paper. T hat is a  hypothetical 
explanation of the discrepancy, which is much too big to be due to  anything 
bu t a real and im portant cause.

Mr. T .  H e n r y  T u r n e r  : In  th a t connection m ay I  add th a t Dr. Seligman’s 
referenee to  the boiler compound might be yery much to  the point, and in  the 
case to which I  referred, the w ater was untreated  and there was little  or no 
priming.

Mr. I . D. T a v e r n e r , B.E.* (M em ber): I  do no t th ink  th a t I  haye anything 
theoretieal to say, b u t i t  does seem th a t th is paper which Dr. Seligman has 
pu t forward will be of yery great interest to  those people who are dealing w ith 
the deyelopment of the use of aluminium and its alloys for high-pressure steam 
engines, and i t  is to  be hoped, as preyious speakers have already said, th a t the 
inyestigation m ay be carried forward to  deal w ith the alloys which are 
commonly used a t  the present tim e for internal eombustion engines.

Mention has been made of the possibility of particles of w ater being carried 
over w ith superheated steam, and I  th ink  th a t experience in  the past w ith 
turbines has shown th a t th is is certainly the case. W hether i t  oceurs also in 
reciprocating engines—and whether the yelocity of the steam is sufficient— 
are points on which I  cannot express a definite opinion, b u t there can be no 
doubt th a t sueh particles would have a very severe abrasive action if the yelocity 
of the steam  were sufficient.

* Engineer, The British Aluminium Co., Ltd., London.
VOL. X L V III. O
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The P r e s i d e n t  : I  had some experience bearing on this some years ago,

b u t unfortunately the evidence of it  has disappeared. We had a  commercially 
pure alum inium piston p u t in  a  locomotiye which did no t use superheated 
steam , and undoubtedly a considerable am ount of w ater was carried over, 
enough, I  think, to  wash away any film of oil, which, w ith due respect, I  do 
n o t th ink  is of any appreciable thickness, and the w ater carried over would, 
I  feel sure, wash i t  off. H aving some trouble one day, we took the cylinder 
coyer off, and found th a t we had  no t got a  piston ! Similar experiments have 
lately been carried ou t w ith an alum inium alloy, and I  have seen the pistons 
ąu ite  recently. There was no tracę of oil on them , and the condition was no t 
th a t  of superheated steam, for they  were used in  shunting engines, where 
p lenty  of w ater is carried over, as every tim e the engine starts  one has to  warm 
up again w ith conseąuent condensation, and probably there is complete wash- 
ing off of the oil film. These cylinder pistons are all righ t after four o r fiye 
m onths’ use.

Mr. Tayerner m entioned in ternal combustion engines, and the effect of 
using alum inium pistons in  the early days in  aeronautical engines w ith high 
tem peratures is probably well known. Some of those pistons gaye one the 
impression th a t  the ordinary worm which eats in to  our fum iture  had been 
getting a t  them . I  take i t  th a t one m ay assume th a t there was no t sufficient 
w ater yapour present to  do any harm .

Dr. S e l ig m a n  (in reply) : I  am  really surprised beyond measure th a t this 
paper should liave aroused so much interest.

I  should like to  deal first w ith Mr. T ayem er’s point. H e m ust no t read into 
this contribution an a ttem p t to  pass judgm ent on the possibility of applying 
alum inium or its alloys to  steam-engine p rac tice ; th a t  was no t in our minds 
when Mr. W illiams and  I  started  this work. As D r. Rosenhain has said, you 
there have rapidly moving steam  and to tally  different conditions, and th a t  is 
w hy I  started  m y rem arks by limiting our claims to  specified conditions 
designed to  show one thing, and one thing only.

If  I  m ay now deal w ith w hat the President said, I  suppose th a t one might 
say th a t “  a long tim e ” has something in common w ith “ the length of a piece 
of string .” W hat is a  long tim e ? Professor Guillet has carried some of his 
experiments yery much further th an  we did ours. We only tried  to  show th a t 
in  the tim e he gave in  his paper nothing happened. T hat was 300 hrs., bu t 
now he has carried on for 4000 hrs., as he has told me priyately, and no doubt 
he will publish his results later.

W ith  regard to  Professor H anson’s rem arks, we feel convinced ourselyes 
th a t i t  is a  ąuestion of the protective film. W e had  in  m ind some yiews of 
his w ith  regard to  the m ethod by  which hydrogen enters into aluminium. 
We concluded from  w hat he had  said th a t i t  only goes in  where the film is 
broken by the a ttack  of liąuid  water. We thought i t  well to  inąuire whether, 
if there were no liąuid w ater present, a ttack  would still occur, for we could not 
see why, if, as Pilling and  Bedworth showed, oxygen ceased to  a ttack  aluminium 
after a  certain num ber of hours, w ater yapour should be more active.

T h a t the work is closed I  cannot belieye. W hether we shall be able to  
earry  i t  on I  do no t know, b u t i t  is open to  anybody who would like to  examine 
th e  m atte r fu rther to  do so, and I  only hope they  will, for our own opportunities 
are naturally  yery limited.

I  th ink  th a t also deals to  some extent w ith w hat Mr. Turner said. I  am 
yery  interested to  hear th a t his experiments are still being carried on, bu t there 
he m ust surely haye liąuid  w ater, and our results would no t hołd.

On th e  ąuestion of boiler compound, of course I  do no t know w hether there 
was any  boiler compound spewed up  w ith the steam  w ith which Guillet and 
Ballay were working. I t  was an industrial installation, b u t they  do definitely
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sta te  th a t speed did no t enter in to  the ir problem, except as to  the degree of 
a ttack . They worked w ith high speed and w ith w hat they  called stationary 
w ater vapour—th a t is to  say, in the separator of the boiler, and they  say th a t 
a ttritio n  was no t responsible for their results. If  it  was, then our results do 
n o t apply.

Dr. Gwyer raised the ąuestion of the higher tem perature and the absenee 
of liąuid water. We were expressly excluding tha t. Dr. Gwyer himself asked 
us to  go higher, and we did go higher, to  see if we could find where the boundary 
lay  between Professor H anson’s and our earlier results. Probably we are ju s t 
on the border.

Dr. Rosenhain, as he always does, has contributed rem arks of the greatest 
possible interest. He has referred to the furnace atmosphere in which the 
ordinary heating of aluminium is done and to  the development of blisters under 
such conditions. We are very fam iliar w ith th a t, I  am sorry to  say, bu t there 
is ju s t this smali difficulty-—th a t a  sample similar to  th a t which I  showed was 
in  an  ordinary furnace atm osphere for a  very long tim e w ithout showing any 
blisters. We removed it, cleaned it, and p u t i t  into  a steam  atmosphere, and 
some very smali blisters appeared. W hether th a t  is accidental or not, I  do 
no t know. I t  has only ju s t occurred, and  I  m ention i t  now, perhaps pre- 
m aturely, b u t i t  does shake one’s confidence in  stating th a t nothing is going on 
which is due to  the steam.

C O R R ESPO N D EN C E.
T h e  A u t h o r s  : Since th is paper was presented the experiments a t 620° C. 

have been repeated, and as a  result i t  seems elear th a t some interaction takes 
place a t  th a t tem perature between solid aluminium and steam.

Fig. A (Platę XVI) shows :—
(а) One of four pieces of alum inium sheet heated for 63 hrs. in air, and
(б) One of four samples of the same sheet heated for 56 hrs. in  steam  ;

in  both  cases a t  atmospheric pressure. The m etal had the composition gi ven 
in  Table I  for test-piece No. 2.
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THE AGE-HARDENING OF SOME ALUMINIUM 
ALLOYS OF HIGH PURITY *

By MARIE L. V. GAYLER,f D.Sc., M e m b e r , and G. D. PRESTON,f B.A.

S y n o p s is .

A n  in v e s t ig a t io n  in to  th e  a g e -h a rd e n in g  o f a  se r ie s  o f a llo y s  m a d e  
w ith  h ig h -p u r i ty  a lu m in iu m  c o n ta in in g  4  p e r  c e n t .  c o p p e r , t o  w h ic h  
i ro n , Silicon , a n d  m a g n e s iu m  h a v e  b e e n  a d d e d  e i th e r  in d e p e n d e n t ly  o r 
to g e th e r ,  h a s  co n firm ed  th e  re s u l ts  o f p re v io u s  in v e s t ig a to r s .  I t  h a s  b e en  
sh o w n  t h a t  t h e  a d d i t io n  o f 0-35 p e r  c e n t .  i ro n  in h ib i t s  t h e  a g e -h a rd e n in g  
a t  ro o m  te m p e ra tu re  o f th e  b in a r y  c o p p e r -a lu m in iu m  a llo y s  : th i s  e ffec t 
is  p a r t ly  re m o v e d  b y  th e  a d d i t io n  o f 0-25 p e r  c e n t .  S ilicon, a n d  is  e n t i re ly  
re m o v e d  b y  th e  a d d i t io n  o f 0-5 p e r  c e n t .  m a g n e s iu m . X - ra y  a n d  m ic ro - 
scop ic  e x a m in a t io n  h a v e  fa ile d  to  g iv e  a n  e x p la n a t io n  o f t h e  p h e n o m e n a  
o b s e rv e d  d u r in g  a g e -h a rd e n in g  a t  ro o m  te m p e ra tu re .

The conclusions are drawn tha t (I) age-hardening of a Duralumin 
a t room temperature and a t 200° C. is due to  some process, as yet unde- 
fined, which takes place prior to  actual preeipitation of CuAI2 or Mg2Si 
from the aluminium lattice; (2) in eonjunction with existing eąuilibrium 
data, i t  is suggested tha t Mg2Si as well as CuA12 plays an important part 
in the process of age-hardening.

T h is  paper forms part of a research carried out for the Alloys Sub- 
Committee of the Aeronautical Research Committee with the support 
of the Metallurgy Research Board of the Department of Scientific 
and Industrial Research. Both of these bodies have given permission 
for publication.

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

Attention has been directed to the so-called anomalous behaviour 
of alloys of high-purity aluminium with copper J  which age-harden a t 
room temperature, in contrast to similar alloys made from commercial 
aluminium. No satisfactory explanation of this phenomenon has yet 
been given, but data regarding the age-hardening of alloys of high- 
purity aluminium are being acguired. Fraenkel § has recently studied 
the age-hardening of some such alloys, and has shown th a t in the case

* Manuscript received November 17, 1931. Prescnted at the Annual 
General Meeting, London, March 10, 1932.

t  Assistant, Department of Metallurgy and Metallurgical Chemistry, National 
Physical Lahoratory, Teddington.

% Archer, “ The Hardening of Metals,” Trans. Amer. Soc. Steel Treat., 1926, 
10, 718; Meissner, Discussion, J . Inst. Metals, 1929, 41, 191.

§ Fraenkel, Z. Metallkunde, 1930, 22, 84-89.
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of one containing 5 per cent. copper, the presenee of 0-5 per cent. 
silicon causes a smali inerease in the hardness value obtained after 
quenching and ageing a t room temperature, whilst the addition of
1 per cent. iron affects the ageing phenomenon in the reverse direction, 
causing practically no inerease in hardness to take place a t room 
temperature. He also shows the effect of 0-5 per cent. magnesium 
on the age-hardening of a 4 per cent. copper alloy, and finds th a t 
the inerease in hardness corresponds with th a t which takes place in 
Duralumin.

Meissner * has also studied the effect of additions of smali per- 
centages of iron, silicon, and manganese on an aluminium alloy con
taining 4-2 per cent. copper and 0-5 per cent. magnesium. The 
aluminium used, however, was not tłie purest, sińce the silicon and 
iron content in the alloys varied from 0-018 to 0-032 per cent. and 
0-033 to  0-046 per cent., respectively. As a result of his experiments, 
Meissner has drawn the following conclusions :—

(1) None of the three constituents, iron, silicon, or manganese, is 
necessary for the age-hardening of Duralumin a t room temperature. 
On the other hand, the addition of magnesium to copper-aluminium 
alloys which do not age-harden so intensively a t room temperature 
causes marked age-hardening a t room temperature.

(2) The addition of silicon in an amount sufficient for the conYersion 
of the magnesium into Mg2Si has no influence on ageing; a t most the 
tensile strength is slightly inereased.

(3) The presenee of iron, which adversely affects the age-hardening 
of copper-aluminium alloys a t room temperature, does not affect th a t 
of copper-magnesium alloys.

The present research was already started before the results of the 
above investigations were published, bu t it  is thought worth while to 
publish the results which have been obtained. Only the very purest 
materials have been used, and the effect of the addition of various 
elements, either singly or in pairs, has been very carefully studied in 
relation to age-hardening a t room tem perature and a t 200° C., together 
with accompanying changes in lattice structure, if any, as determined 
by X-ray analysis.

1. E xperim ental  D ata .

The alloys used in this research were made from the very purest 
m ateriał available, as follows :—■

(1) Aluminium of high purity 99-96 per cent. which has been 
kindly presented by the Aluminum Company of America.

* Meissner, Z. Metallkunde, 1929, 21, 328.
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(2) Electrolytic copper.
(3) Silicon of high purity 99-94 per cent. prepared a t the 

National Physical Laboratory.
(4) Electrolytic iron 99-9 per cent., prepared a t the National 

Physical Laboratory.
The alloys were made up in pure alumina pots to  ensure th a t no 

contamination of the melt took place. The molten alloys were cast 
into J-in. chill moulds, as the supply of aluminium available was 
insufficient for 1-in. chill castings.

The alloys were made up to the following eompositions :—
(a) Copper Alloys.

(1) 4 per cent. copper.
(2) 4 per cent. copper +  0-5 per cent. magnesium.
(3) 4 per cent. copper -j- 0-25 per cent. Silicon.
(4) 4 per cent. copper +  0-32 per cent. iron.
(5) 4 per cent. copper +  0-25 per cent. Silicon -j~ 0-32 per cent.

iron.
(b) Copper and Magnesium Alloys.

(1) 4 per cent. copper +  0-5 per cent. magnesium +  0-32 per 
cent. iron.

(2) A series of alloys containing 0-5 per cent. magnesium with 
1, 2, 3, and 4 per cent. copper.

The alloys were heated a t 450° C. for 5-6 hrs. and forged to about 
3/16 in. thick, and the surfaces were then prepared for hardness 
measurements. After prolonged soaking a t 500° C. for 20-24 hrs. 
they were quenched in water a t room temperature. One specimen of 
each alloy was aged a t room temperature and then heat-treated a t 
200° C., whilst the other was heat-treated a t 200° C. immediately after 
ąuenching. The specific heat-treatm ent and the Brinell hardness 
numbers thus obtained are embodied in Figs. 1 and 2 (Plates X V II 
and X V III).

I t  was found almost impossible to obtain regular hardness values 
from the alloy containing 4 per cent. copper only. The fuli black 
circles in the figurę represent the values obtained from three diflerent 
forgings. Great care was taken in forging the alloys to ensure th a t the 
specimen should be uniformly worked, but it  seemed to have no effect. 
Immediately other additions were made to  the alloy this difficulty 
more or less disappeared. I t  was thought th a t segregation of the 
copper was a possible cause of this irregularity, a view th a t is supported 
by the difficulty of obtaining good X-ray photographs of this alloy. 
Turnings of the alloy FY, containing 4 per cent. copper, 0-32 per cent.
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iron, 0-008 per cent. Silicon, taken from the outside of the chill to  a 
depth of 1/16 in., gave on analysis 4-15 per cent. copper, whilst turn- 
ings taken from a central portion of radius 1/16 in. gave the value 
3-95 per cent. copper. These results confirmed the deductions from 
the X-ray analysis.

2. D isc u ss io n  o f  R e s u l t s .

(a) Copper Alloys.—From the values obtained, it  is seen, as already 
observed by previous investigators,* th a t a 4 per cent. copper alloy 
made with very pure materials age-hardens a t room temperature to a 
marked extent.

Fraenkel f  has observed the extraordinary efiect which takes place 
on heat-treating a 4 per cent. copper alloy after age-hardening a t room 
temperature, i.e. the initial softening which oceurs, followed by an 
increase in hardness. This phenomenon has been freąuently observed 
in aluminium alloys of the Duralumin type.'! an(i  is very noticeable 
in the case of each alloy investigated in the present research.

In  agreement with FraenkePs results, the addition of 0-25 per cent. 
Silicon has practically no efiect on the age-hardening of a 4 per cent. 
copper alloy. I t  follows, therefore, from the above results th a t Silicon 
alone is insufficient to  accounb for the fact th a t alloys made with 
commercial aluminium do not age-harden a t  room temperature. The 
amount of iron present in commercial aluminium is of the order 0-35 
per cent., so the efiect of th a t amount of iron in the 4 per cent. 
copper alloy was next studied. Here, in agreement with FraenkePs 
results, which were, however, obtained by the addition of 1 per cent. 
iron, the age-hardening is greatly reduced, and even subsequent heat- 
treatm ent does not raise the hardness to the value obtained from the 
alloy w ithout iron.

I t  seems highly probable, therefore, th a t the iron content is respon- 
sible for the fact th a t commercial copper-aluminium alloys do not age- 
harden a t room temperature, and to  cheek this conclusion an alloy 
was made up containing the same percentages of Silicon and iron as in 
the previous experiments. The results show th a t when Silicon and 
iron are present together the deleterious efiect of the iron is reduced 
by the presence of Silicon, and th a t although the hardness obtained 
after ąuenching and ageing a t room temperature is smali in comparison 
with th a t obtained in the alloy free from silicon and iron, the ageing 
a t 200° C. produces a greater maximum hardness in less time than  in 
the case of the alloy containing 0-32 per cent. iron only.

* Loc. cit. t  Loc. cit.
{ Gayler, Inst. Metals, 1922, 28, 213; 1929, 41, 191; Meissner, ./. Inst. 

Metals, 1930, 44, 207.
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Platę XVII.
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Platę XVIII.
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[Bettceen pp. 200 and 201.
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Fig. 10.—4 per cent. Copper; 0-5 per cent. Magnesium. CuK radiation.
1. Immediately after quenching from 500° C.
2. Aged one week at room temperature.
3. ,, ,, „ ,, and then 20 minutes a t 200° C.
4. „ ,, , , „ and then 18 hrs. a t 200° C.
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The pliases which, according to Gwyer and his colleagues,* should 

exist in. the alloy in equilibrium at room temperature are given in the 
following table.

Ta b l e  I .

No.

CompoSition by Analysis. 
Per cent.

Phases.

Copper. Iron. Silicon.

1
2
3
4

4 1 2
3-94
4 09
3-89

001
0 007
0-32
0-32

001
0-25
0-008
0-24

Al -f CuA12 
Al +  CuA12 +  Si 
Al -f CuAla +  “ N ” 
Al +  CuA12 +  “ N ”

From these data it appears that possibly the formation or the 
presence of the constituent “ N ” in the alloy is in some obscure way 
responsible for the behaviour of commercial copper-aluminium alloys, 
sińce CuA12 can be precipitated in the ternary alloys only at the expense 
of “ N.” Up to the present there has been no exception to the rule 
that alloys belonging to binary systems, in which the solid solubility 
of one constituent in the other decreases with fali in temperature, 
possess the property of age-hardening. Pure copper-aluminium alloys 
follow this generał rule, and age-harden at room temperature, but alloys 
made from commercial aluminium age-harden appreciably only at higher 
temperatures. This difference might be ascribed to the fact that the 
latter are not binary alloys, but are at least quaternary alloys, and 
that the separation of the compound CuA12 must be influenced by the 
presence of other constituents. I t  was thought that microscopic 
examination might perhaps throw some light on these results, but 
apart from the fact that the iron constituent appears different in 
character, as shown in Figs. 3-5 (Platę XIX), under a magnification of 
300 diameters, there is nothing to account for the fact that iron alone 
or iron and Silicon together prevent the ageing of the copper-aluminium 
alloy at room temperature, and that the addition of 0-5 per cent. 
magnesium to the alloy containing 0-32 per cent. of iron removes the 
inhibiting effeet of the iron on the age-hardening phenomenon.

Under a magnification of 1500 diameters the micro-structures of 
these alloys, which had been annealed until the copper compound had 
become visible, showed that the peritectic reactions

(a) liq. +  FeAl3 — >- “ N ”
(b) liq. -f- FeAl3 — >■ “  X ” (which is isomorphous with “ N ”)

t  Gwyer, Phillips, and Mann, J .  I n s t .  M e ta ls ,  1928, 40, 297.
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which commence while the greater part of the alloy is in the liąuid 
state, and proceed to  completion in the solid state, had not been com- 
pleted, and th a t the heat-treatm ent given the alloys in the solid state 
was no t sufficient to  convert the whole of the  FeAl3 into “ N ” or 
“ X .” The photomicrographs given in Figs. 6-8 (Platę XX) appear to 
indicate th a t the reaction has proceeded most completely in the copper- 
aluminium alloy containing iron only, and least completely in th a t 
containing 0-32 per cent. iron and 0-24 per cent. Silicon. In  all three 
cases no marked difference could be observed in the ąuantity  of CuA12 
precipitated. Reference was made to the researches of Gwyer, Phillips, 
and Mann,* in order to identify the  various constituents, bu t it  was 
found extremely difficult to  be sure of the identification of the 
compounds.

(b) Copper-Magnesium Alloys.—Hardness measurements were made 
on a series of alloys containing 0-5 per cent. magnesium with 1, 2, 3, 
and 4 per cent. copper. The forged bars were (a) ąuenehed from 500° C., 
aged a t room temperature, and then heat-treated a t 200° C .; (b) heat- 
treated  a t  200° C. immediately after ąuenching. The respectiye heat- 
treatm ents and the results obtained are embodied in Fig. 2 (Platę X V III). 
I t  will be noticed th a t there is ąuite appreciable age-hardening in the 
alloy containing only 2 per cent. copper; an alloy containing the same 
amount of copper but made with commercial aluminium f  shows no 
age-hardening either a t room temperature or a t higher temperatures. 
All these alloys show the initial softening on heat-treating the materiał 
after age-hardening a t room temperature.

X -R a y  E x a m i n a t io n .

The X-ray examination of the alloys of high-purity aluminium 
with copper has been undertaken with a view to ascertain whether
any changes of lattice param eter are associated with the marked
age-hardening which occurs in these alloys a t room temperature. 
In  the disoussion of our previous contribution (to which reference 
may be made for a description of the method employed),J Fraenkel 
and Scheuer suggested the desirability of the comparison of X-ray 
photographs of the alloy H 3 (commercial aluminium and 4 per 
cent. copper) immediately after ąuenching and after ageing a t room 
temperature. In  our reply § we stated  th a t this had been done, and 
th a t a period of three months’ ageing a t room temperature produced 
no change th a t could be detected in the X-ray photographs. As the

* Gwyer, Phillips, and Mann, J . Inst. Metals, 1928, 40, 297.
t  Hanson and Gayler, ibid., 1923, 29, 491.
t  Gayler and Preston, ibid., 1929, 41, 191. § Ibid., p. 246.



Some Aluminium Alloys of High Puńty  203
degree of age-hardening a t room temperature which takes place in 
alloys of commercial aluminium and copper is quite smali compared 
with th a t of a similar alloy of high-purity aluminium, it  appeared 
possible th a t some effect might be observable in the latter case, but the 
X-ray photographs which have now been taken show no appreciable 
change.

The alloy containing 4 per cent. copper was examined in four 
conditions. First, immediately after quenching from 500° C .; secondly, 
after ageing a t room temperature for seven days; thirdly, after anneal
ing the aged specimen a t 200° C. for 20 minutes, and finally after a 
further annealing a t 200° C. for 24 hrs. The first three photographs 
(Fig. 9, Platę X X I) are indistinguishable, although marked hardness 
differences are found for alloys in the three conditions. In the first 
and third the Brinell numbers are in the neighbourhood of 60, whilst 
in the second condition the figurę is of the order of 80 or thereabouts, 
as shown in the graph (Fig. 1, P latę X VIII). In  the fourth condition 
the hardness number has a value of about 100, and the displacement 
of the lines in the X-ray photograph shows th a t the copper has been to 
a large extent precipitated, leaving a matrix, of which the parameter 
does not differ appreciably from th a t of pure aluminium.

A second series of photographs was obtained from an alloy con
taining 4 per cent. copper and 0-5 per cent. magnesium, the X-ray 
examination being carried out immediately after quenching from 
500° C. after 7 days’ ageing a t room temperature, after a subsequent 
anneal for 20 minutes a t 200° C., and after further annealing for 18 hrs. 
a t 200° C. (Fig. 10, Platę X X II). In  this case, too, no appreciable 
difierence is observable in the X-ray photographs of the materiał in the 
first three conditions, although the hardness changes are still more 
marked than in the case of the alloy without magnesium.

A noticeable feature of the photographs of the quenched materiał 
is the breadth of the lines. The difiraction spots from individual 
crystals do not all fali on a line in the film. This has been interpreted 
as an indication of lack of homogeneity in the materiał, different 
crystals haying slightly different composition. Efforts to  reduce the 
width of the lines by repeated cold-work and annealing proved fruit- 
less, so th a t it  has not been possible to  obtain parameter measurements 
of the desired accuracy. The changes of length during ageing a t room 
temperature of a 4 per cent. alloy of copper with commercial aluminium 
have been determined by Chevenard, Portevin, and Wachę,* and 
amount to a contraction of about 50 parts in a million. This figurę 
is of the same order as th a t given by the density measurements in our

* J . Inst. Metals, 1929, 42, 337.
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previous paper—namely, a change of 2-7894^2-7897 grm./cm.3, or about
110 parts in one million, the length change being one-third of this 
ąuantity, or about 36 parts in one million. Param eter changes of this 
magnitude could not be detected by the X-ray method employed in the 
present investigation. A change in the distance between the lines on 
the film of 1 mm. corresponds with a change of param eter of 400 parts 
in a million, and this is the smallest change which we could hope to 
detect with such broad lines.

The net result of the investigation is th a t, within the limits of 
accuracy attainable by the method of investigation, no change in the 
X-ray spectra accompanies the hardening of these alloys a t room 
temperature or the  softening caused by short annealing a t 200° C. 
The hardening which is produced by a further period of annealing a t 
200° C. is accompanied by a displacement of the difiraction lines, 
which has been interpreted as indicating the precipitation of copper 
from solid solution.

CONCLUSIONS FROM ExPERIM EN TA L DATA,

1. The examination of a series of alloys containing 4 per cent. 
copper made with high-purity aluminium has shown t h a t :

(a) The presenee of 0-32 per cent. iron inhibits the age-hardening 
of the  alloy a t room temperature and decreases the maximum 
hardness attainable on heat-treating a t 200° C.

(b) The addition of 0-25 per cent. silicon has little or no effect 
on the age-hardening of the copper-aluminium alloy.

(c) The addition of 0-25 per cent. silicon to  the alloy con- 
taining 0-32 per cent. iron reduces the deleterious effect of the 
iron.

(d) X-ray examination of alloys containing 4 per cent. copper 
and 4 per cent. copper with 0-5 per cent. magnesium has failed to 
detect any change of parameter during ageing a t room temperature. 
On heat-treating a t 200° C. the alloys previously age-hardened a t 
room temperature, no change in param eter occurs until after 
maximum hardness has been obtained.

(e) A series of alloys containing 1, 2, 3, and 4 per cent. copper 
and 0-5 per cent. magnesium, respectively, all age-harden a t room 
tem perature and a t 200° C.

(/) All the alloys age-hardened a t room temperature show a 
marked decrease in hardness as a result of heat-treatm ent a t 
200° C. for about 20 minutes. The Brinell hardness obtained 
approaches th a t observed immediately after quenching.
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D is c u s s io n .

I t  has been stated above th a t the phenomenon of age-hardening is 
exhibited by an alloy when the solubility of the alloyed metal decreases 
with decreasing temperature. In  such a case the ąuenched alloy is, 
a t room temperature, a supersaturated solution, and a rise of tempera
ture or the passage of time will be accompanied by a reaction in which 
the alloy will proceed to a state of eąuilibrium. An attem pt to corre- 
late the experimental results described above with existing knowledge 
of the eąuilibria of the different systems involved is a m atter of con
siderable difficulty. In  those cases where the eąuilibrium diagrams 
have been investigated the aluminium has been impure, and the exact 
effects of the smali ąuantities of iron and Silicon on the solubility limit 
of copper are not known. The work of Dix and Richardson on the 
binary Al- Cu system is an exception, very pure materials having been 
used in the determination of the solubility limit of copper in aluminium 
(Fig. 11). The dotted line in this figurę is taken from an inyestigation * 
of the Cu-Al-Mg system in which the aluminium was of “ commercial ” 
ąuality. I t  suggests th a t the only efEect of magnesium is to reduce the 
solid solubility of copper by about J  or ^ per cent. The hardness 
curves in Fig. 2 (Platę X VIII) also indicate th a t the solubility of copper 
in aluminium in the presence of 0-5 per cent. magnesium is in the 
neighbourhood of 4 per cent. a t 500° C., which does not diSer appreci- 
ably from the value shown in Fig. 11.

We do not know what the efEect of approximately 0-1 per cent. 
iron, present as impurity in the aluminium, would have on this. If it 
is legitimate to neglect the efEect of magnesium on the solubility of 
copper, then it becomes difficult to explain the greater and more rapid 
age-hardening of an alloy with 0-5 per cent. magnesium compared with 
one without this element, if the ageing is ascribed to the formation of 
CuA12. I t  has been suggested f  th a t the expansion of the space lattice 
of aluminium by the comparatively large magnesium atom facilitates 
the precipitation of CuA12. The X-ray evidence suggests th a t hardening 
a t room temperature takes place without the rejection of copper from 
solution, whilst a t higher temperatures (200° C.) the hardening is 
accompanied by some precipitation. I t  cannot, however, in the light 
of the present work, be assumed th a t the precipitation is the cause of 
this hardening—both phenomena may arise from a common cause, 
and the hardening may result from the mechanism of incipient pre
cipitation,! as we have previously suggested.

* Gayler, J. Inst. Metals, 1923, 29, 507. f  Archer, loc. cit.
J Gayler and Preston, loc. cit.
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W ith regard to  the  alloys containing magnesium and Silicon, the 

only available d a ta  as to their equilibria are contained in the investiga- 
tions of the systems Al-Cu-Mg2Si,* Al-Cu-Mg-Mg2Si. Here again the 
results are rendered uncertain by the presence of iron in the aluminium,

P E R  C E N T ,  C O P P E R  
F ia . 11.

but taking the evidence for w hat it  is worth, i t  appears th a t a t 500° C. 
the solubility of copper in aluminium in the presence of about 1 per 
cent. of Mg2Si is reduced to 2 per cent. from the 4 per cent. which 
can be retained in solution in the absence of Mg2Si. This fact, if true,

* Gayler, J . Inst. Metals, 1922, 28, 213; 1923, 30, 139.
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has an im portant bearing on the part played by Mg2Si in the age- 
hardening of Duralumin made with commercial aluminium. Meissner 
has found th a t the hardening of 4 per cent. copper alloy with magnesium 
is not eflected appreciably by the addition of Silicon, and has con- 
cluded th a t Mg2Si plays no part in the hardening, which is to be ascribed 
wholly to the copper. In  the light of the evidence cited above, how- 
ever, a Cu-Mg-Al alloy of the Duralumin type would have 4 per cent. 
copper in solution—a similar alloy with the addition of 0-3 per cent. 
Silicon only 2 per cent., so th a t if the two alloys harden to  the same 
extent, some other explanation m ust be sought, sińce an alloy con
taining 2 per cent. copper does not harden to  the same extent as one 
containing 4 per cent. (Fig. 2).
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the alloys used, and acknowledge with pleasure the assistance of Mr. 
R. P. Garner in the course of this inyestigation. They also desire to 
express their indebtedness to Dr. W. Rosenhain, F.R.S., for his con- 
tinued interest and encouragement, and to offer their cordial thanks to 
Dr. J . D. Edwards of the Aluminum Company of America, who very 
kindly arranged for some aluminium of high purity to be sent to them.

APPENDIX I.

Analysis of Aluminium.
Per cent.

Silicon . . . . .  0 007
I r on. . . . . .  0-009
Copper . . . . . 0-024

Analysis of Alloys Made Up.

Stamp. Copper, %. Iron, % . Silicon, %. Magnesium, %.

C4 (2) 4-12 0-01 0-01
C4 (3) 3-96 0-01
S 3-94 0-25
FY 4-09 0-32 0-008
FZ 3-89 0-32 0-24
CMF 4-04 0-32 0-012 0-58

c xm 5 0-92 0-51
c2m 5 1-96 0-54
c3m 5 2-88 0-55
c4m 6 3-99 0-54
C4M5 (2) 4-12 001 0-01 0-46
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APPENDIX II.

Brinell Hardness Measurements : 2 mm. bali, 40 kg. loadfor 30 seconds.

Half-inch chill castings were annealed for 5-6 lirs. a t 450° C., and 
then forged down to 3/16 in. approximately. The surfaces were then 
prepared for hardness measurements and the bars were soaked for 
20 hrs. a t  500° C. After quenching in water a t room temperature 
one set of bars was aged a t room temperature and then heat-treated 
a t 200° C., and the other set was heat-treated a t 200° C. immediately 
after cjuenching.

D ISCU SSIO N .
P r o f e s s o r  D r.-In g . G e o r g  S a c h s  * (M em ber): There i s  also another 

factor which acts in  th e  same peculiar m anner as th e  presenee of im purities 
in  th e  age-hardening of alum inium  alloys; this is th e  grain size. Researches 
on a  magnesium-free alloy w ith  5 per cent. copper have shown th a t hardening 
s ta rts  earlier and  is greater w ith single crystals th an  w ith finely crystalline 
m ateria ł.f In  both  cases a  reduetion in  the ageing tem perature is accom- 
panied by  an  enhaneed hardening effect.

A t th is point I  should like to  m ention th a t  in  recent researches a  rem ark- 
able agreem ent has been reached as to  th e  mechanism of th e  hardening pro
cess in Duralum in. According to  th is, precipitation begins only a t  high 
tem peratures, about 150° C., and  th e  mechanical efiect in  self-hardening is 
ąu ite  difierent from th a t  produced by artificial ageing a t  high tem peratures. J 
R ecent work a t  th e  K aiser-W ilhelm -Institut fur Metallforschung in  Berlm- 
D ahlem  has shown th a t  a t  high tem peratures a  hardening efiect occurs a t  first, 
th en  disappears, and  is finally followed by  a  hardening of a difierent type.

According to  these results i t  appears to  me to  be established definitei3r 
th a t th e  characteristic D uralum in hardening depends on efiects which occur 
w ithin the  solid solution. This has been confirmed by  X -ray in tensity  
measurem ents by  means of which difierences in  th e  ąuenched^ and hardened 
sta tes have been established which correspond w ith  changes in  the position 
of th e  atom s in  the  solid solution probably preparatory  to  precipitation. §

D r. A. G. C. Gw yer  || (V ice-President): I  do no t propose to  discuss this 
paper in  any great detail. I  have ta lked  th e  m atte r over w ith  m y colleagues 
—especially w ith Mr. H . L. Phillips—and  have read the paper carefully, 
b u t th e  observations which I  wish to  make are of a  ra th e r generał naturę. 
I t  seems to  me th a t th is paper m ay be regarded as another milestone on the 
long road tow ards th e  clearing up of th is theory  of age-hardening. As such, 
th e  paper is to  be welcomed, and  i t  has undoubtedly established and settled 
one or two fu rther points, notably  the  inhibiting efiect of iron on th e  age- 
hardening of pure alum inium. There are also interesting points in  regard to  
th e  sluggishness of th e  reaction and so on, b u t I  do no t wish to  labour them  
a t  th e  mom ent.

I  th ink  th a t  th e  extraordinary difficulty of this problem is emphasized more
* Leiter des Metall-Laboratoriums der Metallgesellschaft A.-G., Frankfurt-am- 

Main, Germany.
•f R. Karnop and G. Sachs, Z. Physih, 1928, 49, 480.
J von Goler and G. Sachs, Metallwirtschaft, 1928, 8, 671.
§ J . Hengstenberg and G. Wassermann, Z. Metallkunde, 1931, 23, 114.
|| Chief Metallurgist, British Aluminium Co., L td., Warrington.
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clearly than  ever by the enormous am ount of work whieh has been done 
and the fact th a t undoubtedly a great deal more remains to  be done before 
the m atte r will be cleared up, whilst there still rem ain yery striking diver- 
gencies, even, one might say, as to  the  facts, between some of the most com- 
petent workers, among whom the authors of this paper m ust unauestionably 
be ranked. J

Recently a paper has been read—I  have seen only an advance note of 
1 ̂  by E- H . Dix and his colleagues,* who eonfirm Dr. Gayler in her con- 
clusion th a t magnesium only very slightly lowers the solid solubility of 
copper; bu t whereas Dr. Gayler finds th a t the solid solubility of copper is 
very materially lowered by the addition to i t  of Mg,Si, D ix and his colleagues 
find the direet opposite, and say th a t the eifect is n e g lig ib le .  They p u b l i s h  
a photomicrograph, th e  explanation of whieh is no t elear, bu t the photo- 
mierograph itself is elear, and shows the presence of yet another constituent 
which I  th ink is a new one—a quaternary one w ith aluminium, copper, 
magnesium, and S ilico n .

W hen one sees such a diyergence w ith regard to the statem ent of apparent 
facts by two such com petent workers, the conclusion th a t I  have reached in 
this m atter—I  say i t  for the mom ent ra ther out of hand—is th a t it  would 
seem th a t the tim e is ripe for a symposium between the leading American, 
German, and B ritish workers on this subject, or alternatiyely they  should 
get together in  some way.

Dr. C. H . M. J e n k i n s  j  (M em ber): I  eongratulate the authors on the 
further work contained in  this paper, and would like to  ask them  for a  little  
more inform ation on one or two points of special in terest. The first con- 
cerns the generał relationship of the changes in  m icrostructure to  the hardness 
changes which are mentioned. In  reading various papers on age-hardening 
phenomena in  aluminium alloys, one observes th a t the various authors deal 
with hardness changes, bu t do no t definitely s ta te  a t  w hat point the first 
visible separation of new constituents can be obseryed in  relation to  those 
hardness changes. I t  is probable from the point of view eonsidered in  regard 
to aluminium alloys th a t the information giyen is w hat is desired, bu t if a 
study is being made of the age-hardening phenomena in  other m aterials, 
such as psrhaps in  copper or in  nickel-chromium alloys, i t  is im portant to  
understand the inter-relationship of the various factors in  age-hardening. I  
think th a t this is a  point which will receive more a tten tion  in the futurę, as 
the sequence of events, noticed in the age-hardening of alloys of other basis 
metals, does not, on the present evidence, appear to be the same as th a t 
obtained for aluminium alloys.

The other point to  which I  wish to  refer is of a  different naturę, and 
relates to  the actual in terpretation  of the Brinell hardness changes shown 
in the diagrams. I t  is to be obseryed th a t the authors express the changes 
in the alloys by means of Brinell hardness tests, and in support they  show 
changes in  hardness w ith the progress of tim e. There is no doubt th a t this 
result represents some change within the alloys, bu t i t  is no t elear th a t this 
necessarily means a change of strength  in  the absence of all forms of externally 
applied deformation.

I  have in  m ind an instance where there is an appreciable change in  the 
Brinell hardness of a m ateriał w ithout there being any difference in  the hard
ness of the m etal if the work-hardness due to  making the impression is re- 
moved. In  the case of tes ts on commercially pure ingot iron which has

* E. H. Dix, Jr ., G. E. Sager, and M. P. Sager, Amar. Inst. Min. Met. Ena. Tech. 
Publ. No. 472.

f  Senior Assistant, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.
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been tes ted  by  actually  impressing the m ateriał a t  various tem peratures, one 
finds th a t  th e  hardness yalues obtained in  the ordinary way rise to  a  maximum 
a t  about 300° C. and  afterw ards fali. This a t  first sight appears to  be caused 
by  a  ehange in  th e  streng th  of the  alloy, b u t if the  specimens are brought to  
th e ir original condition by being normalized—th a t is to  say heated to  950 C. 
and  then  cooled in  a ir—and then  a  further impression is made in  th e  same 
bali holes, lower hardness values are of course found, but, w hat is more notice- 
able, th e  m axim um  is less prom inently m arked. I f  these re-impressions are 
m ade eight to  ten  tim es, i t  is found th a t th e  m aximum has disappeared and 
there  is no m arked change in hardness from 0° to  300° C. This work shows 
th a t  initially  there  is no g reat change in  hardness w ith tem perature before 
the  Brinell impressions were m ade, b u t th e  m arked rise in hardness in  the 
usual Brinell te s t is due to  a m arked difference in the degree of work harden- 
ability  im parted  to  different specimens of the  m etal as th e  Brinell bali is 
forced in. . .

In  the case of ąuenched, i.e. unhardened, alum inium alloys of compositions 
which norm ally age-harden, i t  is already known th a t  th e  action of deformation 
by  rolling, &c., brings about m arked age-hardening. I t  would be a  m atte r 
of in terest to  know w hether some of th e  reported hardness changes in  th is 
and other papers are no t due to  changes in  the susceptibility to  work-hardening 
during th e  ac t of impressing the bali, and  are no t tru ły  changes in  th e  real 
hardness of th e  alloys as th e  ageing proceeds. U ndoubtedly age-hardening 
resu lts in  a  difference of the condition of th e  m ateriał, b u t i t  is extremely 
difficult to  devise a  method of te s t which would eliminate the effeet of 
deformation.

Dr. C. H . D e s c h ,*  F.R .S. (Member of Couneil) (replying on behalf of the 
authors): I  will leave th e  points conceming solubility and  so on to  be dealt 
w ith by  the  authors of th is paper when they  see the discussion. In  view, 
however, of w hat Professor Sachs has said, I  should like to  say a few words 
on th e  X -ray  evidence. I t  seems to  me th a t, so far as these ąuestions regard- 
ing the in itial stages of age-hardening are concerned, we haye alm ost reached 
the  lim it of w hat the ordinary m ethod of X -ray exam ination will reveal. 
Professor Sachs referred to  the  recent work of Mark and Hengstenberg on the 
distribution of intensities in th e  different orders of X -ray reflections, and th a t 
seems to  me to  open up a  means of penetrating  much more deeply in to  the 
mechanism of m inutę changes of th is kind th an  has h itherto  been possible. 
D uring the  last few m onths I  have had an opportunity  of seeing, in  two 
American X -ray laboratories a t  Cornell U niversity and Chicago, work which 
is being done on the m easurem ent of the distribution of in tensity  w ithin the 
lines on an  X -ray pa tte rn , and, although the apparatus reąuired is elaborate, 
i t  is rem arkable how much inform ation can be obtained in  th a t  way. W ith 
those experim ental means a vailablo, we m ay be able to  determ ine much more 
satisfactorily than  a t  present w hat is happening in these very difficult initial 
stages of the age-hardening process.

C O R R E SPO N D E N C E .
T h e  A t j t h o r s  (in reply to the discussion at the meeting) : We are much 

interested  in Professor Sachs’ rem arks. The fac t th a t grain-size affects the 
age-hardening is of great im portance, and m ay account for irregularities which 
occur b u t which are a ttribu ted  by some workers to  other molecular or atomie 
disturbances. We are in complete agreem ent w ith Professor Sachs th a t it

* Superintendent, Department of Metallurgy and Metallurgical Chemistry, 
National Physical Laboratory, Teddington.
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is definitely established th a t the characteristic Duralumin hardening depends 
on effects which occur in  the solid solution.

In  reply to  Dr. Gwyer, we had no t seen the p reprin t of the paper by E . H . 
Dix and his colleagues un til after our paper was in  prin t. The results given 
in  th a t paper certainly indicate the form ation of a  new constituent, b u t the 
diagram given by these authors needs careful interpretation. The effect of 
iron  on the formation of the new phase is as yet no t determined, and un til i t  
has been inyestigated one m ust keep an open m ind as to  the effect of Mg2Si 
on the solubility of CuA12. I t  is interesting to  no te from the diagram given 
by E . H . Dix and his colleagues th a t the lim it of solubility a t  500° C. of the 
copper-rich constituent (Al-Cu-Mg-Si) is 2 per cent., which solubility rapidly 
decreases w ith fali in  tem perature.

In  reply to  D r. C. H . M. Jenkins we would say th a t aluminium alloys do 
no t lend themselyes so readily to  micro-examination during age-hardening 
as those of other metals. We have tried  to  follow up the age-hardening of the 
alloys we have been using, by  careful microscopic exam ination during the 
period of maxim um  age-hardening and after. I t  is only after marked softening 
has set in  th a t  any visible m icrostructural changes can be observed. In  the 
case of those alloys where a  eutectoid decomposition takes place, viz., alumi- 
nium—zinc alloys, it  is possible, howeyer, to  follow the changes in microstrueture 
from a tim e shortly after maximum hardness has been attained.

Dr. Jenkins ra ther suggests th a t m icrostructural changes have no t received 
much attention . We can assure him th a t both here and in America and 
Germany eyery effort has been made to  produce evidence of changes in 
m icrostrueture during the early stages of age-hardening.

The change in  Brinell hardness in  the case of ingot iron a t  high tem peratures 
due to  work-hardening is yery interesting. In  our case the hardness measure- 
m ent is made a t  one tem perature, i.e., room tem perature. I t  is highly probable 
th a t work-hardening due to  the impression of the bali does cause local age- 
hardening, bu t as the m ateriał age-hardens a t  room tem perature (or higher 
tem peratures as the case m ay be), the degree of hardening caused by the 
Brinell bali will decrease in  effect and ultim ately will have little  or no effect, 
I t  is yery possible th a t in the initial stages the effect of work-hardening m ay 
be more marked, bu t it  m ust be smali, sińce the hardness, in certain cases, of 
the ąuenched m ateriał is yery often eąual to or less than  th a t of the m ateriał 
in the annealed state.

Dr. Jenkins has raised an  interesting point, b u t i t  is difficult to  see w hat tes t 
could be deyised for hardness measurements, which would oyercome the 
dififlculty mentioned.

Mr. E d w a r d  G. H e r b e r t ,*  B.Sc. (M em ber): The authors are to  be con- 
gratulated on having so clearly diSerentiated between th e  age-hardening 
due to  precipitation and th a t due to  “ some process as y e t undefined which 
takes place prior to  actual precipitation.”  My own researches have led to  
precisely the same conclusion—namely, th a t in the age-hardening of Duralum in 
there are two ąuite  distinct processes, the one superimposed upon the other, 
viz. :—

(a) Precipitation hardening, which by itself would cause a uniform increase 
of hardness.

(b) Atomie hardening, due to  the disturbance produced by ąuenching 
from a  high tem perature, and characterized by periodic fluctuations of hard 
ness—-alternate hardening and softening—the fluctuations being a t  first 
relatiyely rapid, bu t gradually slowing down and damping out. These 
fluctuations are alm ost certainly periodic changes of inter-atom ic attraetion

* Director, Edward G. Herbert, Ltd., Leyenshulme, Manchester.
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or cohesion, and are therefore electromagnetic in  character and responsive 
to  th e  influence of magnetism.

The occurrence of hardness fluctuations—alternate  hardening and soften- 
ing—in th e  age-hardening of the alum inium alloys is well known. They 
have been m ade the  subject of special study  by Bollenrath, and are shown 
in  th e  work of Meissner and o ther inyestigators, b u t i t  is no t necessary to  
look beyond the work of the present authors for evidence of the ir occurrence. 
They are shown very  clearly in  the  two top  curves in  Fig. 1, a  rise to  a 
maxim um  3 to  4 hrs. a fter ąuenohing, a fali to  a minim um a t 9 hrs., a rise 
to  a fu rther m axim um , and a slow fali. An eąually elear case is th e  top 
curve in Fig. 2. All these are perfeotly norm al ąuench fluctuations. In  
drawing the ir curves the  authors have generally ignored th e  eyidenee of 
hardness fluctuations, although in  one case, in  th e  lower diagram of Fig. 2, 
th e  fluctuation was too yiolent to  be altogether ignored.

In  a  paper which I  offered to  the In s titu te  of Metals in  A ugust 1931, 
a description was given of a series of experim ents designed to  elucidate the 
processes concerned in th e  age-hardening of Duralum in. The experiments 
consisted generally in  the  application of yarious magnetic trea tm en ts to  
D uralum in during th e  ageing period. The prim ary object was to  stabilize 
th e  m etal in  its  freshly ąuenched condition, either by ageing in  a  magnetic 
field, or by magnetic trea tm en t for short periods such as one m inutę, the 
trea tm en t being accompanied in  some eases by the application of heat. The 
outoome of th e  experim ents was th a t while i t  was no t possible by  any appli
cation of magnetism to  inhibit the generał inerease of hardness (precipitation 
hardening), the periodic fluctuations could be profoundly modified by placing 
th e  freshly ąuenched specimen in a  constant magnetic field for a  short period. 
In  generał, th e  result of the magnetic trea tm en t was to  set up new fluctuations 
of shorter periodicity and  greater am plitudę th an  those due to  the shock of 
ąuenching.

The fact th a t  precipitation hardening and  atom ie fluctuations are super- 
im posed during the age-hardening of D uralum in somewhat complicates the 
study  of either, b u t a  simplification has been found possible. Atomie fluctua
tions can be set up no t only by  ąuenching, bu t also by magnetic disturbance 
or by severe mechanical deformation. They were, in  fact, first observed in 
th e  ageing of hard  steel which had  been superhardened by bom bardm ent 
w ith steel balls, and  i t  was found th a t  when they  had dam ped ou t they  could 
be sta rted  up afresh by an  appropriate magnetic treatm ent.

In  the  work referred to  above I  have shown th a t  fluctuations similar in  
character and believed to  be essentially identical w ith  those induced by 
ąuenching, can be set up in  D uralum in by seyere mechanical deformation. 
A D uralum in sheet was rolled down to  40 per cent. of its  original thickness, 
and  periodic hardness tes ts  showed th a t  during the subseąuent period of 
ageing m arked hardness fluctuations occurred. I t  was shown th a t  the course 
of these fluctuations could be profoundly modified by  placing the specimen 
a t  a selected phase, such as a  maximum, in  the magnetic field for 5 minutes.

I t  is to  be hoped th a t  the authors, having arriyed a t  the conclusion th a t 
two distinct processes are involyed in  the  age-hardening of th e  aluminium 
alloys, and  having produced such elear eyidenee of both—the generał hard 
ness inerease due to  precipitation and  the hardness fluctuations due to  the 
shock of ąuenching—will follow the m a tte r up by  a  separate inyestigation 
of th e  la tte r, inducing th e  periodic changes either by mechanical or magnetic 
means, and  thus ayoiding th e  complication of simultaneous precipitation 
hardening. In  pursuing th is subject i t  will be found useful to  make the 
hardness tes ts  a t  considerably shorter interyals th an  those used in  the present 
inyestigation—half-hourly tests  have been adopted in  m y own work, and it  
is possible to  offer a  fu rther suggestion, based on experience. The specimen
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haying been set in a  s ta te  of atom ie fłuctuation, say by rolling, i t  will be 
found useful to  d m d e  i t  into two and apply the magnetic trea tm en t to  one 
portion only. Simultaneous hardness tes ts on the two halves will then  allow 
of a comparison between the original mechanical fluctuations and the modifled 
fluctuations set up by the magnetic trea tm en t. A field of 6000 gauss has 
been found effectiye, b u t in  recent experiments stronger fields up to  24,000 
gauss have giyen even more m arked results.

Mr. L. W. K e m p f ,*  M.S., and Dr. W. A. D e a n  * : We have read this 
excellent paper w ith great interest, no t only because of its  value as an addition 
to  our knowledge of age-hardening, bu t also beeause da ta  collected in  our 
laboratories agree closely w ith those presented in  this paper. Our materials 
and prooedure were somewhat different from those used by the present 
authors, and our investigation of hardening a t  room tem perature was some
w hat more extensive. In  view of these differenees, i t  is felt th a t some of 
these data  m ay be of sufficient in terest to  be subm itted for consideration 
here.

The alloys used by us were of somewhat lower pu rity  than  those of the 
authors, b u t were made from aluminium produced by the same process. 
Ingots about 3J in. sąuare by 12 in. long were cast in  iron moulds and solidi- 
fied progressiyely w ith circulating water. The ingots were heated for 15 hrs. 
a t  about 500° C., cooled to  450° C., and forged to  f-in . square rod. Sections 
about i  in. long were cut from this rod, heat-treated , and aged as indicated 
on the accompanying diagrams (Figs. A-C). Brinell impressions were made 
on the cross-sections of the rod, and each point represents the average of a t  
least three impressions.

I t  is believed th a t the difficulties experienced by the authors in  obtaining 
uniform hardness values on the binary 4 per cent. copper alloy m ay be attribu t- 
able to grain-size yariations. The difficulties would be accentuated, especially 
where larger grains are present, by the use of a  smali Brinell bali and load. 
Additions of iron, Silicon, and magnesium tend  to exert a  grain-refining effect 
on this alloy.

The results are in  close agreem ent w ith those of the authors, indicating 
th a t smali differenees in  procedure and composition do no t a lte r the char- 
acter of th e  effeets. The sta tem ent th a t alum inium -copper alloys of com- 
mercial pu rity  do no t harden a t  room tem perature should perhaps be modifled 
somewhat, inasmuch as the data  indicate a definite age-hardening, although 
a t  a  slower ra te  and to  a smaller extent th an  if iron or iron and Silicon are 
absent.

Among th e  additional points of in terest brought out by consideration of 
our curves in conjunction w ith those of the authors the following m ay be 
m entioned:

(1) 0-5 per cent. of iron exhibits much less effect on the maximum hard
ness and hardening ra te  of an alloy containing 5-8 per cent. copper than  on 
one containing 4 per cent. copper.

(2) The simultaneous addition of both magnesium and Silicon to  an  alloy 
containing 4 per cent. copperis decidedly more effective in inereasing maximum 
hardness and  hardening ra te  th an  the addition of magnesium alone.

(3) The addition of Silicon to  an alloy containing 5-8 per cent. copper 
appears to  increase the maximum hardness, whilst the simultaneous addition 
of Silicon and iron has bu t little  effect.

(4) In  the alum inium-copper, aluminium-copper-m agnesium , alum inium - 
copper-magnesium-iron, or alum inium-copper-iron-silicon alloys, prolonged 
ageing a t  room tem perature results in  hardnesses as liigh as the maximum

* Aluminium Research Laboratories, Aluminum Company of America Cleye- 
land, Ohio, U.S.A.
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hardness atta ined  on the same alloys aged a t  200° C. The hardnesses atta ined  
to  date a t  room tem perature by the aluminium-copper-silicon, alum inium - 
eopper-iron, alum inium-copper-magnesium-silicon, and aluminiu 111 -oopper- 
magnesium-iron-silicon alloys are lower than  th e  maximum hardness a t  
200° C.

(5) The hardness of all the  alloys investigated appears to increase, although 
slowly, up to  10,000 hrs. a t  room tem perature.
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F ig. B.—Effect of Iron and Silicon on the Age-Hardening of an Al-4-0 Cu-0’5 Mg Alloy.

I t  has been shown * th a t a  num ber of complex constituents m ay exist in 
alloys containing eoncentrations of copper, magnesium, S ilico n , and iron in 
the rangę of the commercial D uralum in alloys. Phases containing aluminium, 
copper, and iron ; aluminium, iron, and S il ic o n ; aluminium, magnesium,

* Dix and Keith, Proc. Amer. Soc. Test. Mat., 1926, 36, 317; Gwyer, Phillips, 
and Mann, J . Inst. Metals, 1928, 40, 297; Dix and Heath, Proc. Inst. Metals Div., 
Amer. Inst. Min. Met. Eng., 1938, 164; Eink and Van Horn, Trans. Inst. Metals 
Div., Amer. Inst. Min. Met. Eng., 1931, 383 ; Dix, Sager, and Sager, Amer. Inst. 
Min, Met, Eng. Tech. Publ. No. 473, 1932.
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copper, and Silicon have been identified and unpublished work in  these labora
tories has indicated the presence of constituents containing aluminium, copper, 
and magnesium. We can by no means be certain th a t the list has been com- 
pleted, especially sińce eąuilibrium relationships are probably never reached 
in  commercial heat-treated  alloys. The recently published work of E . H . 
Dix, Jr ., G. F . Sager, and B. P . Sager definitely indicates the presence of a 
constituent containing aluminium, copper, magnesium, and Silicon in alloys 
similar in  composition to  those under discussion here. I t  is shown th a t the 
solubility of this new constituent yaries w ith tem perature, and thus probably 
plays an  im portan t róle in  the hardening of commercial Duralumin.

The superior hardenability of the aluminium-copper-magnesium-silicon 
alloys was somewhat puzzling in  view of the reported * lower solid solubility 
of copper in aluminium in the presence of Mg2Si. These new da ta  make the 
hardening of these alloys somewhat more explicable, bu t it  becomes exceed- 
ingly improbable th a t such hardening can be ascribed to  precipitation of 
any one or two simple constituents. I t  is ra ther more probable th a t harden
ing under any specific set of conditions is the result of a  num ber of reactions, 
each of which m ay proceed a t  various rates depending on a  num ber of factors, 
such as availability of atom s, rates of diffusion, complexity of the constituents, 
stability of compounds formed, degree of supersaturation, &c. A t a  Iow 
tem perature, for example, a  relatiyely unstable hardening constituent may 
be formed, because atom s m ay be readily ayailable for its  formation or it-s 
degree of supersaturation m ay be relatiyely great, whereas a t  slightly elevated 
tem peratures w ith greater freedom of diffusion and a different relationship 
between the yarious degrees of supersaturation a more stable constituent may 
be formed simultaneously w ith the disintegration of the one formed a t  the 
lower tem perature. '■>

In  spite of the probable complexity of the processes, certain effects appear 
consistently enough to  w arrant the hazarding of an  explanation. Thus the 
influence of iron on the hardening of alloys containing copper would appear 
to be consistent w ith the formation of a relatively stable constituent con
taining iron and  copper. W hen the copper concentration is below the solid 
solubility lim it a t  the tem perature of solution treatm ent, the influence of iron 
is relatiyely great, giving in  effect a  solid solution of lower copper content. 
W ith a copper concentration sufficiently aboye the solid solubility lim it no 
copper is rem oved from the solid solution and the effect on hardenability is 
relatiyely slight. The c o n s t i t u e n t  c o n ta in in g  S ilico n  and iron appears t o  be 
even more stadle th an  the iron-copper. The addition of Silicon to an  alloy 
containing iron and copper w ithin the solid solubility lim it counteracts the 
effect of the iron by combining w ith i t  and releasing copper to  the solid 
solution.

The effect of magnesium and Mg2Si on th e  hardening of alum inium - 
copper alloys is undoubtedly the result of more complex reactions which 
probably vary  considerably w ith the conditions under which hardening is 
brought about. The explanation of these phenomena m ust aw ait no t only 
accurate identification of the end products, bu t also the determ ination of 
the rate  under yarious conditions a t  which the reactions leading to  these 
products proceeds. The initial softening on ageing a t  elevated tem peratures 
following ageing a t  room tem perature is undoubtedly evidence of the great 
influence of tem perature on these exceedingly complex reactions.

W hether or no t the hardening under discussion is brought about by 
precipitation depends largely on our definition of the word. We prefer the 
use of the word in the broad sense as applying to  the entire process of atomie 
readjustm ent between supersaturated solyent and solute as eyidenced by

* Gayler, J. Inst. Metals, 1922, 28, 213; 1923, 30, 139.
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measurable changes in  properties. I t  would seem as unduly restrietive to  
lim it its  use to  changes in  atom ie space la ttice  yisible to  the X -ray  as to  lim it 
its  use in  aąueous solutions to  processes yisible to  the naked eye.

If  th e  hardening of D uralum in-type alloys appears to  be becoming more 
complex, th is m ay be eyidenee th a t  some progress is being made towards more 
complete understanding of th e  process. The usual seąuence of such inyesti- 
gations is from simple conceptions to  complex and  back again. We seem a t  
p resent to  be leaving simple and  adyancing to  complex conceptions.

Dr. H tjgh 0 ’N e il l ,*  M.Met. (M em ber): I t  appears from this interesting 
paper th a t a t  th e  present m om ent we are still in doubt conceming the fuli 
explanation of th e  age-hardening of D uralum in alloys. W hatever th a t 
explanation m ay be, i t  naturally  m ust fit all the facts associated w ith the 
whole phenomenon, inoluding, presum ably, certain observations of G rard’s t  
to  which a tten tion  m ay perhaps be directed. This worker ąuenched speci
mens of D uralum in from 475° C. and  th en  determ ined the foliowing mechanical 
properties after the m etal had aged for inereasing lengths of tim e a t  room 
tem perature : Brinell hardness (10 mm . bali; 500 and 1000 kg. load), elastic 
lim it, u ltim ate  stress, elongation, and  resilience. G rard found in th e  case 
of his experim ents th a t the  ageing process m ay be divided roughly into two 
periods. H is own words best describe th e  form of the graphs connecting 
tim e and  mechanical properties as observed during the  first four days : “ Cette 
periode est caracterisee p a r des oscillations tres accusees, qui ne sauraient 
etre  a ttribuśes aux  erreurs experimentales, denotan t un travail moleculaire 
notable pendant cette  periode de gestation.’* The behayiour during th e  next 
four days is described as follows : “  P endan t cette  periode les ecarts s’attenu- 
ent, la  courbe d ’allure sinusoidale s’ap la tit, e t l’ć ta t d ’equilibre s’affirme.’!

Since Grard was apparently  quite convinced of the existence of fluctuations 
in th e  mechanical properties during ageing, i t  is na tu ra l to  look for similar 
ups and  downs in  th e  Brinell results of the present authors. I  belieye th a t 
they  are in  eyidenee, and  particularly  in the upper diagram  of Fig. 2. A 
sm ooth curye has been draw n for the alloy containing 3-99 per cent. copper, 
b u t some of th e  points are displaeed both above and below th a t curve by 
an  am ount which is greater th an  legitim ate experim ental error in the Brinell 
test.

In teresting  results in  connection w ith age-hardening have recently been 
obseryed % in nickel-m anganese austenitie steels containing 3 or more per 
cent. of titanium . The hardness yalues during ageing are often displaeed 
from the  usual sm ooth curves, and in  one case, whilst the hardness property 
was indicating a  generał inerease, th e  electrical resistiyity showed first an 
inerease, followed la ter by a  decrease.|| This curious behayiour m ay eventu- 
ally  proyide a clue to  the more complete understanding of the im portan t 
phenomenon of age-hardening.

T h e  A u t h o r s  (in reply): We are much indebted to  Mr. E . G. H erbert for his 
interesting contribution. The fluctuations which we haye ignored in our curyes 
are apparen t only in  some of those of alloys which age-harden to  a  very marked 
extent. Irregularities, such as were found, were n o t considered other than  
experim ental, sińce they  probably could be a ttribu ted  to  yariation in com
position due to  inyerse segregation. Mr. H erbert a ttribu tes these fluctuations 
to  th e  shock of quenching, b u t surely in  our case this is no t so, for they  do no t 
occur either in  the curyes in Fig. 1 or Fig. 2 un til after maximum hardness has

* Senior Lecturer, Department of Metallurgy, The Uniyersity, Manchester.
f  Bev. Met., 1920, 17, 286.
J F . R. Hensel, Trans. Iron Steel Div., Amer. Inst. Min. Met. Eng., 1931, 255.
1| H. Esser and W. Eilender, Arch. Eisenhiiłtenwesen, 1929-30, 4, 142.
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been attained, i.e., un til actual precipitation of smali erystals of the separating 
phase oocurs. Hence the fluctuations pointed out, if genuine, are no t due to  
w hat Mr. H erbert term s “ shoek of quenehing,” sińce these should oceur before 
precipitation hardening sets in.

We th an k  Mr. Kempf and Dr. Dean for their extremely interesting contri- 
bution, and we are very pleased th a t our results agree closely w ith theirs. 
Their suggestion th a t  the difficulties experienced by us in obtaining uniform 
hardness values on the binary 4 per cent. alloy are due to variation in grain-size 
occurred to  us, b u t on etching the specimens no marked difference in grain-size 
was apparent and we therefore came to  the conclusion th a t inverse segregation 
was the most possible cause. In  th is case after heat-treatm ent some erystals 
would be richer in  copper than  others, for under the conditions of the experi- 
ments eąuilibrium  conditions would probably no t have been attained. The 
statem ent th a t alum inium -copper alloys do no t harden a t  room tem perature 
was an  error. We intended to  p u t “ do no t age-harden yery appreciably.”

I t  is interesting to  note th a t Mr. Kempf and Dr. Dean have found th a t the 
effeet of 0-5 per cent. iron on the maxim um  hardness and ra te  of hardening is 
less w ith an alloy containing 5-8 per cent. copper th an  on one containing 4 per 
cent. The whole problem of age-hardening when considered from the point of 
view of th e  eonstitutional diagram is extremely complex, particularly in  view 
of the fac t th a t  the heat-treatm ents given to  the alloys are no t necessarily 
sufficient for eąuilibrium  to  be definitely established. The recently published 
work of E . H . Dix, J r ., G. F . Sager, and B. P. Sager is another eontribution to 
the study of the eąuilibrium  of these complex alloys, and i t  has ye t to be shown 
th a t the new compound which they  identify is present or is precipitated during 
the age-hardening of Duralum in. U ntil X -ray technique is developed 
sufficiently so th a t Mg2Si can be identified on th e  X -ray  spectra, there seems 
little likelihood th a t tlie effeet of this new compound can be isolated apart from 
th a t of either constituents present in Duralum in. I t  is hoped th a t this develop- 
m ent will throw  much more light on this problem which appears to  be getting 
more and more complex as further research is carried out.

We are in  agreement w ith the w riters when they  say th a t “ . . . i t  becomes 
exceedingly improbable th a t such hardening can be ascribed to  precipitation 
of any one or two simple constituents.” I t  always has seemed improbable th a t, 
for instance, CuAl2 alone was responsible for the age-hardening of Duralum in : 
where two or more constituents m ay be present in  contact w ith a solid solution, 
their effects on the solid solution are interdependent and should not be regarded 
otherwise.

The influence of iron on age-hardening of alum inium -copper alloys is 
curious. The writers suggest the formation of a relatively stable constituent 
containing iron and copper as being consistent w ith the influence of iron. Do 
they suggest a compound other th an  “ N ,” which is known to  be formed on 
prolonged annealing of the solid or some other compound? Also, if their 
explanation is correct, why does the addition of a smali am ount of magnesium 
annul the efEect of iron, when, up to  the present, evidence shows th a t magnesium 
does no t combine w ith iron and cannot, therefore, counteract the efiect of iron 
by combining w ith it  ?

Dr. 0 ’Neill is ąuite  correct when he says, “ We are still in  doubt eonceming 
the fuli explanation of the age-hardening of Duralum in alloys,” bu t we are 
gradually getting nearer our goal. We th an k  him for bringing to  our notice 
Grard’s obseryations. Fluctuations on curves certainly need following up, 
bu t in  our experiments we did no t feel justified in  drawing other than  a smooth 
curve through the points. Such facts as segregation, grain-size, &c., would 
have to  be examined yery carefully before a ttribu ting  an up or down in the 
eurves in  Fig. 2 to  some fundam ental cause. I t  is interesting th a t both Dr. 
0 ’Neill and Mr. H erbert have directed our attention  to  the above fact.
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THE SOLUBILITY OF ALUMINIUM IN MAG- 
NESIUM IN THE SOLID STATE AT 
DIFFERENT TEMPERATURES *

By P r o f e s s o r  P .  SALDAU f, M e m b e r , and M. ZAMOTORIN }, M e m b e r .

S y n o p s is .

The solubility of aluminium in magnesium of 99-68 per cent. purity 
has been determined at temperatures up to 420° C. The solubility 
limit a t room temperature is 6-08 per cent. aluminium by weight, and 
this is maintained unohanged until 300° C. after which a rapid inerease 
occurs, the solubility line passing through 10-9 per cent. by weight of 
aluminium a t 400° C., and intersecting the euteetic line (436° C.) at the 
point corresponding with 12-6 per cent. aluminium by weight.

I n t r o d u c t io n  a n d  Su m m a r y  o f  P r e v io u s  W o r k .

T h e  so lu b ili ty  o f a lu m in iu m  in  so lid  m ag n e s iu m  is  o f in te r e s t  in  con- 
n e c tio n  w ith. t h e  s t r u c tu r e  o f a llo y s  o f th e  E le k tro n  ty p e ,  in  w h ich  
m ag n e s iu m  is th e  p r in c ip a l  c o n s t i tu e n t ,  a n d  th e  a g e -h a rd e n in g  p ro p e rt ie s  
a re  th e  r e s u l t  o f c h a n g e s  o f th e  so lu b ili ty  o f th e  o th e r  e le m e n ts  w ith  
te m p e ra tu re .

After preliminary work by Grube,§ who failed to detect any solu
bility in solid magnesium, the system aluminium-magnesium was 
investigated by Hanson and Gayler,[| and more recently by Schmidt 
and Spitaler.*j Both these investigations agree in placing the eutectic 
temperature on the magnesium side of the system a t 436° C., a t which 
temperature the solid solution in magnesium contains approximately
11 per cent. aluminium by weight. According to Hanson and Gayler, 
the solubility limit falls to 9 per cent. aluminium a t room temperature, 
whereas according to Schmidt and Spitaler the solubility a t room 
temperature is only 7-5 per cent. by weight of aluminium, this con- 
centration being preserved unchanged up to  300° C., from which 
temperature it inereases rapidly until the limit of 11 per cent. is reached

* Manuscript received September 2, 1931. Presented a t the Annual General 
Meeting, London, March 10, 1932.

t  Chemical Laboratory, Mining Institute, Leningrad, U.S.S.R.
J Metallurgieal Institute, Leningrad, U.S.S.R.
§ Grube, Z. anorg. Chem.f 1905, 45, 229.
|| Hanson and Gayler, J . Inst. Metals, 1920, 24, 201.

Schmidt and Spitaler, Z. Metallkunde, 1927, 19, 452.
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a t the eutectic temperature. In  view of the differenees between the 
results of these two investigations, the present research was undertaken 
in the hope of throwing further light upon the problem.

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

The metals used in the present investigation were as follows :—

(1) Aluminium, supplied by the British Aluminium Company.

Silicon . . . . .
Per cent. 

. 0-08
Iron . . . 0-06
Aluminium (by difference) . 99-86

;nesium, from Kahlbaum.
Silicon . . . . . . 0-21
Aluminium . . . . . 0-09
Iron . . . . . 0-02
Magnesium (by difference) . 99-68

The alloys were prepared in quantities of 50 grm. by melting in 
carbon crucibles under a flux of magnesium and potassium chloride 
containing 37 per cent. of the latter. The alloys were cast into metal 
moulds, and the ingots thus obtained were cut up into test-pieces 
weighing about 1 grm., which were annealed in sealed evacuated glass 
tubes in order to  prevent oxidation. The aluminium contents of the 
specimens were determined by analysis after the annealing and quench- 
ing treatm ent.

The annealed and quenched specimens were carefully polished, and 
etched with a 0-1 per cent. alcoholic solution of nitric acid, after which 
the structure was examined microscopically.

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

The alloys the compositions of which are given in Table I  were 
first annealed a t 420° C. for 14 days, and were then slowly cooled over 
a period of 4 hrs. to  the required quenching temperature, a t which 
they were maintained for 24 hrs., and then quenched in cold water. 
In  another experiment, the  alloys, after annealing for 14 days a t 420° C., 
were slowly cooled to  room temperature (15° C.) over a period of 
7 days.

The results of the microscopic investigations are given in Table I, 
and are plotted graphically in Fig. 1.

As can be seen from Platę X X III, the change in microstructure on 
passing from the homogeneous to  the two-phase area was well marked, 
although many of the alloys classed as homogeneous contained smali 
particles of impurities in the grain boundaries. Thus Figs. 3 and 4
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T a b l e  I .

Quenching
Temperature.

CO.)

Composition of Alloy (% Al) and Microstrueture.

13-15 12*32 11-12 10-68 9-24 8-47 7-93 6-48 5-67

420 y +  8 y +  8 8 8 8 8
400 r  +  3 y +  8 y +  S 8 8 8
380 y +  8 y +  S y +  8 y +  8 8 8 8 8 8
340 y +  8) y +  8 y +  8 y +  8 8 8
320 y +  8 y +  8 y +  8 y +  8 8 8
300 y +  8 y +  8 y +  8 y +  8 y +  8 8
280 y +  8 y +  8 y +  8 y +  8 y +  8 8
250 y +  8 y +  8 y +  8 y +  8 y +  8 8

Annealed 
and slowly 
cooled.

y +  8 y +  8 y +  8 y +  8 y +  8 8

(Platę X X III) refer to alloys containing 5-67 and 9-24 per cent. 
aluminium ąuenched from 300° C. and 380° C., respectively, and 
in each case there are distinct traces of additional constituents 
in the grain boundaries, presumably owing to the Silicon and iron 
which are present as impurities. These particles were, however, 
easily distinguishable from the magnesium-aluminium y  constituent 
when the la tter was present. Fig. 5 (Platę X X III) shows the 
structure of the alloy containing 10-68 per cent. aluminium after 
ąuenching from 380° C. In  this case the specimen was homogeneous 
a t the temperature of the preliminary anneal (420° C.), bu t became two- 
phase a t the lower temperature, the particles precipitating chiefly in the 
grain boundaries and along cleavage planes. Fig. 6 (Platę X X III) 
shows the structure of the alloy containing 13-15 per cent. aluminium 
after ąuenching from 420° C. In  this case the alloy was outside the 
homogeneous area a t the temperature of the anneal (420° C.) and the 
comparatively large particles present a t this temperature are readily 
distinguishable from the smaller particles precipitated during the slow 
cooling in the alloy shown in Fig. 5. As these structures are ąuite 
typical, further photographs are not reproduced.

By extrapolating the solubility curve in Fig. 1 until it  intersects 
the eutectic line a t 436° C., the limiting concentration a t the eutectic 
temperature is estimated a t about 12-6 per cent. aluminium.

D is c u s s io n .

In  Fig. 2 the solubility curve obtained in the present work is com
pared with those of Hanson and Gayler, and of Schmidt and Spitaler. 
I t  will be noted th a t the results of the present work indicate a slightly 
higher solubility a t the eutectic line, and a lower solubility below
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A L U M I N I U M , P E R  C E N T  B Y  W E I G H T  

F ig . 1.

F ig . 2.



Platę X X I I I .
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ig. 3. 5-67 per cent. Aluminium ąuenched 
from 300° C. x  520. F ig. 4.—9-24 per cent. Aluminium ąuenched 

from 380° C. x  520.

G- 5. 10-68 per cent. Aluminium ąuenched

f|° m 380 °  52°' irom 420° C. x  520.
ołe. AU these alloys were annealed a t 420° C. for 14 days before cooling to the ąuenching

temperature. 5

f  i g . 6 .  13-15 per cent. Aluminium ąuenched
from 420° C. x  520.

[To face p. 224.
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350° C. than the determinations of the previous investigators. One 
possible cause of this difierence is th a t the present authors used a 
higher magnification in the microscopic examination of the alloys, and 
this might be expected to reveal particles which would otherwise not 
be observed. In  this connection it  is significant th a t in the three 
researches the scalę of magnifications employed is in the inverse order 
of the solubility limits a t the lower temperatures. Thus whilst Hanson 
and Gayler usually employed magnifications of 150, those of Schmidt 
and Spitaler were 250, and in the present inyestigation a magnification 
of 520 was used. I t  must further be noted th a t in the work of Hanson 
and Gayler the annealing times a t the lower temperatures were com- 
paratively short, and this might account for incomplete precipitation. 
A point which cannot, however, be ignored is the difierence in the 
purity of magnesium used by the different inyestigators. The magnes
ium used by Hanson and Gayler was of 99-75 per cent. purity, the chief 
impurity being iron (0-1 per cent.), followed by copper (0-069 per cent.), 
and Silicon (0-033 per cent.). Details of the metal used by Schmidt 
and Spitaler could not be found, but, as preyiously stated, the metal 
in the present work was of 99-68 per cent. purity, with Silicon as the 
principal foreign element. In  view of the slight solubility of these 
metals in solid magnesium, it  is elear th a t their presence in amounts 
of the order 0-1-0-2 per cent. may well be important.

I t  is noteworthy th a t the solubility limit determined in the present 
work is apparently constant from 300° C. to room temperature. From 
some points of view this may be considered as improbable, and the 
reason may be th a t a t low temperatures the precipitated partjcles were 
too smali to be observed, or th a t the term  of annealing was not 
sufficicntly great to produce complete precipitation.

SUM M ARY AND ACKN O W LED G M ENTS.

The solubility of aluminium in magnesium of 99-68 per cent. purity 
has been determined a t temperatures up to 420° C. The solubility 
limit a t room temperature is 6-08 per cent. aluminium by weight, and 
this is maintained unchanged until 300° C., after which a rapid inerease 
occurs, the solubility line passing through 10-9 per cent. by weight of 
aluminium a t 400° C., and intersecting the eutectic line (436° C.) at 
the point corresponding with 12-6 per cent. aluminium by weight.

In  conclusion, we should like to express our sincere gratitude to the 
Leningrad State Institute of Non-Ferrous Metals for permission to 
publish the results of this inyestigation.

L e n in g r a d , 
April 1931. 
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C O R R ESPO N D EN C E.

P r o f e s s o r  E . S c h m id  * (Member) : Supplementing the careful researches 
of Professor Saldau and  Mr. Zamotorin, I  should like to  mention th a t, in colla- 
boration w ith D r.-Ing. H . Seliger,t I  have recently determined róntgeno- 
graphically the  solubility of aluminium in magnesium by  precision measure
m ents of the lattice constan ts.i The purity  of our magnesium was 99-95 per 
cent. and  the results of our work are shown in  Fig. A. From  th is it  will be 
seen th a t the solubility lim it a t  the eutectic tem perature is about 12-1 per cent. 
and  a t  room tem perature about 2 per cent. The solubility curve of the present 
authors agrees w ith ours a t  tem peratures above 300° C., bu t, a t  lower tem pera
tures, considerable difierences are noticeable in  th a t  the X -ray m ethod indicates 
a  much more rap id  decrease of solubility. By the X -ray method i t  is possible

Weight % Aluminium. 
F ig . A.

to  detect by measurements of the lattice, precipitations of particles much 
sm aller th an  can be detected by  microscopic exam ination, and hence the 
form er method is to  be preferred for th is type of work.

T h e  A u t h o r s  (in reply) : We desire to express our gratitude to  Professor 
Schmid for the communication of his very interesting da ta  obtained by X -ray 
analysis. We are of the opinion th a t the results obtained w ith the purer 
magnesium, also (99*95 per cent.) above 300° C., alm ost entirely coincide 
w ith our own. We are, also, very glad to  note th a t the results of X -ray 
analysis below 300° C. confirm our theoretical conclusions th a t the solubility 
curve of alum inium in magnesium below 300° C. m ust represent no t a  verticał 
stra igh t line, bu t a curve approaching more to  the magnesium ordinate.

* Abteilungsleiter am Kaiser-Wilhelm Institu t fur Metallforschung, Berlin- 
Dahlem.

t  Assistant a t 1.6. Farbenindustrie A.-G. Bitterfeld.
i  Z. Elelctrochem., 1931, 37, 447; this J ., 1932, 50, 2.
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TIIE BEHAVIOUR OF SINGLE CRYSTALS OF 
BISMUTH SUBJECTED TO ALTERNATING 
TORSIONAL STRESSES.*

By H. J . GOUGH.f M.B.E., D.Sc., M e m b e k , and H. L. COX,J B.A.

S y n o p s is .

Two single crystals of bismuth have been tested under alternating 
torsional couples with the objeet of studying the phenomena, particularly 
the slip phenomena, associated with fatigue. Throughout the tests, 
however, no slip bands were obseryed. In the early stages of the tests 
numerous bands were produced parallel to  the twinning planes, and 
finally cleayage cracking occurred. The bands parallel to the twinning 
planes could not be definitely identified as twin bands by metallographic 
examination; but evidence as to this identity was finally found in the 
cracks observed on the surfaee of one of the specimens. Some signs of 
recrystallization were obseryed, the eflect tending to extend along the 
sites of twin bands.

The production of twin bands appeared to depend on the shear stresses 
on the twinning piane, and consideration is given to the theoretical 
reasons for this dependence. I t  is shown that on the basis of minimum 
energy there is no reason to associate any type of moyement with 
stresses tending to  cause this moyement by the shortest geometrical 
path, and tha t the process of twinning may be due to stresses which 
a t first sight appear to  be incapable of affecting the process.

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

F o r  some years past there has been in progress a t the National Physical 
Laboratory a research into the characteristics of the deformation of 
large single crystals of metals under Yarious types of static and repeated 
stresses. The chief aim of the research is to determine the naturę and 
causes of the failure of metals by fatigue action, and in all the experi- 
ments attention is directed primarily to the phenomena directly con- 
nected with fatigue failure. On the other hand, in several experiments 
recently performed a number of phenomena have been observed, which, 
whilst having little or no bearing on the actual problem of fatigue 
failure, appear to be of considerable interest from a purely metaliurgical

* Manuscript receiyed Noyember 23, 1931. Presented at the Annual General 
Meeting, London, March 10, 1932.

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

J Assistant, Engineering Department, National Physical Laboratory, Ted
dington.



point of view. Thus in tlie case of zinc * |  and antimony J information 
was obtained as to  the modę of formation of twin bands, whilst in tlie 
case of silver § the entire absence of mecłianical twinning on the surface 
of a single crystal fractured under alternating torsional stresses bas 
been recorded. Again, in tbe tests on bismuth herein described the 
prim ary object of the experiments was to  determine the slip piane and 
direction; bu t whilst, owing to the complete absence of slip, this object 
was not achieved, the profuse twinning caused by the alternating 
torsional stresses enabled the factors governing the formation of twin 
bands to be investigated in some considerable detail.

The enlargement of scope of the research, which the observation of 
mechanical twinning has necessitated, has led to a reconsideration of 
the factors determining the deformation of metals. W hilst attention 
was confined to  the  simple homogeneous || lattices, typified by the face- 
centred arrangement, consideration of the  atoms in terms of planes and 
lines appeared to be quite satisfactory. The fields of force of the atoms 
in such a lattice are probably almost spherically sym m etrical^ and it  
is reasonable a t once to  infer th a t the planes least resistant to slip will 
be those planes th a t are spaced farthest apart, and th a t the directions 
of easiest glide will be along the lines of densest atomie packing. Even 
in the case of zinc, whieb crystallizes in the close-packed hexagonal 
lattice—a lattice which is not truły homogeneous—consideration of 
atomie densities is sufficient to determine the slip piane; but, on the 
other hand, the failure of iron ** f t to develop well-marked slip planes 
shows th a t, even in such a relatively simple lattice as the body-centred 
cubic, the planar atomie densities cannot be the fundamental factor 
determining deformation by slip. In  the more complex lattices, such 
as the face-centred rhombohedral lattice (to which antimony and 
bismuth conform), the fields of force of the atoms are certainly not 
spherically symmetrical, and simple consideration merely of inter- 
atomic distances cannot present a true view of the interatomic forces.

In  these circumstances it  is obvious th a t a more direct appeal to 
the actual variation in potential of the atoms during the translational 
movement becomes im perative; moreover, such consideration of 
potential can be applied not only to slip, bu t also to twinning, and even

* Proc. Boy. Soc., 1929, [A], 123, 143.
t  Ibid., 1930, [A], 127, 453.
t  Ibid., 1930, [A], 127, 431.
§ J . Insi. Metals, 1931, 45, 71. . . . . .
|| A homogeneous lattice is defined as a lattice in which every atom is simuarly 

situated with regard to  every other atom.
*[ They cannot be exactly symmetrical, or the Cauchy relations between the 

elastic constants would be satisfied.
** Taylor and Elam, Proc. Roy. Soc., 1926, [A], 112, 337.
t f  Gough, ibid., 1928, [A], 118, 498.
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to  actual cleavage. Unfortunately, a definite theory of the stability 
of an atomie lattiee eannot be constructed without a complete know
ledge of the atomie fields of force, and a t the moment there appears to 
be very little hope th a t these fields will be determined by direct experi- 
ment. Nevertheless, even a generał consideration of the changes of 
potential involved shows th a t the energies involved in slip and in 
twinning are probably of the same order, and th a t the occurrence of 
one phenomenon before or to the exclusion of the other depends on 
smali differences between these energies. The processes of slip and of 
twinning are associated with definite atomie group movements, of each 
of which there are a finite number symmetrically distributed in the 
lattiee, corresponding severally with the possible slip-plane directions 
and twinning planes. I t  is obvious, therefore, th a t the relatiye yalues 
of the vector potentials corresponding with the vector displacements 
associated with the various group movements will depend on the applied 
stress system, and th a t, if the number of slip or twinning planes is 
limited and/or if the difierence between the energies associated with slip 
and twinning is smali, both types of deformation may be produced by 
but slightly different systems of stress.

Now, to  tu rn  from generalities to particular eases, for all the metals 
crystallizing in the face-centred lattiee th a t have so far been tested, the 
maximum shear stress resolved on the octahedral planes in the dodeca- 
hedral directions yields a very accurate criterion of the actual deforma
tion; but it  is by no means certain th a t this shear stress is the only 
criterion. The possibility is considered th a t the true condition may be 
of a more generał type, including perhaps the normal stress * f  on the 
slip piane, and/or other factors. From the accuracy with which the 
shear stress criterion predicts the actual slip distribution, it is apparent 
th a t these other factors must be of secondary importance; but the 
accuracy is not sufficient to  deny them any influence whatever, and 
consideration of the fundamental atomie naturę of the slip certainly 
indicates th a t these factors must have some effect. No definite record 
of the production of twin bands by purely mechanical action in any 
metal crystallizing in the face-centred cubic lattiee has yet been found. 
This may be considered to indicate th a t the energy (change of potential) 
involved in twinning is much greater than th a t involved in slip; but 
the multiplicity of slip-plane directions would render even a smal] 
difierence effective in inhibiting twinning under normal test conditions. J

* Vide Taylor and Farren, Proc. Boy. Soc., 1926, [A], 111, 529, and Taylor, 
ibid., 1927, [A], 116, 16.

f  A research on this ąuestion has just been completed, and the results will 
shortly be published.

t  in statie tests and in fatigue and impact tests with fairly low rates of 
change of stress.
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Omitting consideration of tłie body-centred cubic lattice, concerning 

which the experimental evidence is somewhat conflicting, the case of 
the close-packed hexagonal lattice as instanced by zinc has next to be 
considered. In  both static and fatigue tests on zinc both slip and 
twinning occur. As in the face-centred cubic lattice, the slip is deter- 
mined to a high degree of accuracy by the shear stress on the piane of 
maximum density in the line of maximum density; but again there is 
no certainty th a t this shear stress is the complete criterion. Twinning 
in zinc appears to  be dependent on slip. I t  is probable th a t the con- 
figurations of maximum potential (i.e. unstable equilibrium) in the 
processes of slip and twinning are very similar, and th a t the process 
of slip brings the atoms into positions where secondary factors 
can cause the smali further inerease of energy by which twinning is 
produced.*

Finally, in the case of antimony, under the action of alternating 
torsional stresses, twinning and cleavage cracking occur to the exclusion 
of slip.* I t  is possible th a t slip could be produced by suitably orientated 
static stresses, if by no other stress condition, but the behaviour of the 
materiał under reversed shear stresses is sufficient to show th a t the 
energy associated with twinning is probably lower than  th a t associated 
with slip, and th a t this la tte r energy may indeed be greater than the 
energy involved in cleavage cracking.

The present paper describes experiments on two single crystals of 
bismuth, the results of which are in generał accordance with the results 
of the experiment on a single crystal of antimony. I t  is proposed to 
describe these experiments, and subsequently to discuss the bearing of 
the results on the generał ideas summarized in this introduction.

L a t t ic e  S t k u c t u b e .

The lattice structure of bismuth has trigonal symmetry and is com- 
posed of two similar and similarly orientated face-centred rhombohedral 
lattices, displaced relative to each other along the longest diagonal of 
the rhombohedron (the axis of trigonal symmetry). The angle between 
any pair of edges of the rhombohedron is 87° 34', and the atoms are 
spaced along these edges a t points 6-52 A. apart.f The relative position 
of the interlaced lattice has not yet been definitely determined. From 
approximate figures given by Jam es,$ it  can be deduced th a t the lattice 
points of the interlaced lattice divide the long diagonals of the ele- 
m entary rhombohedra of the primary lattice in the approximate ratio 
0-47 : 0-53.

* Loc. cit. f  A. Ogg, Phil. Mag., 1921, 42, 165.
X Phil. Mag., 1921, 42, 193.



Fig. 1 shows three views of a model of the rhombohedral lattice, 
together with diagrams of the arrangement of atoms on the principal
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planes. The tables in Fig. 1 give the densities of atoms on the principal 
planes and along the principal directions.
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C 0N V EN TI0N S AND SYMBOLS.

The conventions and symbols used in the present report are as 
follows : each piane considered is designated by a Capital letter, and the 
corresponding smali le tter is used to describe the lattice direction with 
which the normal to  the piane would coincide if the lattice were deformed 
(by compression along the trigonal axis) to  the cubic system. In 
addition, in the stereographic diagrams and elsewhere the Millerian 
indices of the planes referred to the rhombohedral edges are employed, 
whilst modified Millerian indices are used for the lattice directions.*

Ch o ic e  o f  Sp e c im e n  a n d  S t r e s s in g  Sy s t e m .

The primary object of the experiments was to cause slip by the appli- 
cation of repeated stresses, and in order to proyide a critical test of 
the maximum resolved shear stress law, it  was desired to use a specimen 
and a stressing system such th a t slip should be caused on as many 
planes and in as many directions as possible.

No particular orientation of specimen appeared to be necessary, 
so tha t, from the limited number of single-crystal bars available, two 
bars of as widely different orientations as possible were chosen.

Both specimens were tested under alternating torsional stresses, 
sińce this type of stressing can produce slip (and twinning) on a large 
number of planes with but little deformation of the specimen as a whole.

P r e p a r a t io n  o f  S p e c im e n s , &c .

The single crystals (reference marks B .l and B.2) used in the present 
experiments were prepared from the liąuid by the Bridgman method. 
From the bar B .l, a specimen (reference mark B.1A) was machined to 
a cylindrical form, 0-331 in. in diameter and 0-5 in. in length, with 
enlarged ends (joined by large radius curves) of diameter 0-5 in., the 
total length of the specimen being 2-7 in. Reference marks were scribed 
on the enlarged ends. In  the process of machining the specimen B.1A, 
a large number of smali twin bands were produced, whieh were not 
removed by the subscquent etching and polishing processes. To avoid 
the production of such twins, the specimen cut from the bar B.2 (refer
ence mark B.2A) was not machined. A length was merely cut from the 
bar as cast, and the reference marks were scribed on brass collars fitted 
to the ends of the specimen. The mean diameter of the specimen B.2A 
was 0-515 in. and the length between the collars was about 1-75 in. 
The to tal length of the specimen was 2-8 in.

Both specimens were etched deeply and then X-rayed, and finally 
polished preparatory to test.

* Proc. Boy. Soe., 1930, [A], 127, 434



Figs. 2 and 3 are stereographic projections showing the orientations 
of the principal crystallographic planes and directions of the specimens
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F ig . 2.—Bismuth Single Crystal (B.1A). Stereographic projection showing 
positions of principal planes.

Fm. 3.—Bismuth Single Crystal (B.2A). Stereographic projection showing 
positions of principal planes.

B.1A and B.2A, respectively. The pole of each diagram represents the 
axis of the specimen, and the arrow one of the reference marks on the 
ends of the specimen.



S t r e s s  A n a l y s e s  of B is m u th  S i n g l e  C r y s t a l s  B .1 A  and B .2 A .

Shear Stress.—The constants in the eąuations to the shear stresses 
on the principal crystallographic planes resolved in the principal 
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directions were evaluated for each specimen, using the co-ordinates 
found by X-ray analysis. The ratio of the “ resolved shear stress S r” 
a t any point to the nominał maximum shear stress S  =  2T/nr3, where

BI5MUTH SINGLE C R Y S T A L ( B . 2 a ) .
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T  is the applied torque and r  the radius of the specimen, is given by 
the formuła Sr/S  — A  cos (X — a), where A  and a depend only on the 
orientations of the piane and directions considered, and where X is the

u
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F i g . 7.

angle between the axial planes through the point in ąuestion and through 
the reference m ark on the end of the specimen.

In  Figs. 4 (a) and (6) also 5 (a) and (b) the  yalues of Sr/S  for the 
probable slip and twinning planes have been plotted against X. In
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these figures, as elsewhere, the Capital letter represents the piane and 
the smali letter the direction of the resolved shear stress.

Normal Stress.—The normal stresses on the 111 planes and on the 
twinning planes (of the type 011) were evaluated for both specimens.

F ig 8a>.

Fig. 8.—Bismuth Single Crystal (B.1A). Diagram showing reeorded values of the 
slopes of twin bands observed within the primary structure of the crystal. 
Fuli circles denote twin bands produced during the alternating torsional tests. 
Open circles denote “ original twin bands.

The ratios of these normal stresses to the nominał mazimum shear 
stresses have been plotted against X in Figs. 6 and 7.

Traces of Planes.—The slopes of the traces of the principal planes 
were calculated, and the angles of slope, a t any point of either specimen, 
of the traces of the 111 and the twinning planes are shown in Figs. 8 
and 9; the usual convention as to  sign has been retained.
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Details o f Tests.—Both specimens were subjected to a smali number 

of reversals of a rangę ±  0-25 tons/in.2 nominał maximum shear stress 
(B.lA, 26,900 reversals; B.2A, 25,600 reversals). The twist occurring 
during this preliminary run was negligible in both cases. The specimens 
were then carefully examined and photographed. In the case of 
specimen B .l A some doubt arose as to the naturę of some of the surface 
markings produced by the test. This specimen was therefore polished 
and etched and, after examination of the etched surface, was finally 
repolished in preparation for the next test. The specimen B.2A was 
also repolished prior to  the next test.

Both specimens failed by complete cleavage while loading up to a 
rangę of ±  0-5 tons/in.2 nominał maximum shear stress, the actual 
stress rangę attained immediately prior to fracture in each case being 
about ^  0 4  tons/in.2.

M i c r o s t r t j c t u r e  o f  t h e  S p e c i m e n  B.1A.
Owing, presumably, to the effect of the machining and polishing 

operations, the surface of the specimen B .l A before test was covered 
with numbers of smali twin bands; a survey of these bands was made 
and their distribution was recorded. In  generał, these bands were short 
and rather irregular, and were easily distinguishable from the long, 
straight bands formed by mechanical action. One or two of these 
“ original ” bands, however, were similar in generał shape to the bands 
subseąuently produced under alternating stresses; but no confusion 
between the two types of twin bands arose, owing to the distinct differ- 
ence in their generał appearance (see photomicrographs). The distribu
tion of these “ original ” twin bands was quite irregular.

In the process of placing the specimen B.1A in the testing machinę 
(Stromeyer), a smali bending strain was accidentally imposed. The 
specimen was removed from the machinę, and the surface was examined. 
I t  was found th a t one broad twin band had been formed (on the M  
piane (see Fig. 8 )) extending from X =  280° to X =  60°, the maximum 
width of the band being about 0-03 mm. The specimen was then 
replaced in the testing machinę and subjected to the test run of 26,900 
reversals of i  0-25 tons/in.2.

After this test the only new feature apparent on the surface of the 
specimen was a series of bands almost parallel to the axis of the specimen, 
and extending the whole length of the polished surface. These bands 
were everywhere parallel to the tracę of the twinning piane 
N , and their distribution is shown diagrammatically in Fig. 8 (a). 
Unfortunately, it  is not possible in this diagram to give any idea of the 
actual disposition of the bands, which were disposed in groups covering



sectors of about 5° (X), the centres of adjacent groups being about 15° 
apart. The distribution of the baads on the opposite side of the 
specimen was of an exactly similar type.
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FiG.9a.

9.—Bismułh Single Crystal (B.2A). Diagram showing yalues of the slopes 
ot twin bands obseryed within the primary structure of the crystal. Fuli 
circles denote twin bands produced during the alternating torsional tests. 
Upen circles denote “  original ” twin bands.

By reference to Figs. 8 (a) and 4 (6), it  will be seen tha t the bands 
observed occurred a t the values of X a t which the shear stress Nc is a 
maximum, and tha t this maximum value was considerably higher than 
the maximum of any of the other resolved shear stresses.
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Since the bands observed were everywhere parallel to the tracę of 

the twinning piane, N , it  was natural to assnme th a t the bands were 
tw ins; bu t their appearance, as shown in Mg. 11 (Platę XXIV), was not 
th a t of ordinary twins, as illustrated by the one large and numerous smali 
“ original ” twins shown in the same photograph. In  view of this 
dissimilarity and the close agreement between the position of the bands 
and the points of maximum resolved shear stress, some doubt was 
entertained as to  whether the bands observed were not slip bands, 
produced by slip on the piane N  in the direction c. Accordingly, the 
bands were very carefully examined, using oblique illumination, in 
order to decide as to  their naturę. Under this system of lighting, the 
bands showed the difference of lustre characteristic of twin bands; 
but in so far as slip bands on an unetched surface have a very similar 
appearance, the test was not conclusiye. The surface of the specimen 
was therefote repolished to  remove all the surface markings, and was 
then lightly etched. Under this treatm ent the N  bands reappeared, 
and their appearance was very similar to th a t of the “ original ” twins 
a t the same stage; but no definite eyidence could be obtained on the 
point a t issue, and no conclusions can be reached as to the true naturę 
of the observed bands.

A very careful search was made for any traces of slip parallel to the
111 piane or to any of the planes of the 011 type. No such traces were 
found, however, nor, indeed, were any traces whatsoever discovered 
beyond those parallel to the primary and secondary twinning planes.

The naturę of the structure within some of the larger “ original ” 
twins was disclosed by the observations of secondary bands within the 
twinned structure (Fig. 11, Platę X X IV ); all the secondary bands 
observed were in accordance with the definition of the twin as a mirror 
image of the original structure in the twinning piane. Unfortunately, 
none of the bands produced by the alternating torsional stresses was wide 
enough for the structure within the band to  be resolvable, so th a t the 
orientation within these bands could not be decided.

After fracture (which occurred by complete cleavage parallel to the 
O piane while loading up to a stress rangę of ^  0-5 tons/in.2) the surface 
of the specimen was again carefully examined and photographed. No 
new features were observed. The bands parallel to the N  piane were 
more numerous than after the first test (Fig. 8 (b)), and the “ grouping ” 
effect was a little less pronounced; but their generał appearance was 
unchanged.

M i c r o s t r u c t u r e  o f  t h e  S p e c i m e n  B.2A
In  order to  avoid as far as possible the formation of twin bands on 

the surface of the specimen before test, the specimen B.2A was not
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machined, but merely polished prior to test. Although this procedure 
was successful in eliminating the numerous smali twin bands (such as 
were apparent on the surface of B.1A before test), nevertheless a number 
of fairly large twins and one very broad twin were present in the surface 
before the first test. As in the case of the specimen B.1A, however, 
these “ original ” bands were easily distinguishable from the bands 
formed under alternating torsional couples, and no confusion arose in 
the subsequent examinations.

After the first test (25,600 reversals of ^  0-25 tons/in.2) the only new 
markings apparent on the surface of the specimen were bands every- 
where parallel to the tracę of the twinning piane N . These bands com
pletely encircled the specimen (Fig. 9 (a )), and were disposed in groups 
in a manner similar to  the grouping observed in the case of the specimen 
B.1A. The appearance of the bands was not uniform round the 
specimen. From about X =  65° to  about X =  165°, and over a corre
sponding rangę on the other side of the specimen, the bands were similar 
in appearance to those observed on the surface of the specimen B.1A, 
whilst in between these ranges the bands had definitely the appearance 
of twins. The change-over from one type of marking to the other was 
very ill-defined, and the change was to some extent masked by the 
presence of the “ original ” twins; but tha t the typical appearance of 
the bands varied with X is well illustrated by a comparison of Figs. 12 
and 13 (Platę XXIV).

A partial explanation of the change in appearance of the N  bands is 
to be found in the curves of shear stress plotted in Fig. 5 (&). Con- 
sidering shear stresses on the piane N, i t  will be seen th a t from X =  62° 
to X =  147° and from X =  242° to X =  327° the shear stress resolved 
in the direction c is greater than th a t resolved in the direction r, whilst 
in the intervening ranges the reverse is the case. Now it  is in the 
rangę over which the shear stress Nc is a maximum th a t the bands are 
similar in appearance to  those observed on the surface of the specimen 
B.1A, and i t  must be concluded th a t bands of this type are produced 
by movement due to shear stress on the piane N  in the direction c. 
The atomie densities on this piane and in this direction are so Iow th a t 
it  is difficult to  imagine th a t this moyement can be anything in the 
naturę of pure slip ; as a working hypothesis, it  may be suggested that 
the process may be one of twinning initiated by partial slip on the 
twinning piane.

Eeverting to  the particular case of the specimen B.2A, i t  has already 
been remarked th a t over the ranges of X for which the shear stress Nr 
is greater than the shear stress Nc, the N  bands formed have definitely 
the appearance of tw ins; but whether this twinning is due to the high

VOL. XLVIII. R
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value of Nr, or to  the Iow value of Nc, or even to some entirely different 
factor, there is a t present no evidence to  show. Although there is no 
experimental evidence as to  the atomie movements occurring during 
twinning, consideration of the initial (untwinned) and finał (twinned) 
disposition of the constituent atoms of the lattice makes it  appear 
probable th a t these movements are largely confined to the planes of 
the type 110, which are of course seyerally perpendicular to the directions 
of the type ary (r) contained by the twinning planes. I t  might be 
assumed, therefore, th a t shear stresses of the type N r  should have very 
little, if any, effect on the process of twinning. In  the case of the 
specimen B.1A the shear stresses Nr, Mg, and Lp  were everywhere 
very Iow (Fig. 4), so th a t the failure to  observe definite twins anywhere 
on the surfaee of this specimen is, in a negative manner, consistent with 
the view th a t the shear stress N r has some effect on twinning; but 
definite evidence could be obtained only by further tests on a specimen 
for which the stress N r  is eyerywhere large compared with the stress Nc.

As in the.case of the specimen B.1A , attem pts were made, using 
obliąue illumination, to decide as to  the exact naturę of the bands 
parallel to  the N  piane. In  the regions (X =  65° to  X =  165° and 
X =  245° to X =  325° approximately) over which the bands were similar 
to  the bands observed on the surfaee of the specimen B.1A  the results 
were again inconclusive; but in the intervening regions (X =  165° to 
X =  245° and X =  325° to X =  65° approximately) the bands had ąuite 
definitely the typical appearance of twins.

Careful examination of the whole surfaee of the specimen failed to 
reveal any markings parallel to the traces of the 111 piane or of the 
planes of the type O l i ; nor were any markings whatsoever observed 
other than those parallel to the traces of the primary and secondary 
twinning planes.

In  some of the broader “ original ” twin bands, secondary bands 
were formed during the torsion test. These bands were eyerywhere 
parallel to  the traces of the secondary twinning planes of the structure 
within the primary twin, the orientations of these secondary planes 
being calculated on the assumption th a t the structure within the twin 
was a mirror image of the primary structure in the (primary) twinning 
piane. Unfortunately, in none of the bands formed during the torsion 
test, th a t were broad enough for the structure within them to be resolv- 
able, could any secondary bands be obseryed. Fig. 14 (Platę XXIV) 
and Fig. 15 (Platę XXV) show the typical appearance of the secondary 
bands within the large “ original ” twins.

In  some places, particularly in the regions where the N  bands were 
most irregular (i.r., in the regions X =  65° to 165° and X =  245° to 325°
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approximately), there were definite signs of what appeared to be 
recrystallization occurring in bands along the traces of the “ original ” 
twins and of the twins formed during the torsion test. One such field

r
Dęy-eloped S u r Face o f S pecim en .

INormal S tress.
Values of N/5 w h e r e / ^ orrml S tress on

^o=nomino! Shear s t r e s s ^ -*  irr .
F i g . 10.—Bismuth Single Crystal (B.2A). Diagram of the largest crack on the 

surface of specimen B.2A showing tendeney of crack to follow eleavage planes 
of the original structure and of the structure twinned on the piane N.

occurrmgis shown in Fig. 16 (Platę XXV), which shows the effect 
along the N  bands.

After fracture (which occurred while loading up to a stress rangę 
of ^  0-5 tons/in.2) the only new features th a t were observed on the
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surface of the specimen were a number of fine cracks near one end of 
the test portion. Twins parallel to the piane N  were again recorded 
a t every value of X (Fig. 9 (6)), and they were again grouped in bands 
in the same manner as after the first test. The appearance of the twin 
bands in relation to  the values of X was also similar to  th a t after the 
first test. D istinct signs of recrystallization were again observed at 
several points of the surface. The recrystallized areas again extended 
along the sites of twin bands, one such area extending along an 
“ original ” twin is shown in Fig. 17 (Platę XXV).

The cracks observed lay in the regions X =  89° to X =  117° and 
^ _  270° to  X =  278°, being more numerous in the former region. The 
close agreement between the two sides of the specimen proves con- 
clusively th a t the cracks were caused by the alternating torsional 
stresses. A sketch of the longest crack observed on the surface is 
shown in Fig. 10* In  the same diagram are shown the traces of the 
O and N  planes and of the piane 0 n belonging to  the structure twinned 
on the piane N . I t  will be seen th a t the crack follows mainly the 
directions of the O and 0 n planes. The importance of this in relation 
to  the naturę of the N  bands is obvious; this point will be discussed 
later.

A further illustration of a crack following the directions of the O and 
On planes, and also the edge of an original twin, is aflorded by Fig. 18 
(Platę XXV).

The actual failure of the specimen B.2A occurred by two complete 
cleavages, one being in  the test length near one of the brass collars, 
and the other actually under the collar a t the same end of the specimen. 
The cleavage in the test length was not parallel to any of the principal 
crystallographic planes; bu t over two ranges each about 50° in width 
and separated by 180° the edge of the fracture was parallel to the piane 
N . The cleavage in the holder was parallel to  the O piane.

C o n c l u s i o n s  R e a c h e d  f r o m  t h e  E x p e r i m e n t s .

Except for the cracks observed on the surface of B.2A after fracture, 
the only surface markings produced by the alternating torsional couples 
were bands parallel to  the twinning planes; but all the bands observed 
on the surface of B.1A, and about half of those observed on the surface 
of B.2A, had not the appearance of ordinary twins. Microscopical 
and metallurgical examination of these bands failed to establish their 
identity  as slip or twin bands. Whilst i t  is very significant th a t all 
the bands were produced on planes on which a high shear stress was 
developed, and th a t no bands were produced on similar crystallographic

* T h is  d ia g ra m  w as  p re p a re d  fro m  a  p a n o ra m ie  p h o to g ra p h  o f t h e  c ra ck .
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planes on which the shear stresses were Iow, yet it  is extremely unlikely 
th a t anything in the naturę of actual slip should occur on planes of 
such relatively Iow atomie density. None of the bands, the naturę of 
which was uncertain, was wide enough for the structure within the band 
to  be resolvable; nor, indeed, could any structure be obseryed within 
the relatively wide bands (on the surface of the specimen B.2A) which 
were regarded as definite twins.

The only real eyidence as to the naturę of the more irregular bands 
lies in the obseryed tendency of the cracks formed on the surface of 
the specimen B.2A to follow the calculated tracę of the 111 piane 
belonging to  the structure twinned on the piane, parallel to which these 
bands were formed. Over the two smali areas in which cracks were 
observed this piane 0n has a slope th a t is very nearly 45°. There is 
therefore a danger th a t cracks th a t are considered to be following the 
piane 0 n may, in reality, merely be following the direction of actual 
maximum normal stress. Two arguments may be advanced against 
this view. Firstly, in a materiał such as bismuth, which possesses well- 
pronounced cleavage planes, it would not be expected tha t any large 
part of a crack should be independent of crystallographic orientation. 
Secondly, if indeed the fracture is following the maximum normal stress 
piane, then it  is a surprising coincidence tha t the smali areas over which 
the cracks extend should correspond so exactly with the positions in 
which the piane On has effectiyely the same slope. If, on the other 
hand, the cleavage piane 0 n existed in the specimen (by virtue of 
twinning on the piane N), then it  is to be expected that cracks would 
be propagated along the tracę of this piane a t the points a t which the 
normal stress across the piane is a maximum, and it should be remarked 
th a t this maximum normal stress is effectiyely equal to the nominał 
maximum normal stress and considerably greater than the normal stress 
on the original cleavage piane O (Fig. 7).

I t  is considered, therefore, tha t the position and orientation of the 
cracks obseryed on the surface of the specimen B.2A a fiord definite 
evidence of the existence of a cleavage piane On in these regions, and, 
sińce the piane On can be brought into existence only by twinning on 
the piane N , th a t the identity of the N  bands as twins is thus established.

I t  remains only to  add tha t, although the portions of the cracks 
th a t were parallel to the tracę of the piane On extended over relatively 
large areas th a t were certainly not composed entirely of structure 
twinned on the piane N , yet this objection is of little importance, in 
th a t cracks once started a t 45° would certainly be propagated for short 
distances through the untwinned structure merely by the actual maxi- 
mum normal stress acting in this direction. An example of this is shown



246 Behaviour of Single Crystals of Bismuth
in Fig. 18 (Platę XXV), where the crack penetrates for some distance 
into the upper * edge of the L  twin before deviating into the direction M b

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

If the evidence described in the paper as to  the naturę and mode 
of formation of the observed bands be accepted, the bearing of the results 
on the generał conception of deformation by slip and twinning, &c., 
has to  be considered. The conclusion th a t twinning is directly attribut- 
able to  shear stress on the twinning piane appears a t first sight to  be 
entirely a t variance with the conception of twinning proposed in the 
case of zinc.f

On the other hand, in accordance with the ideas expressed in the 
introduction to  the present paper, i t  is possible to regard the shear 
stress not as the direct cause, but rather as a symptom of a somewhat 
more fundamental criterion. Thus, although the initial and finał 
positions of the atoms in the process of twinning are known, there is no 
information as to  the paths of lowest energy by which the atoms change 
their positions. In  particular, in a complex lattice, such as th a t of 
bismuth and antimony, these paths may be yery different from the 
shortest geometrical paths, and it  is quite conceivable th a t the path 
of lowest potential gradient may differ widely from the line joining the 
initial and finał positions. Thus, the stress condition determining 
twinning may involve as primary factors stresses th a t bear no obvious 
relatron to  the assumed group-movement by which twinning is produced 
if this group-movement is based purely on the initial and finał positions.

In  discussing the occurrence of twins on the surface of B.2A in the 
regions where the shear stress N r  was a maximum, the opposite argu
ment, based on consideration of terminal conditions, alone, has purposely 
been presented. Comparison of the two views shows th a t the simpler 
conception is no more rational than the more complex idea. I t  is 
certain th a t the initial (untwinned) and the finał (twinned) positions of 
any one atom are positions of minimum potential energy; but there is 
no information as to  the potentials in intermediate positions, and it is 
quite reasonable to  suppose th a t the initial and finał positions may be 
separated by a ridge of high potential, such th a t the easiest path of 
transition may be obliąuely up this ridge and through a “ pass ” in 
its summit line.

In  addition, in this view the raggedness of the bands in the region 
where the shear stress Nc is a maximum is a t least partly explained, 
for if twinning be produced by stresses acting directly up the ridge,

* A s th e  p h o to g ra p h  is o r ie u ta te d  in  t h e  a t t a c h e d  p la te .  
t  Loc. cit.
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the tendency of the atoms to follow the lines of lowest potential gradient 
will produce disordered movement, leading to an imperfect twin forma- 
tion. Moreover, it  is not unreasonable to claim tha t the recrystallization 
observed on the surface of B.2A was probably due to disordeied move- 
m ent during twinning.

In  conclusion, it  must be emphasized th a t all the applications of the 
lowest energy conception th a t have been made above and in the intro- 
duction are purely tentative, and must remain so until our knowledge 
of the interatomic forces is rendered much more complete. Neverthe- 
less it  must be recognized tha t the conception itself represents a, universal 
physical principle. In  other words, the gain in physical reality by the 
adoption of energy rather than stress criteria is a t the expense of 
practical convenience in the abandonment of known stress coefficients 
in favour of unknown energy differences. Whether this change is 
advantageous is a m atter for dispute; but a t least it should serve to 
demonstrate th a t any simple stress criterion cannot be regarded as 
fundamental.

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

The experiment described forms part of a programme of research 
undertaken, a t the National Physical Laboratory, for the Aeronautical 
Research Committee of the Air Ministry. The authors take this 
opportunity of expressing their indebtedness to various colleagues a t 
the National Physical Laboratory for considerable assistance rendered : 
to Mr. I. Backhurst, B.Sc., for the X-ray analysis; to Mr. J . D. Grogan,
B.A., for the metallograpliic polishing of the specimen; also to Mr. G. 
Forrest, B.Sc., for valuable assistance rendered in connection with the 
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N a t i o h a l  P h y s i c a l  L a b o r a t o r y ,
T e d d i n g t o n .

October 16, 1931.

DISCUSSION.
D r . H u g h  0 ’N e i l l ,*  M.Met. (M ember): I  have been greatly interested 

in  th is paper, and the authors are to  be congratulated on having added 
another brick to  the Tower of Babel which is being built round single crystals. 
The results, I  gather, are no t ąuite  so clear-eut as they  were in  preyious 
studies of other metals, and I  wonder whether the testing tem perature, con
sidered on the absolute scalę, is playing a p art in  this. B ism uth is a m etal 
w ith a lower melting point th an  any preyiously studied by the authors, and 
a t  room tem peratures is relatiyely near to  recrystallization and fusion. I t  
is known th a t w ith some metals the behayiour of the ultim ate deformation

* Senior Lecturer, Department of Metallurgy, The TMversity, Manchester.
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depends on th e  testing tem perature. Thus if ordinary iron is deformed a t  
room tem peratures w ith slow speeds of straining, only slip bands are obtained, 
b u t a t  liąu id  a ir tem peratures I  belieye th a t  mechanical tw ins are formed.* 
I t  is therefore possible th a t  different results would be obtained if th e  bism uth 
were strained a t  liąuid  a ir tem peratures, or i t  m ight be of adyantage to  tes t 
i t  a t  higher tem peratures still.

The in troduction of energy considerations into the study  of deformation 
is im portant, and  will have to  be considered a  great deal in  the futurę. One 
still wonders why crystals of iron a t  room tem peratures do n o t produce 
m echanical tw ins when deformed statically, although if 2 or 3 per cent. of 
Silicon be added to  iron, slow deformation will cause mechanical twinning. 
Phosphorus will produce the same sort of thing. Those results are no t yet 
explained, and  i t  m ay be th a t energy considerations will help in  their 
elucidation.

D r. C. H . DE.scir,t F .R .S . (Member of C ouncil): U nder these conditions 
i t  appears th a t  slip is no t possible in  the bism uth crystal. On the  other 
hand, although bism uth is no t a plastie m etal in  the ordinary sense, y e t i t  is 
yery easily extruded, if placed in  a press and forced through a  die, in to  a 
very flexible wire. T hat deform ation takes place presum ably by slip. On 
w hat planes does th a t slip occur ?

Also, taking the crystal structure in  th is form, how would the authors 
account for the fae t th a t, w hilst there is no definite slip on a  piane, y e t there 
is a rem arkably perfect cleayage on one set of planes—the (111).

Colonel N . T. B e l a i e w ,}  C.B. (M em ber): I  should like to  ask one ąues
tion. I  haye been yery interested in  th e  illustrations in  th is paper, and 
especially in  Fig. 15, where the authors show th e  prim ary tw ins and the 
secondary twins. I  am  in terested  to  know w hether the  authors haye 
obseryed any  relation between the mean dimensions of the  one and  of th e  
others. In  one case in  m y w ork I  haye found a  certain relationship between 
these, and  I  wondered w hether such a ra tio  could be also found to  exist in 
th e  case dealt w ith by the authors, and  if so w hether there are any  energy 
reasons for it.

Dr. C. F . E l a m ,§ M.A. (Member) : I  intended to  send a  w ritten  com
munication on th is paper, || b u t as several references have been m ade to  the 
ductility  of bism uth I  th ink  th a t i t  is only righ t to  say th a t bism uth crystals 
can be obtained ductile. F or instance, Professor K apitza obtained some very 
pure crystals which are extrem ely ductile, and  under sta tic  tensile tests the 
distortion of bism uth crystals has been worked ou t by  Georgieff and  Schmid 
and  they  have definitely found a  slip-plane and slip-direction.

D r. C. H . M. J e n k i n s  (M em ber): The authors have sta ted  th a t they  
haye had  difficulty in  identifying w hether m oyem ent is occurring by slip or 
by th e  form ation of tw in bands. I t  is difficult to  make this distinction in the 
case of m etals which do no t crystallize in  th e  cubic system.

* F. Bobin, Bev. Met., 1911, 8, 436; F. Osmond, J . Iron Steel Inst., 1905, 67, 
242.

t  Superintendent, Department of Metallurgy and Metaliurgical Chemistry, 
National Physical Laboratory, Teddington.

{ Paris, France.
§ Cambridge.
|| See th i s  yolume, p . 251.—E d .
TI Senior Assistant, Department of Metallurgy and Metaliurgical Chemistry, 

National Physical Laboratory, Teddington.
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In  the case of bism uth and of metals sueh as cadmium, the zone of deforma- 

tion is commonly lens-shaped w ith slightly curved sides. One usually finds 
th a t  slip lines are straight, and, similarly, the boundaries of tw in bands 
are found to  be stra igh t sided. One is therefore led to  suggest th a t the 
structure observed is no t produced by slip or twinning in  a  single direction, 
b u t by repeated twinning and slip in more than  one direction in the crystal, 
such as is indicated in  Fig. A.

I  would like to  conflrm th a t bism uth is more ductile than  is commonly 
supposed, and in some circumstances i t  is relatively easy to  deform it. A 
piece of cast bism uth containing an aggregate of crystals can be deformed 
under a power hamm er, b u t is relatiyely difficult to  roli.

F ia. A.

Mr. Cox (in rep ly ): W ith regard to  the tem perature effect, we have 
considered th a t throughout, no t only in  connection w ith bismuth, bu t also 
w ith antim ony and zinc. We realize th a t we ought to  tes t crystals a t  some 
fixed ratio  of their melting points, b u t i t  is so much easier to  tes t a t  a ir tem 
perature th a t we did th a t first. We have defmitely in  view the possibility 
of making experiments on bism uth, either a t  very low tem peratures or a t 
relatiyely high ones; b u t w ith regard to  slip one does no t expect th a t lower- 
ing the tem perature will facilitate slip. Normally, lowering the tem perature 
tends to  inhibit slip ; bism uth a t  a ir tem perature seems to  be fairly near its 
melting tem perature, so th a t higher tem peratures do no t seem likely to  lead 
to  slip.

W ith regard to  the ąuestion of the ductility, there are one or two points 
which ought to  be considered. F or instance, on p. 238 there is a  note about 
placing one of the specimens in  the testing machinę, where we imposed a 
smali bending strain. T hat smali bending strain  was entirely due to  the 
form ation of a  tw in b a n d ; we could find no other deformation on the surface 
a t  all. We did no t measure it, b u t i t  m ust have been of the order of nearly 
1° between the two ends. Also, the crystals th a t were grown by the Bridg- 
m an method from the fine capillary tube have, of course, a  tapered end, and 
those tapered ends could be bent up w ithout fracture ąuite easily; bu t whether 
th a t is due to  slip or tw inning we haye no eyidence. On the other hand, we
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carried ou t one rough tensile tes t on a large crystal, f  in. in diam eter, and 
obtained some deformation, which was probably slip deformation, bu t 
no t sufficient to  be ąu ite  definite about i t ;  d istinct “ crack ing” noises 
accompanied the  deformation. The crystal fractured ąu ite  ąuickly, after 
only about 5 per cent. extension.

Colonel Belaiew raised the poin t of the relative sizes of the prim ary and 
secondary twins. I  am  afraid  th a t we have no t studied th a t a t  all, b u t I  
have examined the photographs which are reproduced in this paper, and on 
comparison of Figs. 14 and 15 the relative w idth of the secondary bands does 
seem to bear some relation to  the w idth of the main bands.

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

P r o f e s s o r  E. N. d a  C. A n d r a d e ,*  D.Sc., P h .D .: I  have found th is paper 
of g reat in terest in connection w ith some work on the behaviour of single 
crystals of metals which is now in progress, and nearing completion, in my 
laboratory. We are dealing in  particular w ith m etals which crystallize in a 
system  haying a uniąue axis of sym m etry, such as the hexagonal system. 
Single crystal wires of such metais, e.g. cadmium, when stretohed collapse 
into a  flattened band, owing to  slipping on a uniąue system of glide planes, 
which in  the case of cadmium are the  basal planes. W hen extension due 
to  such pure slipping is complete, an increase of the load by a definite am ount 
leads to  tw inning in  bands, as illustrated  in  Fig. B  (P latę X X V I). This use 
of tension instead of torsion enables th e  processes of tw inning and of slipping 
to  be studied separately.

Leaving aside for the m om ent the ąuestion of twinning, we haye obtained 
evidence th a t, as suggested by Dr. Gough and Mr. Cox, the shearing stress 
in  the glide piane is no t the only factor which determines glide. We have 
been measuring the load reąuired to  in itia te  glide in  different single crystal 
wires for which the hexagonal axis makes various ańgles y  w ith  the axis of 
the wire. If  the shearing stress were th e  only criterion, the curve showing 
load against y should, of course, be sym m etrical for yalues of y  to  either 
side of 45°. We find, howeyer, m arked asym m etry, which suggests the 
influence of the norm al tension.

T hat our tw inning bands are true  tw ins is borne out by the fact th a t in 
cadmium, which is hexagonal, the bands make angles of 60° w ith one another, 
as is eyident from the photograph. The crystals in  which the twinning 
takes place have already been so much extended by glide th a t the hexagonal 
axis is nearly norm al to  the piane containing th e  axis of the wire and the 
m ajor axis of the ellipse to  which the originally circular cross section has 
collapsed. If tw inning takes place a t  the (1012) piane, as shown by C. H . 
Mathewson and A. I . Phillips for zinc, the tw inning bands on equivalent 
planes should actually  make angles of 60° w ith one another on the piane 
norm al to  the hexagonal axis. In  confirmation of this w ith tin , which is 
tetragonal, the tw inning bands are a t righ t angles to  one another.

Dr. Bruce Chalmers, who has been engaged on th is work w ith me, has 
recently made some rough prelim inary m easurem ents on the heat liberated |  
on tw inning in cadmium, and finds i t  to  be of the order of 0-1 cal. per gram , 
while less than  one ten th  of this am ount is produced during the whole exten- 
sion accom panying gliding, although this extension is very much greater 
than  th a t  due to  twinning. This makes i t  appear th a t  the present authors’

* Ouain Professor of Physics, University of London, 
f  See Naturę, 1932, 129, 650.
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conclusion th a t the energies involved in  glide and twinning are of the same 
order is certainly no t true  in all cases, twinning representing a sudden 
change from one stable position to  another which requires a  comparatively 
large energy to  effect it, much or all of which energy is subseąuently liber- 
a ted  as heat, probably in  conseq uence of heavily damped vibrations of the 
molecules or molecular units about the new position of equilibrium. In  this 
connection another observation of Dr. Chalmer’s is of interest—namely, 
th a t th e  well-known “ ery of tin  ” is due to  the twinning of tin  crystals, and 
does no t take place when glide is in progress, a conclusion which he has verified 
w ith cadmium. The ery can also be obtained from zinc, which twins readily. 
No ery can be detected w ith lead or copper crystals deformed by any tre a t
ment, which is in  agreement w ith Dr. Gough’s statem ent th a t no twinning 
can be produced by purely mechanical action w ith metals crystallizing in 
the face-centred cubic lattice.

Dr. C. I 1. E la m ,* M.A. (Member) : The authors’ observations on the 
deformation of bismuth, following on their previous experiments on zinc 
and antim ony, have throw n considerable light on the formation of tw ins in 
these metals. Under the particular conditions of this form of testing, all 
these metals deform more readily by  the formation of tw ins than  by slip. 
This is no t so surprising when one considers th a t they have no t the same 
choice of slip-plane as have metals of cubic crystal sym metry. W hereas in a 
tensile tes t a  single piane can and does function as the slip-plane, in an a lter
nating torsion tes t this is impossible w ithout breaking up the crystal structure. 
Twinning leads to  a re-orientation which enables slip to  take place on the 
usual slip-plane for the type of lattice, as i t  is now in a  more fayourable 
position to  do. I t  is all the  more surprising th a t no evidence of slip in the 
case of bism uth and antim ony has been observed.

Georgieff and Schmid f  inyestigated the distortion of bism uth crystals in 
tension and, as in  the case of zinc, divided them  into ductile and brittle  
crystals, according to  the inclination of the slip-plane to  the axis. Ductile 
wires could be extended 100 per cent. The slip-plane was the (111) piane 
and the direction of slip [101] referred to  the rhom bohedral edges of the 
d istorted cube.

Some very interesting observations were made by Kapitza. J  If bismuth 
crystal rods were grown under uniform tem perature conditions, they  were 
usually brittle, bu t if a tem perature gradient was carefully controlled, they  
were ductile. K apitza a ttribu ted  this difference to  the formation of cracks 
along the cleavage planes. I t  seems ąuite  probable th a t the authors’ bismuth 
crystals were brittle  before testing. The large size would tend  to  accentuate 
any non-uniformities due to  uneąual shrinkage along certain planes on cooling.

Professor Dr.-phil A d o l f  Sm e k a l  § (M em ber): I  should like to  amplify 
the authors’ interesting conclusions on the energy character of the condition 
necessary for tw in form ation by a note on the ąuestion as to  whether the 
existence of such a condition should be expected in the sense of the macro- 
scopic or in the sense of the molecular theory of elasticity.

This decision is influenced in  favour of the necessity of molecular 
theory conditions for the slip process as well as for the dcvelopment of 
cleavage planes. In  the case of deformation by slip, it  has already been 
emphasized by m any authorities th a t the “  macroscopic ”  internal stresses 
of plastically deformed substanoes, as determined directly or from róntgeno-

* Cambridge.
t  M. Georgieff and E. Schmid, Z. Physik, 1926, 36, 759-774.
i  P. Kapitza, Proc. Boy. Soc., 1928, [A], 119, 358-443.
§ Professor of Physics, The University, Halle (Saale), Germany.
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gram s, are considerably too sm ali to  explain th e  large am ount of energy 
absorbed in  th e  deformation. On the o ther hand, I  showed some tim e ago 
by photoelectric tes ts on salt crystals th a t during deformation by slip, energy 
changes are taking place in  a definite fraction of the crystal atom s and 
th a t the m agnitude of these changes corresponds w ith  the  am ount of energy 
which should be necessary for the tem porary separation of the crystal units 
from the  crystal s tru c tu re ; th is energy is m any times greater (about 1000 
times) than  th e  mean energy of elastic deform ation on a  single crystal atom . 
The molecular theoretical experim ent therefore proves th a t  the true 
elastic stress distribution is loeally yery  uneven in  the deformed crystal, 
though i t  is in  a sta te  of homogeneous m ean stress. I t  is elear th a t  the first 
perm anent effects of deform ation arise from stresses lim ited to  microscopic 
parts  of th e  m ateriał, so th a t  actually  no generał macroscopic stress or 
energy condition is possible for the  starting  of slip. I t  is impossible to  
explain more fully here how from th is fact i t  follows th a t  the existence of 
statistically  marked definite directions of slip can determine the occurrence 
of slip, as this has been proved correct by  the beautiful researches of Dr. 
Gough on a-iron and, according to  our obseryations, m ay also be realized w ith 
salt crystals; moreoyer high external pressures rem arkably faciłitate slip, 
w hich is then  no longer determ ined only by  shear stresses in  the direction of 
slip. I t  need only be m entioned here th a t  the  spatial inhomogeneity of the 
molecular stress d istribution is caused by faults in  the crystal structure in 
which the  presence of foreign atom s of im purities plays an im portan t part, 
as can be shown directly by speoial photoehem ical tests.

As Dr. Gough has shown and  emphasized, slip and  tw in form ation can 
be caused by  macroscopic stress systems which are ąuantita tiyely  com- 
p arab le ; w hat has been said in  regard to  th e  beginning of slip can therefore 
be accepted w ith  respect to  tw in  form ation; in  th e  case of non-metailic 
crystals there already exists a  num ber of indications on th is point, and we hope 
in  the near fu turę to  be able to  give experimentally an exact decision.

In  th e  meantim e, i t  appears th a t  a  local-m olecular energy condition 
m ust be considered to  cause tw in form ation to  begin, and th a t  i t  is therefore 
hopeless to  look for definite macroscopic stress criteria. Neyertheless I  th ink  
th a t i t  is no t only im portant to  continue these tests b u t also to  extend 
them  to  cover as m any different m aterials as possible w ith the same lattiee 
structure. By this means, th e  ąuestion of whether and how the transform ation 
process for tw in  form ation is to  be in terpreted  on th e  basis of lattiee 
geometry would lose its  im portance; on the other hand, i t  should also be 
possible, from the quan tita tive  differences found in  the  tests, to  characterize 
the prim ary process by reason of the known differences in the materials 
tested  and  in  their crystal units.

T h e  A u t h o r s  (in reply) : We are very gratified by the interest th a t has 
been taken  in  our paper and by the yaluable contributions th a t members 
have m ade to  the discussion. Since the presentation of the paper, we have 
carried ou t a  te s t on a th ird  single crystal of bism uth under alternating direct 
stresses. Much of th e  substance of our reply to  the discussion arises directly 
ou t of the results of this test. Accordingly we propose briefly to  describe 
the experim ent and  to  base the greater p a rt of our rem arks upon the con- 
clusions suggested by the results of th is test. There are, however, one or 
two points raised in  the discussion th a t  require separate reply.

Professor A ndrade’s obseryations w ith regard to  the behayiour of metals 
crystallizing in  the hexagonal systems appear to  be in  generał accordance 
w ith  the results of preyious work on such metals, including our own on the 
behayiour of zinc under alternating torsional stresses.

In  these m aterials twinning appears to  ocour as a  direct conseąuenee of
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slip, b u t our observations of the behayiour of antim ony and bism uth do not 
indicate th a t this conclusion is true  for the la tte r metals. Twinning, in 
bism uth particularly, appears to  be ąuite  independent of slip and to  be con- 
trolled prim arily by the shear stress acting on the twinning piane.

We are particularly interested in  the measurements of the energies in- 
volved in  mechanical deformation in  which Dr. Chalmers is engaged and shall 
look forward to  the fuli publication of the results : we do no t feel, howeyer, 
th a t the results of these measurements can be held to  be directly applicable 
to  our suggestion, unless some estim ate can be made of the proportion of 
the m ateriał actually concerned in these energy changes.

T hat the “ ery ” of tin  and other metals when plastically deformed is due 
to  the production of tw in bands has long been known to m etallurgists; bu t 
we should no t regard the absence of such ery as sufficient eyidence of the 
non-formation of tw in bands.

Dr. E lam  rem arks th a t twinning m ay occur in order to produce new slip 
planes favourably orientated for slip under the applied stress system. This 
suggestion had occurred to  us in  relation to  our work on zinc, and for th a t 
m ateriał i t  appears to  be reasonably satisfactory, b u t in the case of antim ony 
and bismuth, eyen this partia l explanation of twinning is no t admissible, for 
tw in bands are formed w ithout preyious slip, do no t in  generał result in slip 
planes more favourably orientated for slip deformation, and no slip has been 
obseryed w ithin such bands. There appears to  be no escape from the con
clusion th a t twinning is in  itself a  mode of deformation the occurrence of 
which is governed entirely by stress considerations.

We find Professor Smekal’s rem arks on the localization of the energy in 
the process of slip and twinning particularly interesting. We are fully aware 
of the difiiculty of accounting for the behayiour of materials w ithout refer- 
ence to  some stress concentration effect, and our reference to  the energies 
involved in twinning and in  slip was intended to  apply only to  the localized 
energies and no t to  the ayerage energies. Neyertheless, if the  cause of energy 
concentration is the same for slip as for twinning, the ratio  of the average 
energies in the two modes of deformation might be expected to  be effectiyely 
the same as the ratio  of the localized energies, when, for the consideration of 
such ratios, distinction between the two methods of computation would be 
unnecessary.

W ith regard to  the photo-electric tests on salt crystals to  which P ro 
fessor Smekal refers, we are surprised to  learn th a t he has observed energy 
changes comparable in  m agnitude to  th a t required to  rupture atom  bonds. 
In  our view, on the basis of both experimental eyidence and theoretical 
argum ent, the norm al process of slip m ust be accomplished w ith very much 
smaller change of energy, and larger changes can only be due to  actual rupture 
of atom  bonds. If these large energy changes are extremely localized, they 
m ay indeed be eyidence of the “ damage ” (e.g. the production of submicro- 
seopic cracks) th a t slip is known eyentually to  produce, b u t any association 
of these large changes w ith the process of perfect shear deformation on the 
slip piane would represent to  us an  entirely new yiewpoint.

Professor Smekal suggests th a t the concentration of energy in  restricted 
areas m ay be ascribed to  the presenee of im purity atoms. O ther workers 
have postulated the presenee initially of submicroscopic flaws, whilst Zwicky 
and Goetz haye suggested the existence of a secondary lattice by which the 
true sym m etry of the lattice is destroyed. None of these suggestions appeals 
to  us as being entirely acceptable, although our objections cannot be elabor- 
a ted  in the present reply. I t  m ust suffiee for us to  sta te  th a t we do no t 
accept the view th a t the force or energy theoretically reąuired to  produce 
perfect piane slip  is m any times greater than  the yalue determined by experi- 
m ent. In  the process of pure slip, no atom  bonds (escept those a t  the front
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and  rear edges of the slip planes) need to  be broken, so th a t analyses based 
on theories of rup ture energies appear to  us to  be inapplicable. In  the 
absenee of definite evidence to  the contrary, we prefer to  believe th a t the 
theoretical values of the force or energy associated w ith either slip or twinning 
or even cleayage parallel to  a  cleayage piane m ay proye to  be of the same 
order as the experim ental yalues, and we suggest th a t  the oecurrenee of 
tw inning or slip in  definite bands does no t in  itself necessitate the existence 
of actual flaws in the m ateriał, bu t m ay be due entirely to  statistical causes.

Since the presentation of the paper, a  th ird  tes t on a single crystal of 
bism uth under alternating direct stresses has been carried out. The orient- 
ation of th is crystal was such th a t the norm al and shear stresses on the cleay- 
age piane were approxim ately eąuał. Aecording to  the rule suggested by 
Georgieff and Schmid, generał slip deformation will occur before cleayage if 
the ratio  of the shear stress to  the norm al stress on the cleayage piane is a t 
least 0-7; therefore, according to  this law, our specimen should haye deformed 
by slip. Actually, no appreciable deformation resulted under alternating 
stresses, and after fracture by cleayage, only a  few markings parallel to  the 
cleayage piane were obseryed (in the neighbourhood of the failure) and even 
these had no t the appearance usually associated w ith  slip bands. Thus the 
experim ent yielded a result generally dissimilar in  naturę from th a t  obtained 
by Georgieff and Schmid, bu t i t  is impossible to  say w hether th is difference 
can be a ttrib u ted  to  differenees in the materials or to  the type of applied 
stressing actions.

Our experim ent also possesses in terest w ith regard to  fu rther obseryations 
made of the production of tw in bands and  of the influence of tw inning on the 
ductility  of the specimen. In  the actual tes t of the specimen under alternating 
direct stresses, failure by  cleayage occurred before any  generał deformation 
of the specimen had taken  place. After fracture, howeyer, i t  was found th a t 
the specimen was covered by a system of tw in bands, the m ajority  of which 
m ust have been produced im m ediately prior to  failure. By far the greater 
num ber of these bands were formed on the twinning piane th a t was subjected 
to  maxim um  shear, whilst the distribution of secondary tw ins proved th a t 
m any of the tw ins on the other planes were formed before the m ain set of 
tw in bands and  may, therefore, haye been present initially. In  th is respect, 
therefore, the result of the tes t confirms our conclusion th a t  the form ation of 
tw ins is determ ined by the shear stress on the twinning piane, and proves 
th a t the process is no t prim arily  the result of restriction imposed on slip by 
the impressed strain conditions. As reported above, some fain t traces of 
slip parallel to  and  close to  the piane of cleayage were obseryed; b u t no tracę 
of slip w ithin any of the tw in bands could be found, and i t  was ąuite  obyious 
th a t the process of slip had been entirely subsidiary to  the m ain mode of 
deform ation by twinning.

In  the process of fitting the specimen into the machinę used for applying 
the alternating stresses, i t  was found th a t  the specimen had  been slightly 
bent, and i t  was necessary to  straighten it. This straightening was accom- 
plished by light pressure w ith the fingers and, for bending in  the reąuired 
piane, the specimen appeared to  be ąu ite  plastie. Yery careful exam ination 
of the  specimen proyed th a t the plastie bending was accomplished entirely 
by th e  form ation of tw in bands, and no tracę of slip could be detected.

I t  appears, therefore, th a t the single crystals used were no t in a  brittle  
s ta te  before test, b u t th a t, a t  least for bending in  certain planes, they  were 
essentially ductile. This obseryation is in generał agreement w ith our preyious 
experience of bism uth and we suggest th a t the plasticity  of this m ateriał m ay 
often be due to  deformation by twinning ra ther th an  by slip.
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ON THE INFLUENCE OF TEMPERATURE ON 
THE ELASTIC BEHAVIOUR OF VARIOUS 
WROUGHT LIGHT METAL ALLOYS *

By FRANZ BOLLENRATH,f Dr.-Ing.

S y n o p s i s .

Details are given on the experimental determination of the modulus 
of elasticity and elastic limit of various wrought aluminium and mag
nesium alloys a t temperatures between — 190° and -f 180° C. The 
testing apparatus is described. Particular attention has been paid to 
the uniformity of temperature on the test length of the specimen. A 
description is given of the alloys tested. The results are communicated 
and discussed. The elastic properties are found to increase with decreas- 
ing temperature, except in the case of two aluminium alloys with a high 
Silicon content.

I ntroduction'.
The conditions under which the light m etals aluminium and magnesium, 
or alloys containing them  in  appreciable quantities, are now used in  
the chemical industry, and in  the construction of internal-com bustion  
engines and aircraft w hich are liable to  be subjected to extrem e climatic 
conditions, make it  necessary, for econom ical construction and safety  
in  use, to  stud y carefully the behaviour of these materials under the  
influence of conditions to  which th ey  m ay be subjected.

In  particular the strength of these materials is appreciably afiected 
by elevated and abnormally low temperatures, and the influence of 
these on the elastic properties is determined by the experiments 
described in this paper. Although numerous papers already published 
deal with the influence of temperature on strength, insufficient attention 
appears to  have been paid to the measurement of the smali strains 
and stresses which are so important for the development of economically 
and safely- designed engineering structures and for structural theory 
based on the assumption of perfect elasticity in the materials. In 
actual service, however, smali plastic deformations must be permitted. 
For this reason, and because in many cases the so-called elastic limit 
is regarded as a measure of the essential quality of materials, this

* Manuscript received October 29, 1931. Presented at the Annual General 
Meeting, London, March 9, 1932.

f  Privatdozent, Aerodynamisches Institut, Technische Hochschule, Aachen, 
Germany.
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inyestigation includes the determination of smali permanent elongations. 
With regard to the elastic properties, tensile tests were made at different 
temperatures between +  180° and —190° C., the temperature of 
boiling air. The higher of these was selected because the resistance 
of aluminium alloys which have been improved by natural or artificial 
ageing is, in many eases, impaired by subjection to temperatures of 
this order, and because tests made a t this or rather lower temperature 
serve to show how the improvement which has been effected by the 
ageing process may be lost again in regard to the elastic behayiour.

Ma t e r ia l s  Te s t e d .

The tests were made on the main types of the best strong wrought 
aluminium and magnesium alloys, most of which can be greatly 
improved by natural or artificial age-hardening, and are much used in
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F ig. 1.—Dimensions of Specimens.

all branches of industry for structures in which lightness is an advantage. 
The alloys examined fali into two groups, containing respectiyely seven 
aluminium alloys and two magnesium alloys.

All materials were intensively wrought after casting and were 
delivered in the form of bars of circular cross-section of 18 mm. 
diameter.

D im e n sio n s  of Sp e c im e n s . A p p a r a t u s  a n d  Me t h o d  o f T e s t in g .

All specimens for the series of tests of each alloy were taken from 
one single bar if perfect uniformity of the mechanical properties 
throughout the bar had been proved by special tensile tests and hard
ness tests, and were then machined to the dimensions shown in Fig. 1. 
The dimensions correspond with German Industry Standards (D.I.N. =  
Deutsche Industrie Normen; it  is the so-called Standard Long Pro- 
portional Specimen characterized by the 11 -3 \/F  ratio, where F  is 
the cross-sectional area), and the diameter of the central portion was 
10 mm. The test length was 110 mm. and the distance between the 
gauge points 100 mm.

VOL. X L V III. S
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universal testing machinę, of 10,000 kg. capacity and equipped with 
one manometer calibrated for 10,000 kg., and another for 1000 kg.



Various Wrought Light Metal Alloys 259

The latter was used for the investigations dealt with in this paper, 
as it  allowed the loads to be determined with greater accuracy.

The measurement of deformation was made with a Martens optical
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extensometer, shown in Fig. 2. The apparatus is clamped to  the 
specimen in  couple, one in  front and one on the back. The edges of 
the prism to  which the mirror is lixed are 4-5 mm. apart, and the distance 
of the scalę with mm. divisions from the surface of the mirror is 
1125 mm., whereby the elongations are magnified 500 times for a single 
apparatus and 1000 times for a couple.

F i g . 4 .—Cooler for Lower Temperatures.

The heating and cooling eijuipment, designed to produce a uniform 
temperature over the gauge length of the specimen and to  maintain the 
tem perature constant during the test, was arranged for the use of a 
liquid heating or cooling medium. The arrangement is shown in Fig. 3. 
The test-piece, screwed into two extension holders and with two 
extensometers clamped to it, is placed in the well-insulated vessel filled 
with the fluid,—oil for hot tests, and petrol, pentane, or methyl alcohol
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for tests a t low temperatures. The bath medium circulates during the 
whole test in the direction indicated by the arrows, and its path is as 
follows: impelled by a motor-driven centrifugal pump, the fluid first 
passes through a helical copper tube in a cooling box, which is filled 
with a mixture of salt and ice, or of acetone and COa in snow form for 
tests a t medium low temperatures down to — 79° C. The arrangement 
for cooling the liąuid to lower temperatures is shown m Fig. 4. The 
copper helix is placed in a vessel filled with a mixture of petrol and 
methyl alcohol, the freezing point of which corresponds with the desired 
testing temperature. This vessel is placed in another, containing such 
a ąuantity  of boiling air as is necessary to keep the mixture of petrol 
and methyl alcohol partly frozen. The bath medium, entering the 
yessel containing the specimen, passes into perforated annular tubes 
encircling the ends of the specimen, where loss of heat or cold occurs 
by conduction through the extension holders. Flowing thence along 
the test-bar, the fluid is drawn ofl through a ring tube in the middle, 
and commences its circuit afresh. For heating purposes the copper 
coil is arranged in an electrically heated oil-bath. Thus the temperature 
of the specimen can be adjusted and kept uniform by regulation of the 
yelocity with which the heating or cooling medium is circulated, having 
regard to the temperature of the secondary bath and to the yalue and 
fluctuations of room temperature.

In  order to determine the temperature of the specimen and its relation 
to  the temperature of the bath medium, nine thermocouples were used. 
They were made up of the test-bar itself and Constantan wires of 
0-5 mm. diameter, soldered to the specimen in smali annular grooves of 
cross-section 0-5 X 0-5 mm. All the thermocouples were calibrated 
before use. The temperature of the bath medium was measured with 
calibrated thermometers in the middle of the test-bar. Some of the. 
results thus obtained are shown in Fig. 5 for bath temperatures of 85*5° 
and 161*5° C. The maximum difference between the temperature of 
the bath medium and the lowest temperature of the specimen within 
the gauge length was not more than 1 per cent. The same good dis- 
tribution of temperature was obtained a t low temperatures.

In  preparing a specimen for testing, identification numbers were 
stencilled on the ends. The specimens were then kept in an oil-bath 
electrically heated, or in a bath of methyl alcohol at low temperatures, 
for a period of 110 hrs. a t the test temperature, which time should have 
been long enough to render the condition of the specimen practically 
stable, so th a t no further change of structure would take place during 
the test. After placing the specimen, with the extensometer clamped 
to it, in the testing machinę, and after the proper temperature had been
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reached and had remained absolutely constant for 1 hr., stress-strain 
data were obtained, starting from an initial stress of 1 kg./mm.2, by 
applying increments of load corresponding with an increase of stress of 
1 kg./mm.2. When the deformation was seen to have become practicalły 
constant—sometimes after a period of 2 hrs. a t the higher temperatures 
—the readings of deformation were made, the load being taken off,

and the permanent deformation determined under only the initial load 
of 1 kg./mm.2.

R e s u l t s  a n d  D is c u s s io n .

Looking over the data already published on the influence of tem 
perature on the modulus of elasticity, we find only a smali number of 
experiments made on pure metals, and only a few of these on single 
crystals. The la tter are scarcely applicable to polycrystalline quasi-
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isotropic specimens with out further transformation. The results given 
for polycrystalline specimens show no uniform behaviour of the different 
materials. Three main types of formuła are given by several authors, 
by which the relation between temperature and modulus of elasticity 
should be expressed. First, a logarithmic law as assumed by W. 
Widder,1 or in another form proposed by J . P. Andrews.2 Secondly, 
an exponential law, given by H. M. Dadurian 3 and in a similar form by 
Perret.4 Thirdly, a linear function, as published by R. L. Templin,
C. Braglio, and K. Marsh.5 None of them has generał validity. They 
agree very well in many cases, but show remarkable differences for 
other materials. Apart from this, the results obtained with pure 
metals cannot, in any case, be applied to alloys. I t  therefore appeared 
necessary to make indiyidual determinations of the influence of 
temperature on the modulus of elasticity for the various alloys.

The results obtained in the experiments dealt with in this paper are 
shown graphically in Fig. 6. The elongations caused by the yarious 
increments of stress were plotted against the stresses. From the 
average value of the measurements, when the stress-strain curve was first 
obseryed to  be a perfectly straight line, Young’s modulus was calculated. 
The curves drawn through the points thus obtained show very clearly 
th a t the change of the modulus of elasticity varies greatly for the 
different alloys. In  generał, i t  increases with decreasing temperature, 
but not regularly, especially in the higher rangę of temperatures. 
Most of the alloys show a remarkable downward turn  above a critical 
temperaturo, which is much lower than the temperature a t which 
noticeable loss of strength or hardness is determined by common methods 
of testing. In  consequence of a disturbance of the eąuilibrium between 
the respective phases, a relatively smali elevation of temperature causes 
a loss of strength and of resistance to deformation. This is particularly 
the case in alloys in which, as a consequence of cjuenching, there is 
an unstable equilibrium between many of the phases.

Especiał attention should be given to the magnesium alloys Elektron, 
and to the aluminium alloys Silumin and Scleron. There are only 
narrow limits of temperature between which a regular change of Young’s 
modulus occurs. But within these the author believes an exponential 
formuła to  represent the actual conditions a t least as well as the 
logarithmic equation mentioned above. Examining the average curve 
given by Templin in the paper 5 cited, we might be inclined to  regard 
the results as being better represented by a smoothly curved line than 
by a straight line. Hence the following formuła was assumed to be 
applicable, and the factors were determ ined:

Et =  E 20[ 1 -  a (t -  20) -  p(t -  20)2]
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Temperature
F ig . 6 .—Influenco of Temperature on Modulus of Elasticity.
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where E  is Young’s modulus of elasticity in kg./mm2. (E t at the tem

perature t° C. and E 20 at 20° C.) 
t is the temperature of the test, in ° C.
a and (3 are factors to be determined by experiment for each 

alloy individually.

The values for E 20 and a and |3 are given in Table I. For several 
alloys the curve is pract.ically a straight line, and in this case the factor (3 
becomes zero. As remarked and explained above, the formuła cannot 
be applied generally, and the limits of temperature are noted in the last 
column of Table I.

T able  I.

Alloy.
Modulus of 
Elasticity. 

E„ kg./mm2.

Coefficients of 
Temperature.

Applicable between 
the Temperatures.

a . 10-*. /3.10-’. + ”0. -  °0.

Duralumin 681B . 7050 405 110 190f
Duralumin 681ZB 7180 3-62 25* 190
Scleron 6880 4-42 85 190
Silumin 6650 4-11 4D5 80 190
Constructal 2 6950 5-55 140 190
Constructal 87 7100 5-61 9-47 100 190
Elektron AZM 4270 6-18 1-45 75 190
Elektron Ylw 4280 4-19 8-45 80 190

* Not investigated a t higher temperatures. 
f  Lowest temperature applied.

Special reference may be made to the lines for the alloys Silumin 
and Lautal, for which a elear maximum value exists at a temperature 
of about —20° C. Both lower and higher temperatures cause a decrease 
of Young’s modulus. There is little doubt that the behaviour of 
these two alloys is causedby the content of Silicon. The re-inerease 
for Lautal at yet lower temperatures is probably a consequence of 
alloyed copper. Microscopic examination shows no alteration of 
structure.

Since no generally acknowledged definition exists for the elastic 
limit, there is some difficulty in justifying the selection of permanent 
elongation in determining the elastic limit. Hence, for the elastic 
limit the stresses corresponding with three values of permanent elonga
tion, 0-001, 0-01, and 0-03 per cent., were determined. Using as 
abbreviation for stress a  kg./mm.2 the elastic limit in the next figures 
is written thus : a 0-001, o  0-01, and a 0-03. Very smali elongations 
of the order of magnitude of 0-001 per cent. can be determined
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with sufficient accuracy only if the temperature can be maintained 
absolutely constant during the whole time of the test. This was 
possible a t elevated temperatures, but not with the same accuracy at 
low temperatures, and here the elastie limit as given by permanent 
elongations of 0-01 and 0-03 per cent. was determined. I t  is believed 
th a t the shape of the curves cannot in any case be a ttribu ted  to  errors 
of temperature, and no test data were adopted which could not be 
determined with an accuracy of 1 per cent.

<NJ
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Temperature °C-
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—a— SHu min —v— Elektron /1n

F i g . 7.—Elastie Limit a 0-001 a t Elevated Temperatures.

The results are plotted in Figs. 7 and 8. These curves indicate a 
behaviour of the elastie limit, similar to th a t of the modulus of elasticity, 
and some materials are found to be very sensitive a t elevated 
temperatures.

In  two earlier papers 6> 7 the effect of temperature has been deter
mined on the mechanical properties which are characterized by a larger 
permanent deformation, viz. yield point, ultimate stress, and reduction 
in area. W ith elongations, which lie considerably aboye the elastie
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limit, no further decrease in the accompanying stresses was observed at 
Iow temperatures, as, for example, is the case with the elastic limit

Temperature

—°-------°“  &0J03
—o------- o— Gm ,

Fig. 8.—Elastic Limit a  0-01 and a 0-03 a t Yarious Temperatures.

and modulus of elasticity of Lautal and Silumin owing to the increased 
hardness produced by falling temperature.
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DISCUSSION.

M r. H . S u t t o n ,*  M.So. (M em ber): We are very fortunate as an  In s titu te  
to  receive th is paper from D r. Bollenrath, who has made a  speoial study  of the 
modulus of elastioity of light m etals and alloys.

Fig. 6 is of particular in terest to  me personally. A  slight maximum is 
shown on the curves for Silumin a t  about — 20° C., and a  similar one for 
L autal a t  about — 20° C., and those two alloys both  eontain appreciable amounts 
of free Silicon. The L au ta l used was of the type which contains a little  more 
th an  4 per cent. of copper and  2 per cent. of silieon. I t  would be of interest 
to  know w hether other alloys containing free Silicon also show a m aximum a t
— 20° C. on th e  m odulus-tem perature curves.

D r. J .  McK eown, f  M .Sc.: I  am  particularly  interested in th is paper as 
I  am  engaged, a t  the present tim e, in  the determ ination of the elastic properties 
of some m aterials a t  moderately low tem peratures. The accurate determ ina
tion  of the modulus of elasticity always appears to  me to  be a very difficult 
m atter, especially a t  high or low tem peratures, because of the difficulty in 
controlling the tem perature or keeping th e  tem perature of a test-specimen 
absolutely constant during the tim e of testing.

In  th is inyestigation, D r. Bollenrath has been working w ith materials which 
have comparatively low lim its of proportionality, and such materials often 
have very high coefficients of expansion. Hence any  slight gradual change of 
tem perature—either an  inerease or a  decrease— can haye a very considerable 
effect on the slope of the elastic line. F or instance, in  Fig. 6, in  the curve 
for L au ta l there is a kink, a maximum followed by an apparent minimum, a t
— 110° C. Assuming a lim it of proportionality of 10 kg./m m .2, and  a coeffi- 
cient of expansion of 25 X 10-6 per 0 C., th e  low point in  the curve could be 
accounted for by a gradual fali in  the tem perature of between 2° and 3° C. I  
should like to  ask the au thor w hether his control of tem perature at, say,
— 110° C. was so close as to  make him  certain th a t  th a t po in t was a  low 
point.

I  should also like to  inquire whether th e  points in  those curves were 
verified by duplicating the tests, or w hether each point is simply the result 
obtained from one test-specimen.

* Senior Scientific Officer and Head of the Metallurgical Department, Royal 
Aircraft Establishment, Farnborough.

f  InTestigator, British Non-Ferrous Metals Research Association, London.
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D r .  C. H . D e s c h ,*  F.R.S. (Member of Couneil): There is a ąuestion of 

terminoiogy which I  should like to  raise. On p. 265 the author rem arks th a t 
“  Since no generally acknowledged definition exists for the elastic lim it, there 
is some difficulty in justifying the selection of perm anent elongation in d e te r  
mining the elastic lim it.”  The term  “  elastic lim it ” has an im portant 
theoretical signifieanee. I t  means the stress a t  which the first non-elastio 
deformation ocours. W hether i t  is ever possible to  measure th a t stress is 
another ąuestion, bu t in  tests of th is kind I  th ink  th a t i t  would be better to 
abandon the term  “ elastic l im i t” altogether, and to  speak definitely of a 
“ proof stress.” I t  is a  proof stress which is actually measured, and the 
use for i t  of the technical term  “ elastic lim it ” causes a great deal of confusion 
when discussing the theory of elastic deformation.

Dr. A. G . C. G w y e r  f  (V ice-President): Dr. Bollenrath’s paper bears the 
impress a t  every tu rn  of yery careful and yaluable work. I  had a doubt when 
I  heard w hat Dr. McKeown said. I  had  thought th a t the details for the tem 
perature control generally were ra ther well worked ou t to  avoid differences in 
tem perature, b u t I  had no t realized th a t  such a  yery smali difference in  tem 
perature would have such a very large effeet.

There are one or two ąuestions which i t  would be interesting if the author 
could deal w ith in  his reply. I  th ink  th a t in  all work of th is kind the details 
of the hot- and cold-work to  which the bars have been subjected should be 
placed on record. I t  is no t ąu ite  elear w hat was done in th is particular case.

A nother smali point concerns the method of fastening the Constantan 
couples to  the wire so as to  ayoid local oyerheating. The author says th a t  they 
were soldered. If he has any figures for the tensile strength of the alloys 
throughout the tem perature rangę, i t  would add to  th e  interest of the paper if 
they  were included. The only point about which I  am  a little  doubtful con
cerns the higher tem peratures, and is in  connection w ith the ąuestion of creep. 
I  do no t th ink  th a t due allowance has been made for th a t. I t  seems th a t every 
care was taken to  bring the alloys up to  the desired tem perature before the 
tes t was carried out, b u t th e  ąuestion of creep is of great importance, and 
appears to  have been ignored.

W ith regard to  the tem perature rangę, Dr. Bollenrath states th a t he took 
his highest tem perature as 180° C. because the resistance of aluminium alloys 
which haye been improved by  natu ral or artificial ageing is in  m any cases 
im paired by subjeotion to  tem peratures of th is order, and, presumably, higher. 
I  would like to  point out th a t in  in tem al combustion engines—and I  am thinking 
in  particular of the piston and connecting rods—the ayerage working tem per
a tu re would be 250°-300° C., and i t  is well known th a t aluminium alloys stand 
up eyerlastingly a t  those tem peratures. I t  would be wrong to  haye the idea 
th a t 180° C. is about the highest tem perature a t  which these alloys can safely 
be used.

Professor Dr. G. S a c h s  (M ember): May I  ask w hat are the words in 
German which correspond w ith the English term  “ proof stress ” ? We have 
a  term  for “ critical stress.” Is th a t  the same ?

Dr. W. R o s e n h a in , J  F.Inst.M et., F .R .S. (Past-P residen t): T hat is no t the 
same thing. I  do no t th ink  th a t there is an  exactly equivalent term  in German 
for “ proof stress.” The German usage is to  speak of i t  as the “ 0-1 Streck- 
grenze.”

* Superintendent, Department of Metallurgy and Metallurgieal Chemistry, 
National Physical Laboratory, Teddington.

f  Chief Metallurgist, The British Aluminium Co., Ltd., Warrington.
t  London.
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C O R R E SPO N D E N C E .

T h f  A u t i i o r  (in re-ply) : I  a m  yery much iudebted t o  Mr. H .  Sutton for his 
rem arks. I  am a t  present engaged in experiments w ith aluminium-silieon 
alloys t o  find the cause of the peculiar behayiour in  the cold of these alloys 
containing frec S ilico n . I  hope th a t d i l a to m e t r i c  s t u d y  will afford an 
explanation.

Referring to  the rem arks of D r. McKeown, I  agree th a t  there are m any 
difficulties in  controlling the tem perature and keeping i t  constant to  such a 
degree of aeeuracy th a t  measurem ents can be made of the smali deformations 
involved in  th e  determ ination of th e  modulus of e lastic ity ; b u t I  th ink  th a t 
by  the arrangem ent used these diificulties have been oyercome. F or the deter
m ination of th e  elastic lim it—and here I  refer also to  the rem arks of Dr. Desch 
respecting th e  definition of the elastic lim it—I  consider th a t the aeeuracy

F ig . A.—Modulus of Deformation-Stress a t Various Temperatures for Lautal.

obtainable w ith the M artens extensometer should be acceptable, unless 
measurements could be made to  a higher degree of aeeuracy w ith some new 
and improved apparatus. This lim it of accuracy is 0-001 mm. for a gauge- 
length of 100 mm. F or an  assumed yariation  of tem perature of 1° C. an  
alum inium bar 100 mm . long would alter in  length by about 0-0024 mm. The 
accuracy w ith which the tem perature could be controlled was 0-1° C. a t  a  test 
tem perature of 100° C., hence th e  degree of accuracy is given, w ith  which the 
perm anent elongation of 0-001 mm. has been determined. The points plotted 
in  Fig. 7 do no t show such sm ooth curves as in  th e  results obtained for greater 
perm anent elongations, where the deyiation caused by an  uneontrollable 
change of tem perature was about 1 per cent. of the ayerage yalue. N o t all th e  
points given in  the curyes are average values of seyeral tests, b u t m any of the 
experiments, particularly those w ith alloys which show a  peculiar behayiour, 
haye been carried ou t three or four tim es, and one m ay therefore assume th a t 
none of the effects shown is due to  irregularities in  the structure of the alloys.

The extensions, which were produced by a change of tem perature during an 
experiment were added to or subtracted from the elongations due to  the stresses.
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In  this way the influence of variations of tem perature should have been 
compensated.

Figs. A shows the relation between stresses and modulus of deformation 
and Fig. B th a t between perm anent elongations and stresses for the 
aluminium-alloy Lautal. The modulus of elasticity is identical w ith the 
constant p art of the modulus of deformation. This curve proves the useful
ness of the results found.

If, during the test, a  loss of tem perature of 2° or 3°, as assumed by Dr. 
McKeown, had taken place, smooth curves could no t have been drawn through

F ig . B.—Stress-Permanent Elongation a t Various Temperatures for Lautal.

the plotted points. Owing to  the large therm al capacity of the apparatus the 
tem perature could no t a lter rapidly enough between consecutive readings to 
give a difference of 2° or 3°.

I  agree w ith D r. Desch th a t the term  “ proof stress ” is preferable to 
“  elastic lim it ” as an indication of the stress by which an elongation of 0-01 
or 0-02 per cent. is produced.

To Dr. Gwyer I  m ay reply th a t the nine thermocouples mentioned in the 
paper were used only for investigating the distribution of tem perature on the 
test-pieces and its relation to  the tem perature of the bath medium. After the 
conditions for correct distribution of tem perature had been found, thermo-



couples were fixed a t  the conical ends of the specimen only. During th is opera- 
tion  th e  rest of th e  specimen was well cooled. Owing to  the good therm al 
conductiyity of the m aterials inyestigated, oyerheating of the specimen 
w ithin th e  gauge-length could no t well occur. Subseąuentły, in  the later 
experiments, the tem perature of the end of the specimen and of the bath  
medium was obseryed and  regulated so th a t no greater difference th an  1 per 
cent. occurred. .

Finally, I  do no t th ink  th a t  age-hardened alloys, for which thermo-diiato- 
metric phenomena indicate a  rapid  precipitation of the liardening components 
from supersaturated mixed crystals between 190° and 220° 0., and for which 
nearly th e  whole effect of therm al hardening is lost again a t  250° C., can be 
used adyantageously aboye 180° C. Above th a t tem perature unrefined 
alloys of the type inyestigated in  th is paper, or other alloys in  the cast or 
wrought condition, especially deyeloped w ith a higher resistance to  deformation 
a t  high tem peratures, as for example “  Y  ” -alloy, should be used.
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THE TESTING OF CASTINGS
OPENING ADDRESS FOR A GENERAL DISOUSSION HELD 

AT THE ANNUAL MEETING OF THE INSTITUTE OF 
METALS, MARCH IOt h , 1932

B y  W A L T E R  R O S E N H A IN , D .Sc., F .T n s t.M e t., F .R .S .,
P a s t - P k e s i d e n t .

Sy n o p s is .

The paper summarizes some of the principal points under disoussion 
in regard to  the testing of castings. Attention is confined to  what is 
termed speeification testing and controltesting, leaving aside investigatory 
testing. Ideał methods of non-destructive testing being as yet unavail- 
able, the application of the usual mechanical tests to castings is con- 
sidered. The use of actual castings, or pieces cut from them for such 
tests, or the alternative use of specially cast test-bars, is considered in 
view of the fact th a t the properties of castings freąuently vary from 
place to  place in the same piece. The author favours the adoption of a 
separately cast test-piece, the use of smali samples cut from actual castings 
being reserved for investigatory purposes. The use of chill-cast and sand- 
oast test-bars is discussed with special reference to  the forthcoming 
adoption of a standardized sand-cast test-bar for the light alloys of 
aluminium. Reference is also made to  the difficulty of determining smali 
percentage elongations; and the author’s suggestion th a t the practice 
followed in cast-iron testing of using bending tests in which deflection 
is measured as a means of testing ductility, is described. Reference is 
also made to  the disoussion on the Testing of Cast Iron which took place 
a t the Zurich Congress of the New International Association for Testing 
M aterials; and the author’s summary of th a t disoussion—prepared by 
him as Chairman—is given as an appendix to  the paper.

In  conclusion, the author discusses the value of tensile testing and 
the desirability of improving methods of testing in the interests both of 
the user and the manufacturer.

T h e  testing of castings presents many difficult problems which are of 
importance both. to  the founder and to the engineer. At the present 
time the whole ąuestion is of particular interest because it  has been the 
subject of much discussion both in connection with the proposed 
revision of certain British Standard Specifications and also in relation 
to the testing of cast iron. The la tter ąuestion formed the subject 
of a particularly active discussion a t the Zurich Congress of the In ter
national Association for Testing Materials. No apology is reąuired for 
including the subject of cast iron in the present discussion on the 

v o l . x l v ii i . T
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testing of castings, sińce the problems are, in many respects, identical. 
A generał discussion of the subject a t a meeting of the Institu te of 
Metals should prove helpful to all concerned with these quostions, 
sińce the manufacturer of castings, the user of castings, the scientific 
investigator, and those engagedprofessionally in testing are all interested, 
and there is probably no gathering where all these groups can meet on 
more even or more friendly terms than  a t the present meeting.

Before we consider the various possible methods of testing, it  is 
desirable to define the purposes for which tests are to  be carried out. 
Of these purposes probably the widest and most im portant is th a t of 
ascertaining whether a given delivery of castings meets the requirements 
of a specification. This may be called reception or speńfication testing. 
In  addition, we have a type of testing, also for immediately practical 
ends, which is applied for the purpose of enabling the makers of castings 
to maintain the reąuisite quality. This type of testing, where it  is 
employed, may be described as control testing. Finally, there is a third 
type of test which is made for the purpose of investigation, most 
frecpiently in order to  ascertain the ąualities of new materials or 
the eflects of new processes or methods of production or treatm ent. 
In  addition, there is also the occasional necessity to investigate the 
causes of failures which may occur either during manufacture or in 
service. This type of testing may be described as investigatory.

In  the present discussion attention may well be concentrated upon 
the first two types of testing, sińce for investigatory purposes many 
special methods may become applicable which are not of such generał 
interest and importance as those which have to  be employed day by 
day in manufacture and reception.

The reąuirements of reception and control testing are very similar, 
and the possibilities of the methods which can reasonably be employed 
are limited by the need for simplicity, cheapness, and speed. The tests 
specified and the methods used for carrying them  out m ust not add 
unduly either to  the cost of the materiał or to  the time reąuired for 
delivery. On the other hand, the tests should be, if possible, such th a t 
they give an adeąuate insight into the quality of the castings and 
assure to  the user the necessary degree of strength, ductility, and other 
properties which he may reąuire. I t  is the difficulty of reconciling these 
two types of reąuirements which gives rise to  the divergence of opinion 
and widely differing methods which we have to  consider in the present 
discussion.

An ideał test should be capable of being ąuickly applied to every 
casting w ithout injuring it  in any way. A t the same time, it  should 
give fuli data in regard to  the strength and ąuality of the materiał.



Obviously no such method of testing is yet available, but it must not 
be supposed th a t the development of some such test is entirely outside 
the bounds of possibility. In  the case of magnetic materials such as 
heat-treated steel forgings or stampings, it has now become possible to 
apply rapidly and certainly to every piece produced a test which will 
readily reject those with properties which fali outside certain narrow 
limits. Some attem pts have been made to develop magnetic methods 
of testing non-ferrous alloys, but although some promising results have 
been obtained, the development has not yet been carried far enough for 
praetical application. I t  would not be surprising, however, if in the 
futurę some means of investigating the quality of a piece of metal, even 
of non-magnetic non-ferrous metal, could be found which would make it 
possible to examine every individual casting in a very short time. In 
this connection brief mention may be made of the use of X-rays in 
examining castings. Two methods of utilizing X-rays are ayailable. 
One consists in passing a sufficiently powerful beam through the casting 
with a view to discovering cavities or unsoundness. This is much too 
slow and expensive a process to be used in routine practice, and its 
application must therefore be confined either to the examination of very 
im portant castings or particularly im portant places in special cases, 
or to the study of methods of casting directed to the end of eliminating 
the occurrence of serious intem al defects. X-rays have been success- 
fully used for both purposes, but cannot be regarded as suitable for 
routine commercial use a t the present time. The second method of 
using X-rays which has found such wide application in the scientific 
study of the crystal structure of metals and alloys makes it  possible to 
form estimates of the size and predominating direction of crystals in a 
given piece of metal. Again the application is not of a naturę which 
could be used for routine purposes, and must still be regarded as limited 
to investigatory work.

Another method. which may be mentioned in this connection consists 
in determining the density of an entire casting, as, for instance, by 
weighing first in air and then in water or other liquid. By this method 
the occurrence of unsoundness can readily be detected, and it  might be 
possible to develop means for making tests of this kind which would 
render them  applicable in practice to castings of moderate weight. 
In cases where the absence of unsoundness is of sufficient importance, 
this method of testing, which, it  should be noted, is non-destructive, 
might well be applied. I t  is in use to a limited extent in certain 
industries a t the present time.

Turning now to the more familiar types of testing which are con- 
cerned with what we describe as the mechanical properties of a casting
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or of the materiał of which it  is made, there are broadly two ąuestions 
th a t have to  be answered. The first is what type of sample are we to 
use ? and the second what type of test i s to  be applied ? Since the type 
of test necessarily depends on the type of sample, we may perhaps 
consider the  ąuestion of the sample in the first place.

Since the engineer naturally desires to know the properties of the 
casting which he actually uses, it  would a t first sight appear rational 
th a t we should test one or more actual castings out of those which are 
to  be supplied. There are, however, difficulties in the way of carrying 
out this apparently simple and rational method. Where the castings 
are smali and supplied in considerable numbers, the sacrifice of a certain 
percentage of individual castings for testing purposes is quite feasible. 
On the other hand, where the castings are large and supplied either 
singly or in smali numbers, such a procedure is out of the ąuestion. 
Further, the shape and size of castings, in many cases, render them 
unsuitable for use for mechanical testing unless sample pieces are cut 
from them . This is freąuently a laborious process, and, in order to 
avoid it, the  practice has been adopted in many industries of casting 
special test-pieces either attached to one of the castings under production 
or cast separately.

The use of a separately cast test-piece, whether attached to the main 
casting or not, has been severely attacked in certain ąuarters, especially 
in  France, on the ground th a t the engineer user is not really interested 
in  the properties of a specially cast test-piece, bu t only in the properties 
of his actual casting. W hilst this is, a t first sight, a logical attitude, it 
is largely untenable, and for this reason—the castings as such cannot 
really be said to  have mechanical properties, sińce such mechanical 
properties as tensile strength, hardness, elongation, &c., may differ 
widely from one part of a casting to another. Every founder is familiar 
with the fact th a t in the  great m ajority of materials those parts of a 
casting which have a th in  section, and therefore cool more rapidly in 
the mould, are harder and stronger than  parts having a thick section 
which undergo more gradual solidification. Further, unless a casting 
is particularly designed and very skilfully made, there is a risk tha t, 
owing to “ drawing,” one part of a casting may become sound and 
strong a t the expense of a neighbouring part, which is łeft porous and 
weak. There is also the fact th a t, owing to  variations of detail in 
melting or casting temperatures and other factors, the properties of one 
casting may differ appreciably from those of another of the same type 
and series.

In  view of these facts, i t  m ust be realized th a t even if a sample is 
cut from one of a series of similar castings, or even if an entire casting



could be tested, the test still remains th a t of a sample, and to th a t extent 
does not differ appreciably from the testing of a specially cast sample, 
providcd th a t the la tte r has a cross-section which may be regarded as 
reasonably representative of th a t of the casting itself. I t  is this con- 
sideration which appears to weigh conclusively against the demand for 
tests made on the casting itself or on samples cut from it, so far as 
reception testing is concerned.

In  reply to this view it may be said th a t the engineer reąuires to 
know the strength of the materiał which he uses as it actually exists in 
various parts of his casting. This is, no doubt, true, but the information 
cannot and need not be obtained afresh every time a batch of castings 
is supplied and accepted. If the engineer has before him data of the 
strength and other properties of different parts of a typical casting of 
the kmd he is considering, properly correlated with tests made on 
separately cast test-pieces of suitable size from the same metal as the 
casting in question, he has all the information which can reasonably be 
demanded. Given satisfactory foundry practice and supervision, 
the strength and other properties of the casting will be reasonably 
proportional to the strength and other properties as found in the 
separately cast test-pieces of the same metal.

This correspondence can, if desired, be further checkcd by the use 
of an indentation hardness test on any desired number of castings and 
almost any desired number of points. If tho casting shows hardness 
or indentation numbers which are satisfactorily close to some previously 
determined standard values, and are also in proper relation to the 
hardness numbers of the separate test-pieces, it will be safe to conclude 
th a t the properties of the casting will bear the normal and previously 
ascertained ratio to those of the separate test-piece. Such a method of 
using indentation hardness tests for closely correlating the casting to 
the test-bar has been extensively inyestigated by Dubi in Switzerland 
who has found it useful and reliable. Some fairly obvious precautions 
are reąuired. I t  must be realized th a t a few hardness tests can give no 
guarantee of soundness and good ąuality of the casting as a whole. 
For assurance on th a t vital point, good foundry practice and careful 
inspection are the best safeguards. Care must also be taken th a t the 
hardness of the casting is not locally affected—at the points where it  is 
to be tested—by the use of chills or other means. Finally, in makin<r 
indentation tests, it should also be borne in mind th a t in some castings 
the crystal structure is apt to be coarse, so th a t very smali indentations 
may give irregular results.

Where the engineer is concerned in detail with the strength of his 
casting m regard to any particular system of stresses, th a t is a m atter
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for inyestigation, the results of which can be readily correlated with the 
results of tests on appropriate separately cast test-pieces. I t  would 
seem to be entirely a mistake from the practical and economic point of 
view to reąuire tests on a number of pieces cut from actual castings in 
connection with each delivery when the necessary information can be 
obtained by the methods outlined above. For the purpose of obtaining 
such information in the first instance, however, and also for inyestigat- 
ing the properties of a casting which has failed, the cutting of test-pieces 
from an actual casting is essential. Where a case of failure has to  be 
investigated it will not as a rule be possible to obtain separately cast 
test-pieces. For many such cases, however, the test-pieces which can 
be obtained from different parts of the casting will necessarily be of 
very smali size. For testing these very smali specimens, the French 
investigators who have occupied themselves with this ąuestion, including 
Portevin and Guillery, have done very valuable work in perfecting 
special testing machines, notably for the application of the shear test. 
For a time they advocated the generał use of these smali samples for the 
reception testing of castings. A fuli discussion of the subject a t the 
Congress of Zurich, to  which reference has already been made, clearly 
showed, however, th a t the consensus of opinion among the testing 
engineers and metallurgists of the world was strongly against the use 
of these smali test-pieces cut from the castings themselves, and definitely 
in favour of the use of specially cast test-bars. The author had the 
prm lege of presiding over this discussion and was called upon to 
summarize its result. This summary is reprinted as an appendix to the 
present paper.

If we accept the use of specially cast test-pieces we have to decide 
how they should be made. The first ąuestion is the old one, whether 
the test-pieces should be “ cast-on ” or separately cast. In  favour of 
the “ cast-on ” test-pieces there is, it seems, only one serious argument— 
th a t the casting itself afEords a guarantee th a t the materiał of the test- 
piece is derived from the same cast of molten metal as the casting itself. 
This identity of origin, however, is sometimes interpreted as meaning 
“ identity of ąuality,” bu t such identity is by no means certain. Where 
the “ cast-on ” test-piece is merely a relatiyely smali projection on the 
surfaee of a large mass of metal in the casting, identity, or a t all events 
close similarity with the materiał of the adjacent portions of the casting, 
is no doubt secured, bu t the instances where this condition can be ful- 
filled are relatiyely few. In  the great majority of cases where castings 
of smali or moderate size are concerned, the test-piece constitutes a very 
considerable projection from the surfaee of the casting, and may be 
attached to it  only by a thin runner or gate. In  such cases the rate at
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which the test-piece cools may be very different from th a t of the casting, 
although one will be influenced by the other—so th a t anything like a 
standard rate of cooling of the test-piece cannot be secured. Further, 
it  is quite possible, by the use of chills or other moulding and casting 
devices, to secure accelerated cooling of the test-piece. There is also the 
further consideration th a t by skilful location of the test-piece, and the 
use of suitable gates and feeders, it  is possible to make the test-piece 
sounder and denser than the casting to which it is attached—indeed, in 
extreme eases the casting may act as a feeder for the test-piece. I t  is, 
of course, elear th a t practices of this kind would not be contemplated by 
founders of good repu te ; also, adeąuate inspection should make their 
use impossible. They are, however, automatically eliminated to a great 
extent by the use of separately cast test-pieces, and if the la tter are 
suitably standardized, then even the unauthorized use of chills can be 
entirely prevented. I t  would not, perhaps, have been necessary to 
refer to this aspect of the question were it  not th a t the principal argu
ment in favour of the “ cast-on ” test-piece turns upon a similar point— 
th a t of automatically securing the identity of the metal in the test-piece 
with th a t of the casting. If the honesty of the founder and the thorough- 
ness of inspection can be relied on to prevent abuse with the “ cast-on ” 
test-piece, the same applies to the separately cast bar.

If the separately cast test-bar is adopted, we have to decide on the 
manner in which it is to be produced. Here I  would like to suggest 
th a t the facility of standardization is most important. Every founder 
knows th a t in the majority of metals and alloys different results can be 
obtained from the same heat by casting test-bars vertically or horizont- 
ally and under different conditions as regards head of metal and sizes 
of gates and risers. At the present time, widely different methods in 
these respects are used by diflerent founders, even when working with 
identical or similar alloys, and the real meaning of the requirements of 
a given speciflcation therefore diflers with diflerent makers—a highly 
undesirable state of aflairs. I t  is for this reason and for the purpose of 
securing test-bars which should produce identical results wherever 
made, th a t a chill-cast test-bar has been specified for many non-ferrous 
alloys. There are, of course, certain materials in which the use of a 
chill-cast test-bar could never be contemplated. Cast iron is obviously 
one of these. Even in other alloys—such as the light alloys of aluminium 
—where the chill-cast bar has been in use for many years, its employment 
has been severely criticized.

The main grounds of this criticism are th a t the chill-cast test-pieces 
give test figures which are very different from those of the sand castings 
for which they stand, and th a t these figures—and especially the statę-



ment of them  in the specifioations—are misleading to  the engineer who 
requires to  know the strength of his actual castings. The answer to 
these contentions is th a t the intelligent engineer-designer will surely 
know a great deal more about the  materiał he proposes to adopt for a 
given purpose than  the bare data which are included in a specification. 
If he does not, the fact—already mentioned above—th a t the properties 
of a casting, unless i t  is of the simplest shape, vary widely from one part 
to another—would invalidate any inferences he might draw even if the 
specification tests were made from test-pieces cut out of the casting 
itself. On the contrary, the correlation of the properties of various 
typical parts of a given type of casting with the test results obtained 
from the same alloy wheń cast into a standard test-bar, whether sand or 
chill, is a perfectly practicable and necessary thing if the casting is to 
be intelligently designed and used. I t  may, however, be pointed out 
th a t in many castings of complex shape it  is extremely difficult even 
for the most skilful engineer to  calculate the working stresses with 
any accuracy, nor is it  usually necessary or desirable to cut down the 
dimensions of stressed castings to an excessive extent unless extensive 
experience indicates th a t a valuable saving of weight is possible. Even 
when this is done, however, the really essential point in accepting any 
given casting or batch of castings is to  be sure th a t the ąuality of the 
metal or alloy used for making them  does not fali below a certain well- 
established standard of quality. If this is secured, then good foundry 
practice and good inspection will ensure th a t the castings also do not 
fali below the previously accepted standard of quality. From this 
point of view—and I  suggest th a t it is the most rational view of the 
whole question—the object of the test-piece for reception testing 
purposes is to determine the quality of the metal th a t has been used for 
pouring the casting. For this purpose, in a great many alloys, the 
readily standardized chill-cast bar affords the simplest and best means.

I t  has already been pointed out, however, th a t there are a certain 
number of alloys to which the chill-cast test-bar is not applicable, and 
recent progress in our knowledge of alloys has led to a recognition of the 
fact th a t exceptional conditions of this kind are found in a much larger 
rangę of materials than  had previously been suspected. At the present 
time this development has taken place mainly in the light alloys of 
aluminium in which two distinct types of difficulty have arisen in the 
use of the  chill-cast test-bar. The first and most generał of these 
relates to  the greater attention which is now rightly given to the gas- 
content of light alloy castings. In  sand-castings cooled a t ordinary 
rates the presence of gas makes itself felt—as is now well known—by 
the occurrence of pin-holes or other types of smali cavities, accompanied
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by a very appreciable loss of strength and other undesirable features, 
such as difficulty in secnring a good finish on machining. When an 
alloy containing sufficient gas to produce defects of this kind in a sand- 
casting is cast into a chill mould, however, the gas appears to be retained 
in solution or, a t all events, it  does not make its presenee yisible in the 
chill-casting and does not appreeiably affect the tensile test results 
obtained. The consequence is th a t a chill-cast test-piece can no longer 
be regarded as affording a true index of the ąuality of the alloy, and the 
abandonment of the chill-cast test-bar in favour of a standardized sand- 
cast bar becomes inevitable.

A second factor of the same kind, although as yet of more limited 
application, arises from the phenomena of “ modification ” which occur 
mainly in the aluminium-silicon alloys. In  these materials it is of 
primary importance th a t the test-piece should definitely show whether 
the alloy as poured into the castings was properly “ modified.” In  a 
chill-cast test-piece, however, a properly modified materiał and one 
which is quite unsatisfactory from this point of view may give very 
similar results, whilst a suitable sand-cast test-bar distinguishes clearly 
between them. Here again the adoption of a sand-cast test-bar is 
necessary.

The principal difficulty which has hitherto weighed against the 
adoption of sand-cast test-bars has been th a t of securing standardiza- 
tion. Recently, however, investigations which were begun in the first 
instance a t my own suggestion in the Metallurgy Department of the 
National Physical Laboratory, and have sińce been extended by the 
co-operation of manufacturers and of other Institutions, have shown 
th a t a simple form of sand-mould could be specified which can be 
reproduced easily in any foundry and which gives reproducible results. 
The details of these investigations will, i t  is to be hoped, be published 
in due course by those who have carried them  out, so th a t I  will say no 
more about them  here than to indicate th a t the standard mould which 
has been suggested is a cylindrical bar with a conical “ feeder-head ” 
a t the top, rammed in sand in a cylindrical steel tube of specified size, 
the bar being poured with the mould standing freely in air and inclined 
a t a specified angle. Although intended in the first instance to meet 
the needs of aluminium alloys, it may prove possible to adopt a standard 
sand-cast test-bar of this type for a very wide rangę of alloys. The 
round test-bar can, of course, be specified of various diameters, if 
desired, to accord with the section of the castings under production.

The question of the testing of castings is not, however, settled when 
we have decided—if we do so decide—to adopt a separately-cast 
standardized sand-cast test-bar, sińce it  still remains to be agreed what
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tests are to be applied in order to ascertain the “ quality ” of tbe metal. 
In  non-ferrous alloys, i t  is conventional practice to  specify as a rule a 
simple tensile test in which ultim ate stress, proof stress, and elongation 
per cent. on 2 in. are determined. In  the case of cast iron, whilst tensile 
tests are widely used, some form of bending test is also specified, with a 
measurement not only of the “ modulus of rupture,” bu t also of the 
deflection. In  the case of the  highly ductile non-ferrous alloys of the 
brass and bronze and similar types, the measurement of elongation is a 
sufScient measure of one kind of “ ductility,” and the use of a bend-test 
is scarcely required. I t  is a different m atter, however, with many of 
the casting alloys of aluminium, in which the elongation is rarely as 
much as 3 per cent. I  have long considered th a t the measurement of 
these smali elongations on fractured test-pieces, where an error of the 
order of 2 per cent. is quite easily made, is unsatisfactory. None the 
less, the fact th a t an alloy does show a smali degree of ductility is import
an t in these alloys just as it  is in the case of cast iron, and I have therefore 
recently suggested the adoption of the bend-test with a deflection 
measurement for ascertaining the ductility of certain cast aluminium 
alloys in place of the specification of any elongations lower than  5 per 
cent. The method of applying the bend-test to  test bars of light alloys 
requires some investigation, which has, I  believe, been begun, and I  very 
much hope th a t in the near futurę this more satisfactory way of testing 
cast light alloys for a smali degree of ductility may be adopted. I t  is, I 
think, a case where the non-ferrous industries have something to learn 
from the practice of the ferrous, and I  have no doubt th a t there are 
instances of the converse.

I  do not propose to enter here into the much wider question whether 
tensile tests, supplemented by bending tests or otherwise, furnish the 
best possible data as to the “ quality ” of a casting alloy. Since the 
stresses under which castings are used are frequently other than  tensile, 
tests of this type can be regarded only as more or less conventional 
“ tokens,” but the fact th a t they have been in use for a very long time, 
and tha t, in consequence, the data which they have given have become 
correlated with lengthy experience, gives to these tests a weight which 
they would not intrinsically possess. On the other hand, we shall be 
wise if we recollect th a t a few tensile tests do not constitute an exhaustive 
examination of the properties or qualities of any materiał, whether cast 
or wrought. The argument is sometimes used tha t, provided th a t his 
produet possesses the required mechanical properties, a manufacturer 
should be left entirely free as to the raw materials used, the chemical 
composition adopted, or the method of manufacture employed. If we 
could really measure, in every case, the “ mechanical properties ” which



Rosenhain: The Testing of Castings 283
we actually require, this argument might hołd, but in fact we do not and 
cannot do this. We test a few samples and rely on the uniformity of 
the materiał—and here we are entitled to require the manufacturer to 
use such methods and such materials as are known to favour uniformity 
of product. Again, in the smali number of samples we examine, we 
test a certain few physical properties—usually tensile strength and 
elongation. Experience has taught us liow far we can go in relying on 
these as a guide to the “ strength ” of the materiał for the uses to which 
we put it, bu t this correlation is limited, and we can rely upon it only 
where the materials are closely similar—any serious variation of com- 
position or method of manufacture, or even of raw materials used, might 
introduce factors which we are unable to estimate. Considerations of 
this kind have frequently stood in the way of anything but the most 
cautious adoption of promising new alloys; they would stand in the way 
of the use of materials corresponding with existing specifications so far 
as tensile tests are concerned, but freed from all other restrictions.

These considerations, which have sometimes been lost sight of when 
specifications have been discussed or criticized, suggest th a t in order to 
improve our specifications, and thereby allow of the improvement of 
our materials, while a t the same time permitting more economical 
methods of production, much further knowledge is needed. The 
improvement of our methods of testing is of first-rate importance both 
to the manufacturer and the user. If we can render our methods of 
testing more completely reliable from the user s point of view, we shall 
be more readily able to admit quicker and cheaper methods of produc
tion or the use of more economical raw materials by the manufacturer. 
At present, apart from the methods of mechanical testing which have 
been discussed above, we have little but chemical analysis and the 
determination of density th a t can be readily applied. Other methods 
of testing have yet to be developed. The use of magnetic and X-ray 
methods has already been mentioned, and systematic microscopic 
examination is also coming into use in some cases, although its possi- 
bilities have not been fully exploited in this country. The measurement 
of eleetrical conductiyity is a possibility of the fu tu rę; as yet it is used 
mainly in the scientific study of alloy constitution, but the scientific 
method of to-day frequently becomes the workshop method of to- 
morrow. This possibility also applies to other methods, such as the 
measurement of the velocity and intensity of transmission of sound 
which is being developed in our physical laboratories. Nor need the 
maker of castings fear these things. If they teach engineers to test his 
products more thoroughly, they will not necessarily lead them to make 
higher demands. After all, the products which industry now supplies
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in the great m ajority of cases meet the demands of service. Those 
demands will, doubtless, continue to  rise as both our engineering and 
our metallurgical practice continue to  improve. Progress in methods 
of testing, however, is likely to  give the manufacturer greater freedom, 
sińce it  is often found th a t some of the conditions on which users insist 
are unnecessary restrictions on the manufacturer. The close inter- 
dependence of engineer and manufacturer is nowhere more apparent 
than  in this field of testing, and especially the testing of castings. The 
economic production of good castings is of importance to both, and the 
improvement of methods of testing is therefore a m atter of common 
interest.

APPENDIX.
THE NEW INTERNATIONAL ASSOCIATION FOR TESTING 

MATERIALS.

ZtlRICH CONGRESS, SEPTEMBER, 1931.

S e c t i o n  A (Metals).
The Testing of Cast Iron.

The following statem ent has been prepared by the President of 
Section A, in accordance with the procedure approved by the Permanent 
Committee of the Association. I t  is intended to  represent not the 
personal views of the President, bu t the best estimate which he has been 
able to  form of the generał conclusions to be reached from the Reports 
subm itted and the discussion which took place a t the Zurich Meeting. 
In  formulating this statem ent, the President has had the great advantage 
of having before him reports, prepared a t his reąuest immediately after 
the conclusion of the discussion, by Messrs. Benedicks, Dubi, Pearce, 
and Portevin.

P r e s i d e n t ’s  S u m m a r y .

In  the Reports subm itted and in the discussion upon them, two 
somewhat different view-points emerged. On the one hand, the use of 
separately cast test-bars to  be tested either in tension or bending or both 
was advocated. This was the view of the great m ajority of those 
present, and it  corresponds with present practice in Belgium, Czecho- 
slovakia, Germany, Great Britain, Holland, Switzerland, and the 
United States of America. On the other hand, the use of very smali 
test-pieces, trepanned from the actual casting and tested in shear, with 
a supplementary bending test also on a very smali bar, was advocated 
by the French representatives, and this method of testing is favoured 
also in Ita ly  and Spain.

W hilst these divergent opinions have not, perhaps, been entirely
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reconciled as the result of the discussion, a considerable measure of 
agreement has emerged. I t  has been recognized th a t the separately 
cast test-bar is the only practical means for controlling the quality of the 
liąuid' iron which is used. in the production of castings. By many, it  is 
further considered th a t this control is sufficient for the acceptancę of the 
castings themselves, and th a t it  is possible by establishing a relation, 
based on Brinell or other hardness tests, between the properties of the 
test-bar and of the casting itself, to arrive a t a sufficient knowledge of 
the properties of the casting. W ith regard to the claim th a t the pro
perties of the casting can be tested only by testing portions taken from 
the casting itself, i t  was pointed out th a t these properties vary widely 
in different parts of the same casting and may even vary, to a con
siderable extent, between one casting and another made from the same 
metal and to the same pattern. In  these circumstances, the test-piece, 
whether large or smali, cut from one casting out of a series, does not difler 
in principle from a separately cast test-piece. The only difference is 
th a t in the one case the test-piece is cut from a casting made to the same 
pattern  as those to be accepted, whilst in the other, a simplified form of 
casting (test-bar) is employed. Where the dimensions of the separately 
cast test-bar are adjusted so as to correspond approximately with the 
wali thickness of the casting under test, this difEerence may be regarded 
as negligible.

On the other hand, where only a smali number of similar castings 
are made, and it  is possible to take samples from each of them, so th a t 
the uniformity of the materiał from one casting to  another can be 
inyestigated in this way, or where it is desirable to explore the properties 
of different portions of the same casting, or where it  is im portant to 
obtain a specially close correlation between the properties of a particular 
part of a casting and the results of a separately cast test-bar, the use of 
smali test-pieces, suitable for shear testing, as advocated by the French 
representatives, is recognized as having very great value.

The position may be summed up briefly by saying th a t, in the 
opinions of the great majority of those who tookpart in the discussion 
a t Zurich, the use of a separately cast test-bar, to be tested in tension 
and bending, is to  be regarded as satisfactory and sufficient for the 
m ajority of industrial purposes, but th a t for the exploration of the 
properties of various parts of castings, and for the study of variations 
from one casting to  another of the same type, and also for the investiga- 
tion of castings which have failed in service, the smali test-piece, cut 
from the casting itself, should be adopted.
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GENERAL DISCUSSION*
• + H oblyn, f  A.R.C.S. (M em ber): I  yery much appreciate the
m troductory  address. D r. Rosenhain has, howeyer, om itted the im portant 
factor of the tim e effect introduced by the testing of castings. The tim e 
reąuired  for density  determ ination is no t justified, and I  th ink  th a t the best 
tests are those m ade a t  the works by the men working on the castings. (The 
speaker showed slides illustrating gross defects in  castings, and expressed the 
yiew th a t X -ray  exam ination would impose too high a  standard  of ąuality  for 
regular a tta inm en t in  foundries.)

Professor D r.-Ing. G. S a c h s  { (Member) and Dr. E . S c h e t je r  J : Por the 
acceptance testing  of castings D r. Rosenhain recommends separately-cast 
pieces, emphasizing th a t, in conseąuenee, only the ąuality  of the m etal as used 
for the casting is tested, and  th a t for the faults originating in  the actual 
foundry practice and th e  construction of the mould a  suitable tes t is lacking. 
I or generał foundry practice th is method, in itself unsatisfactory, is employed, 
because i t  is the cheapest and  simplest. I t  has also the advantage of per- 
m itting comparison w ith a  standard  figurę (strength of standard  test-piece) for 
every alloy.

T a b l e  A .— Comparison o f the Strengths o f Different K inds o f Test-Bars.

Type of Test-piece. Number of 
Samples.

Strength, kg./mm.2.

Rangę. Mean Value. Deyiation. 
% of Mean.

Round bar cast-on 43 160-22-8 19-9 34
Attached the whole length 24 9*65-20-2 13-7 77Sample from casting 10 9-9-19-3 141 65

W here, howeyer, high demands on the ąua lity  of castings are imposed, one 
can and does go somewhat farther, and seeks, in  some way, to  te s t samples 
taken from the casting itself. True, the cast-on test-piece which is commonly 
joined to  the casting by one or two th iu  runners, has little  adyantage over the 
separately cast bar. I t  can be alm ost ąuite  as strong, and  surreptitiously 
doctored, as the la tte r b u t projections on a suitable p a rt of the casting, 
a ttached for their whole length and afterwards sawn off, the position of which 
on the casting, dimensions and m ethod of running (position in  relation to  the 
gate, chills, &c.) are definitely fixed, give average yalues and lim its of yariation 
which agree approxim ately w ith those of the casting (Table A). These pro
jections will be placed as near as possible to  the m ost highly stressed p a rt of 
the casting.

This tes t certainly inyolyes more expense, and its evaluation more con- 
sideration th an  the separately cast test-piece; nor can i t  be direetly related 
to  a num ber of castings in  the same alloy w ithout further consideration, bu t 
i t  m ust be adjusted by  the mean value deriyed by experience and determined 
for the particu lar casting, or sim ilar ones. Also, one m ust either cast on a

* N ote: Some eondensation of the yerbatim report of the discussion has been 
enected but nothing essential of the speakers’ arguments has been omitted.

t  Chief Metallurgist, Vauxhall Motors, Ltd., Luton.
t Metall-Laboratoriums der Metallgesellschaft A.G., Frankfurt-am-Main, 

Germany.
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single casting a  num ber of such projections, or content oneself w ith the ayerage 
of a  num ber of castings as a basis for judging the whole batch. The accjuiring 
of the data  for such an acoeptance tes t is a prelim inary task  for the foundry 
and  the user to  accomplish in co-operation. Instead of a definite acoeptance 
specification, there will be obtained guiding indications, which are of im port
ance apart from the acoeptance of a  single consignment and  lead to  improve- 
m ent in  the quality  of the castings. I t  is emphasized by Dr. Rosenhain th a t 
i t  is no t possible to  rely on the properties of simple test-pieces in the oase of 
unknown alloys. W e m ay therefore consider more closely the relation between 
casting and test-piece.

From  the little  reliable information which exists in literature concermng 
the distribution of strength in  castings we find th a t the maximum and minimum 
strength  yalues of different casting alloys show a yariation of the order of
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1 : 1-5 to  1 :3 .*  These differences are not distributed regularly, bu t may 
be found in  im m ediately adjacent parts of the casting. Even in tensile 
test-bars, cast under only slightly yarying conditions bu t w ithout rigid 
standardization, variation up to  1 : 2 m ay be found, although by more careful 
work appreciably narrower lim its could be preseryed. I t  cannot, therefore, 
be sufficiently emphasized th a t, for cast even more than  for wrought metal, a 
single test-piece is useless as evidence.

The great variations in properties depend, in castings to a greater extent 
than  in wrought metal, on local faults in  the cohesion and on structural defects 
(draws, blowholes, fissures, slag inclusions). The tensile test, distinct from 
m any others, is very sensitive to  these defects, and, especially in the test-piece

* G. Sohreiber, Z. Metallkunde, 1927,19/456-458 ; J. Dornauf, Metcdlwirtschajt, 
1929, 8, 255.
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out from the casting, discloses the existence of defects ra ther than  the properties 
of the m etal itself. An illustration of this ezperience is shown in Fig. A, giying 
a sum m ary of a  series of tensile tests on bronzes. In  the graph of strength as 
a function of elongation, ap a rt from some exeeptions, the values found for 
different samples of the same alloy arrange themselyes about a  line which 
corresponds w ith the load-extension curve. The true  quality  of the materiał, 
which is expressed by the course o f the load-extension curve, is practically the 
same for all samples. According to  the ex ten t to  which the cross-section of 
the test-piece is weakened by structural defects, the load-extension curve 
breaks earlier or later.

An evaluation of testing results on cast bars on this basis would perhaps 
make i t  possible to  acąuire an  insight into the exten t to  which yariations in 
strength  are due on the one hand to  defects and on the other to  the true 
properties of the materiał.

The obseryation th a t structural defects play a  great p art in the variability  
of the strength of castings is in agreem ent w ith  the fac t th a t, occasionally, in 
ąu ite  thick sections, strength values are found which approach the properties 
of good samples cast in  th inner sections.

In  generał, howeyer, th e  ayerage strengths decrease considerably w ith 
increasing cross-sectional area. The reason for this m ay be found, in the first 
place, in  the ra te  of solidification.* This, howeyer, is no t adeąuate to  explain 
the difference between the properties of test-piece and casting.

The exam ination of slices from large castings allows extremely smali draws 
and pores to  be m ade visible, more completely th an  by  examining machined 
surfaees.f I t  is found th a t castings which appear dense from the examination 
of the surface are eąually or more unsound th an  others, on the surfaces of 
which pores are distinctly  noticeable. M inutę fissure-like pores which are 
invisible on the polished surface are of much more influence on the properties 
of the casting than  larger rounded cayities.

I t  has been found, by inyestigations on special samples approxim ately 
sim ilar geometrically to  th e  castings, th a t the influence of chemical composition, 
casting procedure, and heat-treatm ent is very similar in  the model and in  the 
actual casting (see Figs. B and C). The acceptance tes t in  th is case is the story 
of the whole casting. This test could, in  our case, be carried out on a laboratory 
scalę w ith a  model casting, and the results applied, w ith good agreement, to  
actual practice.

Mr. A. H . M u n d e y  t  (Member of Couneil): I  belieye th a t m ost manu- 
facturers would no t desire to  haye a  test-piece attached to  their castings, b u t 
i t  is often insisted on by inspectors. I t  is a  ąuestion of a choice between 
the types of testing. I  feel th a t  the inyestigatory tes t m ust be carried out in 
the early stages for the inform ation of the designer and the m anufacturer. 
Then the acceptance tes t m ay be on the m ateriał itself as materiał, and no t as 
p a rt of the casting. I  th ink  th a t  will be the only practical working method. 
On tak ing  tests from yarious parts of large castings I  have obtained altogether 
different results from the yarious parts. Therefore those tests were no t tru ły  
indicatiye of the cjuality or the properties of the m ateriał as materiał, bu t of the 
strength  of those particular parts. The problem as a whole reąuires more 
co-operation between the designer and  the m etallurgist.

Reference has been made in  th e  paper to  th e  weighing of castings. In  
th e  m anufacture of die-castings we weigh every casting of a certain type as i t  
comes off th e  machinę, and  we find i t  an  extraordinarily  fine method. Certain

* See also W. Claus, Oiesserei-Zeit., 1928, 25, 529.
f  0 . Bauer and 0 . Vogel, Mitt. Materiał., Smderheft 18, 1931, 51; 0 . Bauer 

and G. Sachs, Metali u. Erz, 1927, 24, 154.
J Technieal Director, Fry’s Metal Foundries, Ltd., London.
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o ther die-castings which we make also have to  be perfectly sound, and are 
tested  w ith high-pressure a ir under warm water.

Dr. G . S h e a r e r  * : In  his introduction to  th is discussion, D r. Rosenhain
made a brief reference to  the use of X -ray  methods in  the testing of castings, 
and  he m entioned the two ways in which they  m ight be employed.

The usual m ethod has been to  pass a  fine pencil of heterogeneous X -rays 
through the m ateriał so th a t th e  resu ltan t diffraction p a tte rn  consists of the 
Laue patterns of the individual crystals in  th e  yolume bombarded, super- 
imposed on each other. W ith a coarse-grained m ateriał, the pattern  consists 
of a  collection of spots surrounding the central spot caused by the undeflected 
X -ray beam. In  the study of castings and the like, i t  is often found th a t 
rad ial streaks appear on the photographs instead of, or in addition to, the usual 
Laue spots. The exact in terpretation  of the significance of th is so-called 
“ asterism  ” has been a  m atte r of controversy, b u t i t  is generally accepted 
th a t such asterism is eyidence of the existence of strain  and distortion in the 
indiyidual crystals. This method has been successfully used to  study  the 
yariation of strain  in  different portions of castings.j"

There is a  ra ther different method by which crystal distortion can be 
detected by  X -rays. In  th is m ethod a homogeneous beam of X -rays is 
diffracted from the surface of th e  m ateriał and th a t p a rt of the p a tte rn  is 
recorded w hich corresponds w ith diffraction of the rays through a large angle 
(say, 140°-180°). J u s t as the definition of an ordinary light line spectrum 
depends, among other things, on the degree of perfection of the grating, so the 
definition of the lines in  an  X -ray p a tte rn  depends on th e  perfection of the 
crystals. W ith  perfect crystals, free from strain , the lines will be sharp and 
well-defined, w hilst the lines will broaden and become diffuse if the crystals are 
im perfect and under yarying degrees of strain .

Engineer Rear-Adm iral M. R u n d i .e  $ (ret.), D.S.O. (M em ber): W ith 
reference to  D r. Rosenhain’s proposal th a t the test-piece should be cast 
separately, i t  would appear necessary for the inspector to  be present when the 
castings are tu rned  ou t of the sand in order to  identify the test-piece w ith the 
castings which i t  represents. I  th ink  it  im portant, when possible, to  apply to  
a  casting a te s t corresponding in  some degree w ith the conditions to  which 
i t  is to  be subjected in  service. The mechanical te s t should be a  tes t of the 
m ateriał.

Mr. R . H . S t a n g e r  § (Member) : I  m ay perhaps direct a tten tion  to  the
fact th a t the testing of cast-iron, as a rule, is on specimens “ as cast,” w ithout 
machining. If the m ateriał is tested  in the maehined State, there is a difference 
in the  deflection in the transyerse test. Non-ferrous specimens are generally 
maehined for testing.

Mr. A. J .  Murphy ,|| M.Sc. (M em ber): Few will dispute the yiews on this
m atte r of testing which Dr. Rosenhain has expressed, b u t in a wider field there 
is stilł undoubtedly a vague feeling th a t the cast-on bar does give an indication 
of the qu ality  of the casting as d istinct from the ąuality  of the m etal of which it
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is made. I  do no t th ink  th a t the cast-on bar is advoeated simply because its use 
identifles the m etal tested  w ith the main casting.

Another aspect of th is ąuestion is th a t i t  is often no t possible to  locate a 
cast-on bar in  a  position which will ensure th a t the m etal there is adeąuately 
fed during solidification. Further, there is sometimes a  real danger of the 
test-bar cayity, which was never provided for in the design of the original 
casting, acting as an effeetive d ir t trap  during the pouring operation. These 
are factors which suggest th a t the tes t results from the cast-on bar are often 
inferior to  those which would reasonably be expected from a sample cu t from 
the main body of the casting.

A second consideration is the possible eifect of these projections, which are 
made by the cast-on bars, in  introducing undesirable stresses in the casting by 
their action in  restricting contraction after solidification. This m ay become 
a very im portan t factor in  certain materials, and one suspects th a t th is feature 
is rarely considered.

W ith regard to  the ąuestion of the standardization of the sand-cast test 
bar for light alloys, there are indications th a t we are now approaching a phase 
in  metallurgical control in  which i t  will no t be sufficient simply to concentrate 
on entirely eliminating gas from light alloys, b u t I  th ink  th a t we shall haye to  
face the problem of controlling the am ount of gas in the metal. From  an 
aluminium alloy containing an accurately controlled smali ąuan tity  of gas a 
perfectly satisfactory chill-casting can be produced, complying in  mechanical 
properties w ith the most rigid specification for th a t metal, and yet th a t same 
m ateriał, if tested as a loose sand bar would be rejected every time. I  would 
suggest, therefore, th a t the indiscriminate application of the sand-cast bar a t 
this stage to  chill-cast work m ay not only debar from use materiał which would 
produce satisfactory die-castings, bu t m ay also impede progress by deterring 
inyestigators from following this line of research, namely the control of the gas 
content of m etal to  be used for complicated die-castings, in  which promising 
results have already been obtained.

Mr. R . B. D e e l e y ,*  B.Sc., A.R.S.M. (M em ber): I  would like to  support 
D r. Rosenhain’s remarks w ith regard to  the separately sand-cast test-piece, 
particularly in  respect to  the alum inium-silicon alloys. W ith these alloys, a  
certain am ount of modification is obtained by casting unmodified alloy in a chill 
mould, and the chill-cast test-piece made from unmodified alloy would give 
relatively high results, whilst the casting would consist of extremely weak and 
brittle  alloy. F or specification purposes, therefore, i t  is absolutely essential 
th a t a sand-cast test-piece should be employed in order to  eliminate the 
possibility of unmodified alloy being used in  castings.

In  connection w ith the relation between the strength of a  cast-on test-piece 
to  the properties of the casting itself, and to  those of a separately-cast test- 
piece, I  have found th a t the mechanical properties of a  casting in modified 
aluminium-silicon alloy yary  oyer a  much smaller rangę than  is the case with 
other aluminium alloys.

Mr. A. W b a g g , |  B.Sc. (M em ber): The ąuestion of the test-pieces on
castings is possibly being regarded in too strong a light, in view of the fact th a t 
m any castings are no t the result of a  calculated design, bu t have more or less 
been evolved, especially in  cases where they  are reąuired in fairly large 
numbers, as in  the m otor trade. Howeyer, there m ust be some acceptance 
test, and I  do no t th ink  th a t there is much difference between a  test-piece th a t 
is cast-on and one th a t is cast separately, having in  mind gun-m etal and

* Metallurgist, Light Alloys, Ltd., London, 
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m anganese-brass castings. There are certain objections to  a  cast-on test- 
piece w ith regard to  location, height of feeder, method of running, ąuestion of 
chilling, and  so on, b u t the same applies to  a separately-cast test-piece. There 
are seyeral methods which the moulder can use to  vary  the ąua lity  of a casting. 
If  a  separately-cast test-piece is adopted, different foundries will still produce 
castings of yarying ąuality , not-due to  any difference in  the ąuality  of metal 
in the ladle, b u t to  yariations in the techniąue of casting.

One serious objection to  a test-piece cast separately, from the production 
yiewpoint, is the ąuestion of identification. There is also the ąuestion 
w hether, in  the m anufacture of a num ber of smali castings from a single ladle, 
the separately-cast test-piece is to  be cast a t  the beginning or end of the series.

The application of X-rays, or density determ ination, is a t  the moment 
scarcely a practical proposition.

Dr. D. H . I n g a l l  * (Member) : W ith reference to  unsoundness testing,
and in  particular “  porosity ” tests, there are one or two which have no t been 
mentioned. The dye-penetration tes t is employed to  a  certain ex ten t in 
America particularly  for alum inium castings, where petrol containing a  dye 
such as m ethyl blue is pain ted  or spread on the  side of a casting, and the other 
side of the  casting examined for signs of penetration. In  a sim ilar te s t alcohol 
suitably coloured w ith picric acid, or other bright dye, is placed on the surface 
of a casting. The surface is then  wiped dry  and the casting p u t in a  warrn 
place, exam ination being made for exudation.

W ith regard to  pressure tests, a  quan tita tive  pncum atic tes t has been 
deyeloped by Bezzenberger and W ilkins.f A cast hollow cylinder open a t 
one end is subjected to  compressed a ir of specified pressure for a  specified tim e 
and the am ount of air perm eating the casting is collected and  measured.

A nother hydraulic tes t of special application was used by Goeke and Claus J 
in  work on bronzes. This te s t is applicable only to the special case of a  hollow 
cylinder. Successive th in  layers are removed from the cylinder, either from 
the outside by turning, or from the inside by drilling, and between each layer 
rem oyal the cylinder is subjected to  hydraulic pressure of a specified amount. 
The layers are remoyed un til leakage occurs, and the soundness of the casting 
is determ ined by the ąu an tity  of m ateriał which has to  be remoyed prior to  
leakage.

There is a  fu rther interesting test, carried ou t by Tam m ann and Brede- 
meier,§ where coloured w ater was applied to  castings under pressures as high 
as 2500 kg./cm .2. Sections of the castings were then  remoyed in  a fine state 
by filing or turning and the am ount of penetration of the dye was ascertained 
by quantita tive determination.

Mr. G e o r g e  M o r t im e r  || (M em ber): The first step towards obtaining good
castings is to  ensure th a t th e  m etal being poured into the mould is of high 
ąua lity  and the same quality  all the tim e. T hat is precisely why we in this 
country  ten d  to  use a  test-bar which checks the quality  of the m etal ra ther 
th a n  the properties of the casting. Dr. Rosenhain has giyen the reasons why 
we have adopted, for alum inium castings, a bar cast in  sand. I  have nothing 
to  add to  th a t, bu t Professor Sachs’ comments show how widely a t  yariance
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we are in  this country w ith other lines of thought in different parts of the 
world. We particularly need intem ational agreement on this and m any other
points. I  myself have found, on a Committee working in Paris on an a ttem pt 
to  standardize test-bars for aluminium practice, the same measure of disagree- 
m ent, as to  whether a test-bar shall be cast integral or separate, in chill moulds 
or sand, and if the la tter, whether cast to  size or machined to size. I  am 
emphatically for the separately-cast bar, and in the case of aluminium this 
should be cast in sand. Dr. Rosenhain indicated th a t perhaps the only 
adyantage of the integrally cast bar lay in the ąuestion of identity  of materiał. 
On th a t point I  would suggest th a t i t  is no t impossible to  ram  up a heat- 
treated  “  Y ” alloy test-bar in a mould intended for a cheaper and weaker 
alloy, and so to  run the casting th a t the bar is welded neatly to  the job. I  do 
not suggest th a t this would be done, bu t the possibility disposes of the main 
adyantage of the integral cast bar.

As Mr. Hoblyn pointed out, the chief difflculty the founder has to  compete 
w ith is the great tim e lag, between the tim e the first casting of a contract is 
deliyered and the tim e the founder first hears of some smali bu t y ita l defect, 
uncoyered, i t  m ay be, a t  the yery last stage in  a long series of costly machining 
operations.

There are seyeral tests employed in routine foundry practice which have 
no t been mentioned. Sand-blasting reyeals a t  the surfaee the existence of 
porous, open-grained m ateriał beneath, which might otherwise escape obsery- 
ation. Testing a casting under a ir pressure and immersing it  in hot w ater is 
more stringent than  the usual hydraulic test, where such tests are feasible. 
Methyl blue is more stringent s t i l l : i t  is only necessary to pain t it  layishly on 
the inside of a thin-walled sump, and in  a very brief time, if the m etal is porous, 
a patch of blue appears on the outside. None of these tests will indicate the 
presence of the persistent blow-hole a t  some v ita l spot, and in th is connection 
I  associate myself w ith the references made by D r. Rosenhain concerning X- 
rays. I t  is necessary to  know the extent, the location, and the naturę of the 
unsoundness, before one can take steps to  cure it, and neither X-rays nor 
density measurements will give this information. Where one is dealing with 
a  large num ber of smali, simple parts, the X -ray  apparatus can be a very 
useful ad junct to  the foundry, bu t w ith a large aeroplane engine crank-case the 
position is different. Y et th is is the chief field in which a  reliable test would 
be most valuable to  the founder. In  practice i t  would pay to  make a  series of 
such crank-cases and section them  for examination, ra ther than  instal the 
X -ray p lan t and take the num ber of exposures necessary to  locate the defect 
and its naturę. The control tests a t  present deyised do no t prevent castings 
going forward which the founder would gladly scrap if he knew of their 
defeets.

(Communicated later.) There is a need nowadays for a  ąuick tes t for the 
efficacy of certain heat-treatm ents. Usually the Brinell hardness test on the 
actual casting has been enough, as a routine check, bu t nowadays a  casting is 
subjected to different heat-treatm ents, according to  the properties desired. A 
Brinell tes t m ay therefore be passed w ith ease a t  the expense of a v ita l measure 
of ductility.

Mr. R . G e k d e r s ,*  M.B.E., M.Met. (M ember): There is probably wide 
agreem ent on most of the m atters dealt w ith in the opening address; the point 
referring to  the diffieulty of testing ductility, howeyer, appears open to  
criticism. The measurement of smali elongations on tensile test-pieces is 
adm ittedly unsatisfactory, bu t i t  is questionable whether the information to  
be gained from bend tests would be much more yaluable. W ith relatiyely
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brittle  m aterials the to ta l defleetion of the bend test-pieces before fracture is 
sm ali and  represents the sum of the elastic defleetion (which m ay be about 
0-2-in. for a bar of alum inium alloy, 12 in. long and 0 5  in. sąuare), and the 
smali am ount of perm anent deformation undergone between the elastic lim it 
and  fracture. This perm anent deformation, representing the measure of 
ductility  in  the test, is m ainly localized, owing to  the concentration of stress 
a t  the point of flexure, and  is probably eomparable w ith the local elongation 
which occurs in  the im m ediate region of a  tensile fracture. The generał 
elongation measured in  the tensile te s t as a p a rt of the to ta l would no t be 
reflected to  the same ex ten t in  the bend test. Thus the bend test, although 
apparently  more sensitiye, giyes a  measure which includes elastic deformation, 
whilst neglecting some proportion of the ductility  m easurem ent given by the 
tensile test. The bend te s t m ay also be affected by local defects in the 
m ateriał, similarly to  the tensile test. F rom  these considerations, therefore, 
i t  is thought desirable th a t th e  addition  of the bend te s t to  those already in  use 
should be made only when fuli inyestigation has proyided proof of its value. 
On the other hand, the bend tes t has the advantages th a t  the tes t can be made 
on th e  m ateriał as cast w ithout machining, and th a t difficulties caused by 
test-pieces fracturing a t  inconvenient positions are avoided.

W ith  regard to  the generał problem, i t  seems inevitable th a t any  methods 
which m ay be found capable of determining the serviceability of castings will 
involve some elaboration of testing, in  view of variations from one design of 
casting to  another in the naturę and  ex ten t of any unsoundness present. I t  
appears essential, therefore, th a t  each particular design of casting m ust to  some 
ex ten t be trea ted  individually, ap a rt from the mechanical tests on separately 
cast bars which govern the ąuality  of the liąu id  metal. D ensity determ inations 
are practicable w ith com paratively large masses, and measure the to ta l yolume 
of any in tem al cavities. F or inform ation as to  the num ber and disposition of 
the cavities there is no more certain m ethod th an  the use of radiography, which 
is much superior to  th a t of taking numerous sections, and can now deal w ith 
castings of large size. I t  should be practicable, for each design of casting, to  
take tr ia l castings for density and  X -ray tests and to  arrive, w ithout undue 
expense, a t  a  pa ttern  complete w ith runners, &c., th a t  would produce the best 
result under certain  casting conditions, which would ultim ately be specified. 
A part from the im m ediate benefit, m uch useful knowledge would accrue from 
the correlation of aceum ulated results. W ith  properly organized co-operation 
in  the different branches of the foundry industry  such a  plan for the improve- 
m ent of the product would appear reasonable, and th e  present mechanical tests 
could be relied on for the finał reception testing.

Mr. H . W. G. H i g n e t t ,*  B.Sc. (M em ber): W e can obtain, from test-bars 
of a  giyen alloy, four sets of ąuality  figures for any one particular foundry : 
(1) the m aximum figurę which can be obtained for the alloy when cast under 
laboratory conditions (this will be a constan t); (2) the m aximum figurę which 
this particular foundry can obtain  using its ordinary eąuipm ent. In  some 
cases th is would be obtained w ith  a  chill-cast test-bar; (3) the figurę obtained 
on such a  standard  test-piece as th a t suggested by  D r. R osenhain; (4) a whole 
rangę of figures to  be found in  the casting itself. This last will vary  very 
eonsiderably w ith differenees in foundry practice which are adjusted  by the 
skilful foundrym an to  produce th e  best results. For efficient foundries the 
ayerage ąuality  of a given casting in  a given alloy should approxim ate to  a  
constant.

In  the standard  sand-east test-bar, however, where certain of these details 
are definitely fixed, there is no opportunity  for adjustm ent, although th is m ay
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be rendered advisable by variation in factors which i t  would be impossible or 
im practicable to  standardize. For example, the heads and runners which give 
the best results w ith a gun-metal melted in a  coke-fired furnace will no t do so 
when an  oil-fired furnace is employed. Although i t  m ay no t be possible to  
remove the difference completely, i t  is certainly possible to  reduce i t  very 
considerably and raise the lower yalue by an  alteration in casting procedure.

I t  thus seems th a t the test-bar in  which the casting conditions are left to  
the discretion of the founder to  obtain the best possible figurę for the particular 
alloy, will give results which are more constant and, therefore, more suitable 
for correlation w ith the properties of the casting than  a sand-cast bar where 
certain of the conditions of casting are standardized.

As regards the modified aluminium silicon alloy, I  do no t th ink  th a t any 
mechanical tes t is suitable for determining the extent of modification. The 
disorepancy between the test-bar giving maximum figures and the casting is 
due to  defects in  the la tter. I  would suggest th a t un til th a t fundam ental 
knowledge is ayailable i t  is not adyisable to  standardize the casting conditions 
of a  test-bar.

Mr. A. R . G r e a t b a t c h  * : X -rays are no t particularly suitable for a 
generał acceptance tes t except in  the case of aluminium and light alloy castings 
where yisual methods can be employed. For all other castings the tim e taken 
and  the expense involved are ra ther too heayy except in very special cases, 
bu t we have found a t  Woolwich th a t in a series of castings of the same type the 
flaws always appear in the same region. This would suggest th a t X-rays 
could be employed as an inyestigatory tes t for improyement in the design and 
method of manufacture of castings.

One speaker sta ted  th a t sound castings are never obtained, bu t our experi- 
ence a t the Research D epartm ent, Woolwich, has shown th a t i t  is possible to 
get sound castings.

(Slides were shown illustrating a  casting free from unsoundness, porosity 
in  die-castings and brass ingots, and comparatiye radiographs obtained by 
using radium  and X-rays.)

The P r e s i d e n t  : Engineers reąuire knowledge of the strength of the 
yarious parts of the casting itself. T hat is essential from their point of view. 
The ideał method would be to  break up and tes t one tria l casting, and consider 
the design in  the light of the results. I  would then suggest the addition of a  
cast-on test-piece, another break-up tes t w ith this test-piece on, and, if neces
sary, reconsideration of its position on the casting. I  feel th a t this can be done, 
and is done in  certain cases where m any repetition castings are reąuired.

Dr. R o s e n h a in  : I  feel in a sense th a t I  am scarcely called upon to  reply 
a t  all, beeause I  have deliberately pu t forward ąuestions on which I  knew 
perfectly well there were considerable difierences of opinion.

I  would rem ind Mr. Hoblyn th a t the subject on which we were intending to  
have a discussion was the testing of castings and no t the inspection of castings. 
To hear Mr. Hoblyn say th a t he has no use for a testing machinę rather 
astonishes me. I  hear i t  w ith sorrow.

Professor Sachs’ rem arks were yery interesting, particularly the account 
he gives of the care which is taken in  certain German foundries to  secure good 
castings. I t  is yery similar to  w hat the President suggests. The only thing 
in  which I  differ from the President is th a t I  would like th a t correlation no t 
w ith a  cast-on test-piece, bu t w ith the separately-cast test-piece. Professor 
Sachs gaye us some yery interesting figures, bu t I  th ink  th a t they  prove

* Research Department, Woolwich.



296 Correspondenee on “ The Testing of Castings ”
exactly  the opposite of w hat he was try ing  to  show, because of the immense 
rangę of Yalues obtained. I  cannot understand why Professor Sachs thinks it  
worth while comparing ayerages taken from such highly diyergent yalues. 
On the other hand, the figures which he giyes seem to  me to  proye conclusively 
th a t one cannot correlate the results in  th a t particular w ay; the yariations 
are altogether too wide.

Seyeral other points have been raised, b u t I  th ink  th a t  the whole issue has 
been confused a little  by no t separating ąuestions of foundry techniąue and 
inspection from th a t of the mechanical testing of castings, which was the aspect 
I  principally intended to  deal with. Conseąuently I  disregard all the criticisms, 
implied or explicit, which suggest th a t I  did  no t mention certain points.

There is only one speaker w ith whom I  feel I  m ust cordially disagree, and 
th a t  is Mr. H ignett. I  th ink  th a t he has misunderstood the whole ąuestion a t  
issue. W hen he suggests th a t the founder should be allowed to  adjust his 
test-bar so as to  get the best results, he is suggesting th a t we should allow the 
m an who makes inferior m etal to  get sufficiently good tests ou t of it  by any 
deyice he can use. I  do no t consider th a t  reasonable, and ye t th a t  is how his 
proposals would be interpreted in  practice. S tandardization is essential, and 
if A can make good m etal w ith a particular standard  mould, then  B is, or 
should be similarly capable, and if no t he probably is a t  fau lt in  the m atter, 
proyided th a t the standardization is arriyed a t  after sufficiently careful 
inyestigation as to  the proper kind of mould for a particular metal. The mould 
to  which I  referred has been standardized w ith a view to  use w ith  light alloys 
only. W hether or no t i t  is suitable for bronzes and brasses I  do no t yet know, 
because i t  has no t been sufficiently tried.

There is only one other point to  which I  w ant to  refer, and th a t is Mr. 
Genders’ interesting criticism of the suggested use of the bending test. I  do 
no t th ink  th a t  he is right, because although there is something in the fact th a t 
the elastic deformation of a light alloy beam will be greater than  th a t of a 
cast-iron beam, I  th ink  th a t  the actual deflection—the perm anent deflection— 
will still be very much easier to  measure th an  the smali extension of a tensile 
test-piece. B u t there is one thing which arises ou t of his rem arks which I  
th ink  i t  will be possible to  incorporate when we come to carry ou t this tes t after 
fu rther inyestigation, and th a t is no t to  bend by the application of a single 
load, bu t by loads giying a  uniform bending mom ent over the p a rt of the beam 
under test, and  in  th a t w ay obtain the elongation (deflection) over a  larger 
length of th e  test-piece th an  by  bending under a  single load. T hat merely 
reąuires a  double head on the bending press instead of a single one, and will 
probably overcome the difficulty if in  actual fac t i t  proyes to  be as serious as 
Mr. Genders suggests.

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

M. A l b e r t  M. P o b t e v in  * (M em ber): I  am  glad to  see th e  In s titu te  of 
Metals approach the problem of the testing of castings, because th is ąuestion 
is no t only topical, b u t is prim ordial for the foundry, sińce i t  aflects the 
progress hoped for in  regard to  ąuality  and th e  developm ent of the use of 
castings. Needless to  say, th e  problem should be approached w ith scientific 
m ethod, unbiased by any  preference expressed by a m ajority  opinion. I t  is 
eyident th a t the yiew of the m ajority  will be in favour of the retention of the 
existing methods, because of inertia. Further, opinions are influenced by 
considerations ąu ite  foreign to  reason and scientific m ethod ; the commercial

* Societe d’Elcctrochimio, Paris, France.
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p o in t of view an d  th e  possib ility  of influencing th e  results of tes ts  are som etim es 
n o t w ith o u t effeet on  opinion.

To de term ine  th e  ą u a lity  of a  p a rticu la r  form  of casting, or m ore generally  
a  single casting , is to  o b ta in  b y  a  te s t  defined in  all i ts  conditions, a  num erical 
coefficient classifying th e  s tren g th  of th e  casting  a n d  its  behay iour in  service. 
The recep tion  te s t  should  fulfil these  conditions. I t  is b y  th e  s tu d y  of articles 
b roken  or re jec ted  in  service, com pared w ith  o thers hay ing  a  good life, th a t  
th e  lim its  of th e  specification should  be fixed. T he s tu d y  of th e  casting  a fte r  
use dom inates therefore  th e  whole p roblem  of th e  te s t  of th e  m ateria ls , an d  
th is  ex am ination  a f te r  o r du rin g  seryice can  only be carried  o u t by  te s ts  on 
th e  a c tu a l castings.

Two m ethods a re  a t  p resen t advocated  :—

1. T he old school w hich considers th a t  th e  p roperties of th e  casting  can 
be de term ined  b y  th e  tes tin g  of an o th er piece, cas t separa tely  (casting  
sam ple).

2. A m ore recen t school w hich considers th a t  th e  test-p iece should  be 
tak e n  from  th e  casting  itself o r from  one of a  series cas t in  iden tica l m an n er 
in  th e  sam e m eta l, th e  co m p arab ility  of th e  castings being yerified by  a  
so-called te s t  of un iform ity .

W hatey er th e  procedure  ad op ted , n e ith e r of these  m ethods tak es accoun t 
of defects a n d  in te m a l stresses in  castings. T he separa te ly -cast test-p iece 
con tains stresses a n d  defects d ifferent from  those in  th e  casting , sińce i t  has  
n e ith e r th e  sam e shape a n d  size n o r th e  sam e m ode of feeding, w hilst in  a  
test-p iece cu t from  a  casting , th e  ex is ting  in te rn a l stresses a re  in  p a r t  released, 
a n d  th e  defects ex isting  elsewhere th a n  in  th e  test-p iece a re  neglected. F rom  
th is  p o in t of yiew  th e  tw o m ethods a re  b o th  open to  criticism , a n d  i t  w ill 
conseąuen tly  be  necessary, w hateyer be th e  m ethod  of tes tin g  ad o p ted , to  
p roy ide a  special an d  in d iv idual m eans fo r dealing w ith  defects an d  in te rn a l 
stresses, a  prob lem  th a t  m ay  be p u t  aside fo r th e  tim e  being.

T he on ly  serious objection  to  th e  m ethod  of cu ttin g  sm ali test-pieces from  
th e  casting , is th a t  th e  castings a re  n o t  uniform , a n d  th a t  conseąuently  th e  
resu lts  o b ta ined  on th e  test-p iece  a re  n o t applicable to  a ll p a r ts  of th e  casting , 
b u t  in  th is  respec t i t  seems still m ore difficult to  deduce th e  s tren g th  of a  
heterogeneous casting  from  th a t  of an o th er heterogeneous casting  of d ifferent 
dim ensions a n d  shape, viz., th e  separa tely -cast test-piece.

T he he terogeneity  of castings, on w hich these objections are  based , is 
y ariab le  from  one casting  to  ano ther, a n d  arises from  th e  effects of facto rs 
w hieh goyern th e  cooling of th e  casting  an d  its  different p a rts , know n as 
“  generał fo u n d ry  facto rs.”  These facto rs are  enum erated  in  th e  lis t below.

General Foundry Factors.
1. Factors introduced by the metal. N a tu rę  of th e  m eta l o r alloy, th e  

m ain  properties concem ed being th e  specific h ea t, density , th e rm al conduc- 
tiy ity , freezing p o in t, a n d  la te n t h e a t of solidification a n d  transfo rm ation . 
Changes occurring in  th e  m elt a n d  betw een successiye m elts b y  loss of yo latile  
elem ents (zinc in  th e  brasses), by  absorp tion  of gas, b y  inclusion of oxide 
(A1j0 3 in  a lum in ium  alloys) o r b y  loss of oxidizable elem ents.

2. Factors introduced by the casting conditions. C asting tem p era tu re  an d  
speed of pouring . Mode of feeding, such as position , section (shape an d  
dim ensions), position , an d  num ber of runners. C irculation of m eta l w ith in  
th e  m ould. N a tu ra l or artificial ag ita tio n  of th e  liąu id  m etal.

3. Factors introduced by the mould. In itia l tem p era tu re  an d  n a tu rę  of 
m ould  (h ea t conduetiy ity , density , an d  specific heat). Po rosity  of m ould
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(liberation of gases). Thickness of mould and method of external cooling. 
Conditions of discharging from mould.

4. Factors introduced by the casting. W eight and thickness of casting 
(including risers and  feeding heads). E x ten t and curvature of external 
surface.

5. Factors introduced by contact between casting and mould. S tate of mould 
surfaces, facings, contact, oxidation, separations adm itting an  insulating 
gaseous layer (unless cast in  vacuo).

The simple enum eration of these factors shows the im possibility of deducing 
from their values th e  properties of a casting, supposing th a t they  can be 
numerically defined, which is no t true  for th e  m ajority . These factors which 
govern the conditions of solidification modify the mechanical properties by 
acting :—-

1. In  every case, on th e  grain size, i.e. structure.
2. In  m any cases, on th e  uniform ity of concentration of solid solutions; 

this depends on the speed of diffusion, the speed of crystallization, the 
solidification rangę, and  th e  speed of cooling through th is rangę.

3. In  certain cases, on the actual mode of solidification. This happens 
in  th e  case of cast iron, where i t  is possible, according to  the yalues of the 
foundry factors, to  obtain two entirely different products, white cast-iron and 
grey cast-iron. Since i t  is impossible to  connect by definite relations the 
cooling conditions w ith the result of solidification (structure, &c.), or to  
deduce th e  conditions of solidification from the foundry factors, i t  is to tally  
impossible to  predict the mechanical properties of a  casting, of w hateyer form 
and size, m ade from an  alloy of known composition and preparation.

I t  can be stated , further, th a t  the mechanical properties of a casting cannot 
be deduced a priori from those of another casting such as the separately cast 
test-piece. All th a t  we know is th a t  if we m aintain  constant all th e  foundry 
factors, including the  size and shape of the casting, as well as the conditions 
of pouring, we m ay assume within limits, th a t the castings will haye equal 
properties and a  similar distribution of heterogeneity, and  th a t the properties 
obtained on a smali test-piece^taken by cutting  always from the same point 
of the casting, will classify the whole batch.

On the o ther hand, experience alone can show in w hat measure the 
problem, theoretically insoluble, of the estim ation of the mechanical properties 
of a casting from those of another casting, has any value or significance. 
F irstly , th e  mechanical properties of a casting can be extremely different 
from those of the separately-cast test-piece which is used for its reception 
test. W ithout again taking examples among the cast-irons, where the 
differences are accentuated by  th e  two modes of solidification, we seleet a 
relative example from the casting of a screw propeller in brass. The results of 
the tensile test-pieces cooled separately, and  of those taken  from the casting 
itself, are giyen below :—

Tensile Strength. Elongation.
Kg./mm.a. %.

Separately-cast test-piece . . . .  45 27
Test-piece taken from the casting 30 3

If  i t  seems difficult to  compare these breaking loads, it  is quite impossible 
to  connect the elongations by any  generał relation, and in  th is case, the 
separately-cast test-piece can only deceiye the user as regards the properties 
of the casting. F urther results, obtained by Isidre Sans Darnis on test-pieces 
fed in different ways w ith the same phosphor-bronze (tin  10, zinc 2 per cent.), are 
shown in Figs. D -K . These show th a t, w ithout making use of specimens of



Influence of Foundry Factors (Mode of Feeding and Mould) on the 
Mechanical Properties of Bronze

(88% C u ; 10% S n ; 2%  Zn ; 0-006% P.)

Correspondence on “ The Testing of Castings 299

R U N N E R  

F O R  4  

T E S T - P / E C E S

PC|5|

- i
Nw
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F ig. E.—Test-piece M3. Tensile 
strength, 20-4 kg./mm.2; elon
gation, 8%.

Fig. F.—Test-piece M9. Tensile strength, 25-6 kg./mm.2; 
elongation, 15%.



very different dimensions, the tensile strength can yary  from 17 to  30 kg./m m  2 
and the elongation from 29 to  4 per cent.

These num erical results, of which the m ajority  relate to  castings, no t only 
of the same thickness, bu t of the same section, show how untenable it  is to
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F ig . G.—Test-piece M4. Tensile strength, 23'7 kg./mm.2; 
elongation, 19%.
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F ig . H .—Test-piece M5. Tensile strength, 19*4 kg./m m .2; 
elongation, 6*5%.

define the strength  of a piece by its section, and especially to  relate strength 
to  thickness, sińce i t  is no t certain w hat is m eant by the thickness of a casting. 
A cube, a square prism, and a slab of the same thickness have no t in  any way 
the same mode of cooling, and consequently haye no t the same mechanical
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properties; the case of two cast bars of the same thickness, one square and 
the other round, is still more diffioult as regards comparison of the results.

I  have referred intentionally to  the results of personal experiments to  
dem onstrate the impossibility of estim ating the strength of a casting from

i ' 1 " 1 
k- 5 0 K -  5 0 - h

— T ~

b m r n m ?

F ig . I.—Test-piece M8. Tensile strength, 24'7 kg./mm.: 
elongation, 15%.
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F k j . j .—-Test-piece M7. Tensile strength, 30-6 kg./mm.2; 
elongation, 29%.

results obtained on separate test-pieces. W ith equal intention I  haye 
selected results dealing w ith non-ferrous alloys, beeause I  have already com- 
pletely reyiewed the im portant connected problem of the testing of cast- 
iron on two occasions, a t  the International Congress for Testing Materials a t 
Amsterdam in 1927, and a t  Ziirich in 1931; in the preparation of the reports
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presented to  these Congresses I  reyiewed all the experim ental work published 
during the last 20 years.

My conclusions are formally in  fayour of tests made on test-pieces cut 
from the casting, and  the discussions of th e  Congress a t  Zurich have no t in 
any w ay modified m y views.

In  the publications (more than  sixty) which haye been reyiewed in these 
reports, there are to  be found interesting experim ents conceming the influence 
of yarious factors on the strength  of cast-irons, b u t they  are isolated results 
and  the num ber of foundry factors shown above m ust no t be overlooked. 
The influence of the yarious factors on the mechanical properties of east-iron, 
and alloys in  generał, can be the  object of system atic study  leading to  
num erical or graphical expressions representing the influence of factors 
capable o f being numerically defined.

Thus, in  th e  proposed standardization of th e  separately-cast test-piece it  
would be possible, by m aintaining constant all the foundry factors, to  relate

TOP CAST

F ig. K.—Tensile strength of test-piece : 21-2 kg./mm.2;
. elongation, 22%.

the mechanical properties w ith the chemical composition of the alloy and in 
particular, in  the  case of the cast-irons, to  determine the influence of the prin- 
cipal elements carbon, manganese, Silicon, &c.; if, however, one of the other 
foundry conditions is changed (casting tem perature, naturę  of mould, shape 
and feeding of test-piece, &c.) the results are inyalidated.

If, w ith  th e  same cast-iron, simple geometrically similar pieces are cast, 
such as cylindrical bars of increasing diam eter fed in  the same way, the 
properties of the cast-iron can be related to  the size of bar by a  curye 
approxim ately represented by  the form uła : Log I i  =  a log k d ; l i  being the 
tensile strength, d the  diam eter of the bar, and a and k coefficients. R  can 
then  be determ ined as a function of diam eter, a and k  being known, proyided 
th a t  the other foundry factors haye been constant.

By casting simultaneously castings of a certain form and separate test- 
pieces, a  relation can be found for a  series of cast-irons of neighbouring com- 
positions, between the mechanical properties of the test-piece and those of the 
casting determ ined on a test-piece cu t from a  definite position, b u t if foundry 
factors are yaried, particularly  the shape of the casting or the mode of feeding 
the relation fails.
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By making such experiments, the relations between certain properties and 

certain foundry factors can be found and utilized to  guide the founder in 
obtaining the properties determined for the castings, b u t i t  is no t elear how 
account can be taken  of the influence of factors no t measurable or definable, 
such as the shape of the casting and the naturę of mould or facing.

Those who recommend the use of separately-cast bars, and criticize the 
smali test-piece or the tes t made on the casting, propose to  ayoid these diffi
culties by taking the strength of the separately-cast bar (which is similar in 
hardness to  the casting), and making a  hardness tes t on the casting. I t  is 
thus conceded th a t a tes t of hardness a t  a  certain position on the casting can 
characterize it, and conseąuently there is no reason against making a tes t on 
smali test-pieces cu t ou t of the casting, sińce the localization of the test is the 
sole objection to  this method.

The separately-cast test-piece is unąuestionably of great utility  to  the 
founder, and will continue to  be used by him, as a  control of the liąuid metal, 
bu t no t of the m etal of the casting. I t  is necessary for him  to  be precisely 
informed as regards variations which m ay occur in  the liąuid metal (chemical 
composition, degree of oxidation, casting tem perature, &c.) independent of 
the casting, and to m aintain uniform ity by means of a  test-piece of definite 
dimensions cast always under the same conditions. B ut, as regards the use 
of th is separately-cast test-piece to  indicate the ąuality  of castings of the 
same “ alleged thickness,” I  should first be glad of a  precise answer, not 
based on opinions bu t on numerical or graphical results, to  the following 
ąuestions :—

1. W hat is the thickness of a casting of whateyer shape or section?
2. How can thickness, a  single dimension, represent the yariations in the 

three dimensions and in the shape of a casting ?
3. Since i t  is affirmed th a t there are generał relations between the castings 

and the separately-cast test-pieces, w hat are the relations, algebraic or graphic, 
connecting their mechanical properties ?

4. How, in  th e  comparison between the mechanical properties of the 
castings and those of the separately-cast test-pieces, is aecount taken of all 
the  foundry factors enumerated above and notably the method of feeding 
the casting ?

To sum up, in  our view :—
1. If  the opinion of founders is asked w ithout reąuiring experimental 

proof in support, the  majority, bu t no t all, will prefer the separately-cast test- 
piece, sińce it  would no t inyolye any inconyenient change of custom.

2. If  a  procedure is sought which is simple and conyenient, giying a 
numerical result characterizing the liąuid metal w ithout any definite con
nection w ith the mechanical properties of the casting or any guarantee of the 
ąuality  of the la tte r, the  separately-cast test-piece m ust again be chosen.

3. B u t if i t  is desired to  know the real strength of the m etal of the casting, 
i t  is necessary to  tes t the casting itself by means of test-pieces out from i t  or 
from an identical casting, besides confirming the representatiye character of 
the selected casting, by bali tests a t  similar positions.

Professor D r.-Ing. E . P i w o w a e s k y  * (M ember): For the m anufacture of 
high-grade grey cast-iron the resistance to  shock is, in  m y opinion, of such 
supreme im portance th a t testing methods should be amplified by the inclu- 
sion of a determ ination of the so-called “ wali thickness sensitiyeness ” 
(W andstarkenempfindlichkeit). This can be best made either on box- 
shaped hollow castings, the side-walls of which are of different thicknesses

* Giesserei-Institut der Teehnischen Hochschule, Aachen, Germany.



304 Correspondence on “ The Testing of Castings”
(e.g. 20, 40, 60, and 80 mm.) or on cylindrical rods of yarying diameters. In  
th is connection Diibi’s reference to  the best relationship between volume and 
surface is of im portance and should be taken  in to  account in  casting all test- 
pieces, especially those of cylindrical form. R ound rods of 30 mm. and 50 mm. 
in  diam eter cool under approxim ately the same conditions as plate-shaped 
castings w ith  walls 12-15 mm. and  30 mm. thick, respectiyely. The tes t for 
wali thickness sensitiyeness aifords inform ation on the degree of homogeneity 
of the graphite d istribution (by th e  tensile strength  of short rods cut ou t of 
the middle portions of walls of the different thicknesses) as well as on the 
degree of unlform ity of th e  metallic ground mass (Brinell hardness tests). In  
a paper in  Giesserei, 1931, 18, 5 3 3 ,1 have shown th e  effeet on wali thickness 
sensitiveness, of processes for producing high-grade castings and of the yarious 
elements which are added to  cast-iron.

Mr. A. C r o w t h e k  * (Member) : I  haye for m any years been in fayour of 
the separately-cast test-piece, except in  certain special cases, b u t D r. Rosen- 
hain’s rem arks seem to  leaye no doubt w hateyer on th is point, and I  hope 
th a t  the discussion will be a step towards the standardized test-piece.

Dr. Rosenhain, on p. 277, directs a tten tion  to  the necessity for careful 
foundry methods, and his rem arks suggest th a t the only w ay to  ensure this is 
by careful inspection. I  would like, howeyer, to  direct a tten tion  to  the testing 
of castings hydraulically. The tes t is used extensively for engineers’ and 
plum bers’ hollow castings, w ith pressures yarying from 100 to  2000 lb ./in .2. 
W hilst giving little  inform ation regarding the ąuality  of the metal, as the 
pressures employed are usually w ithin safe lim its, the  te s t is yet extremely 
yaluable in  assessing the efficacy of the foundry and melting-shop techniąue. 
Fau lty  gating, im proper sand preparation and incorrect pouring tem perature 
are a t  once detected. Absorption of furnace gases by “ stewing ” in  the 
furnace, is not, howeyer, often reyealed by it, as such “ gassed ” castings will 
freąuently  pass the test. The hydraulic tes t is being superseded to  some 
ex ten t by substitu ting  a ir a t  a  pressure of 60 to  100 lb ./in .2. In  m ost cases, 
each indiyidual casting is tested, and as the walls are freąuently  less than  
J  in. in  thickness, one tiny  inclusion is sufficient to  cause rejection.

Because of the non-destructive character of hydraulic and  a ir pressure 
testing, and  in  spite of the fact th a t the methods are applicable only to  castings 
of certain types, i t  is probable th a t, in  non-ferrous foundry work, these tests 
are more generally used th an  any other for control and reception purposes.

Dr. A. L. N o r b t t r y  f  (M em ber): A ttention  m ight be directed to  a test 
which is, a t  present, only of theoretical interest, nam ely th a t of determining 
the specific electrical conduetiyity or resistivity  of a  casting a t  yarious points 
on its  surface. I t  is possible to  do th is w ithout machining test-bars from the 
casting and w ithout damaging it. The m ethod consists in  making a Brinell 
(or 90° steel cone) tes t on the surface of the casting, passing an electric current 
through a  circuit containing the Brinell bali or cone and the casting during 
the test, and measuring th e  drop of potential between the eąuator of the 
Brinell bali (or the shoulder of the cone) and the neighbouring surface of the 
casting. From  m easurem ent of the diam eter of the impression produced and 
calibration of the apparatus on metals and alloys of known specific electrical 
resistiyity  i t  is possible to  calculate th e  specific electrical resistiyity of the 
casting under tes t w ith an  accuracy of the order of 1 per cent. I t  is necessary 
to  etch and then  dry  the surface of the casting and the steel indentor before 
each test. The tes t is fully described in  the Phil. Mag., 1929, April, p. 668.

* Metallurgist, Pegler Brothers and Co. (Doncaster), Ltd., Doncaster.
f  Senior Metallurgist, The British Cast-Iron Research Association, Birmingham.
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Mr. Vincent C. Fatjlkneb * (Member) : Foundrym en are constantly 

expressing their indebtedness to  Dr. Rosenhain for his help in clarifying the 
international situation as i t  affects the testing of castings. In  order to  
prevent confusion in  the minds of m any members of the foundry industry, a 
better definition of Dr. Rosenhain’s phrase “ bend-test ” would be welcomed. 
This term  m ay relate to  a m ethod of evaluating the malleability of m etal used 
in the making of castings (by firmly fixing a  bar in a vertical position in a  
vice and bending by hammering or leverage so as to  produce a  maximum 
am ount of deflection before fracture), or m ay indicate th a t the m ateriał 
should bend, w ithout fracture, through 180°.

The object sought in  asking for this definition is to  establish whether i t  is 
always correct to  translate the French word “ flexion ” (when used in con- 
nection w ith testing) as “  transverse,” and “ pliage ” as “ bending.” This 
also applies to  the German equivalents.

Mr. H . A. Tbeadgold f  (M em ber): I  am  inclined to  the view th a t there 
is no need to  consider either “ control ” or “ investigatory ” testing, because 
firstly, i t  is no p art of the du ty  of a “ user,” or of any inspectional authority , 
to  take responsibility for the in tem al control of a foundry, and secondly, in 
m y own experience, i t  has always been possible fully to  inyestigate eases of 
failure, &c., w ith the m ateriał available.

Taking this view, the main issue is whether the specified test-bars shall be 
actually  attached to  the castings represented, or cast separately. I  am 
entirely opposed to Dr. Rosenhain’s view, and the decisions of the Ziirich 
conferenoe of 1931 leave me “ ąuite cold,” and this for two reasons. F irstly, 
because w ith separate test-bars, as Dr. Rosenhain admits, the honesty of the 
founder m ust be one factor in the specification. I  subm it definitely th a t 
specifications should be prepared w ithout this factor being considered. I t  
was m y daily du ty  for more than  30 years to  deal w ith manufacturers, and I  
have the highest possible opinion of their integrity, b u t I  have known firms 
of the first order ignominiously let down by some employee. I  am aware th a t 
Dr. Rosenhain couples the honesty of the founder w ith thoroughness of inspec
tion, and I  should like to  know w hat this “ thoroughness ” exactly means. I  
tru s t th a t i t  does no t im ply th a t the inspector m ust actually live on the 
founder’s premises.

Secondly, for smali castings a  percentage of the moulding boxes m ay 
conveniently have test-bars attached to  a chain of the castings represented. 
Further, w ith large castings, in most eases an additional piece of metal, to  form 
the test-block, m ight be a solid p a rt of the casting, i.e. w ithout gate, &c. 
This błock could be sawn off to  provide suitable m ateriał for all the necessary 
tests, including tensile, bending, and indentation hardness. W ith the pro- 
vision of a  num ber of destruction tests, the situation would be met. As 
regards bending tests, I  designed some tim e ago a simple test-bar, for mafleable 
iron, attached to  the casting, and see no reason why a similar bar should no t 
be used for non-ferrous castings.

Mr. H . B. Weeks 1 (Member of Council): As was so well emphasized 
during the opening of the discussion, a very great deal depends on w hat the 
tes t is supposed to  reveal. Those who have had a  large experience in  design- 
ing, in  pattern-m aking, in  moulding, melting, and casting, will know how 
impossible i t  is to  make any mechanical tests th a t will satisfactorily reyeal 
the properties which a  casting—in some eases weighing several tons—will 
possess as a whole. Here i t  seems to  me lies the crux of the situation.

* Editor, The Foundry Trade Journal, London. t  Derby.
J Consulting Chemist and Metallurgist, Vickers, Ltd., London.
VOL. XLVIII. X
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One cannot expect a designer to  possess the knowledge or experience th a t 

is represented or would be reąuired to  m aster the whole of the  above 
branehes of engineering and foundry techniąue, each of which is im portan t as 
contributing to  the successful production of a large casting. A designer 
possessing the necessary knowledge of the behaviour of molten m etals whilst 
cooling would no t be expected to  design a  casting th a t could no t be satis- 
factorily  cast. Such a  design should ensure the absence of shrinkage defects 
and  “ pulls ” which m ight be caused by irregular cooling.

I t  m ay be thought th a t I  am  digressing somewhat from th e  title  of the 
m atte r under discussion, b u t I  am  satisfied th a t if any  tes t is to  be specified 
th a t will reveal the mechanical properties obtainable from a casting, i t  m ust 
be pre-supposed th a t the la tte r  has been made under as near ideał conditions 
as possible—both from m etallurgical and founding points of view.

W ith regard to  “ cast on ” or separately-cast test-bars, however much 
one m ight favour the one system or the other, I  am  afraid th a t a  good deal 
of work of an  educatiye naturę  will need to  be done before the user or his 
inspector will be satisfied th a t the separately-cast bar best represents the 
m etal of which the casting is made. Certainly, cast under such conditions as 
I  have m entioned and cast in a standardized form, i t  would probably give as 
true  an indication of the ąuality  of the m etal in  the casting as could be 
obtained. This again would depend on the m anner in  which the alloy had  
been m ade; its su itability  for the purpose reąuired, such as the knowledge 
th a t segregation would no t take place during cooling; th a t correct melting 
and  pouring tem peratures had  been used, and  a  uniform ra te  of cooling were 
ensured.

On the other hand, I  am  afraid th a t  the m ajority  of engineers or their 
inspectors who have to  use the castings are under the erroneous impression 
th a t a  “ cast on ”  test-bar is more likely to  reyeal the characteristics of the 
casting. This is where a  knowledge of metallurgy would become a valuable 
asset to  th e  engineer, and, as a t  the m om ent i t  is practically impossible to  
embody th e  whole of the necessary knowledge in one person, nothing would 
be lost and  eyerything gained by the designer or engineer more freąuently 
consulting th e  experienced, scientifically-trained m etallurgist whose advice 
on th e  m ost suitable alloys for various purposes should be invaluable and 
whose business i t  is to  know something of the behaviour of molten m etal 
w hilst cooling in  th e  casting. U n til th is desirable combination is more fre
ąuently  m ade use of, I  do no t th ink  th a t there is any  single mechanical test 
th a t can be devised th a t would be considered satisfactory to  either the 
engineer or the founder, the designer or user.

W hile m any of the photographs exhibited during the discussion did not 
throw  m uch light upon the best means for the mechanical testing of castings, 
they  did reveal foundry defects th a t i t  is hoped are no t generał, bu t for which 
I  am  sure there are suitable remedies. If  such defects cannot be overcome 
locally, there are Research Associations and consulting m etallurgists who 
possess th e  knowledge and means of overcoming such troubles as were 
indicated, and  if those concerned in  their production will p u t their difficulties 
before them , i t  is more th an  probable th a t they would be able to  suggest 
suitable remedies.

Mr. J .  G. P e a r c e  * (Member) : These rem arks refer prim arily to  the 
problem of testing cast-iron, although the principles involved apply eąually 
to  all the cast metals. Specification tests and testing procedure have such 
an  im portan t influence on practice th a t  there is an ineyitable tendency for the 
tests employed in  specifications to  be adopted for control testing. I t  is also 
economical to  apply the specified te s t for control purposes.

* Director, British Cast-Iron Research Association, Birmingham.
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The lim itations of any simple mechanical te s t are alm ost self-evident. 

F or example, there is no direct relationship between the tensile or transyerse 
tes t and resistance to  abrasiye wear or machinability, factors which often 
concem the user more th an  the mechanical properties. Care is, therefore, 
required in  using and interpreting mechanical tests. Tests adopted are also 
yery greatly influenced by tests already in  use and the eąuipm ent ayailable. 
For example, although cast-iron has no appreciable elongation in tensile stress 
the standard  tensile pieces embody a  2-in. gauge length.

Before the adoption of B ritish Standard  Specification No. 321 (1928), 
m any anomalies arose in  cast-iron testing on account of the application of 
standard  bars specified for particular castings to  other castings of thicknesses 
outside the rangę for which the tes t bar was intended. Thus the 2 in. X 1 in. 
bar 42 in. long, originally specified for cast-iron pipes might be used for a 
casting so massiye th a t the test-bar would be w h ite ; conyersely, i t  m ight be 
specified for castings so smali th a t a 2 in. x  1 in. bar would be soft and ferritic. 
In  the past, in fact, the founder has often been forced into the position of 
having to  decide whether to  make a  good test-bar or a good casting. These 
anomalies were corrected by British Standard Specification No. 321 (1928), 
the first B ritish national specification to  deal w ith iron castings in generał. 
I ts  proposals were reyolutionary for in  i t  were adopted for the first tim e the 
separately-cast test-bar, cylindrical in  shape, and having a section proportional 
to  the thickness of the casting represęnted. The British Cast-iron Research 
Association has shown th a t, other things being eąual, the round bar is stronger 
per un it of area in  transyerse th an  the sąuare bar. This is no t due, as is 
popularly supposed, to  a casting effect (the mode of orientation of the crystals), 
bu t to  a testing effect, beeause the round bar is superior when machined from 
a bar originally cast square, and the sąuare bar is inferior when machined 
from a bar originally cast round.

A test-bar cast integrally w ith the casting itself is called a “ cast-on ” bar, 
and the bar separately poured, of the same m etal a t  the same tim e, is called 
the “  cast-off ” bar. From  the metallurgieal point of view there is eyerything 
to  be said for the cast-off bar, for if cast-on its inherent cooling rate is upset 
by the presenee of the cooling mass of the casting. The influence is no t constant, 
for i t  will depend on the position of the cast-off bar in relation to  the casting 
and on the length and section of the connecting runners. In  cases of doubt 
as to  the iden tity  of cast-off bars, chemical analysis can be relied upon.

I t  is sometimes loosely sta ted  th a t the cast-on bar tests the casting, 
whereas the cast-off bar tests the m etal of the casting. This is no t the case. 
As Dr. Rosenhain points out, the  casting m ay vary  in strength from section 
to  section, and conseąuently no test-bar, which is a casting of uniform section, 
can tru ły  represent it, whether it  is cast-on or cast-off, or, indeed, when it  is 
taken from the casting itself. If, howeyer, the section of the test-bar is related 
to  the section of the casting, as proyided for in B ritish Standard Specification 
No. 321 (1928), its  strength approximates to  th a t of the casting as closely as 
is commercially practicable. I  have shown * th a t there is one diam eter of cast 
bar which has the same strength as a similar section of the casting. Thicker 
sections in the casting will be slightly weaker; thinner ones will be slightly 
stronger. If  the rangę of thickness of casting for which the test-bar is 
applicable be defined within sufficiently narrow limits the strength of the 
bar represents the strength of the casting within any desired margin, aboye 
or below. I t  was also shown th a t a separately-cast bar prepared under B ritish 
Standards Institu tion  conditions approximates more closely to  the actual 
strength of the casting than  a  separate smali bar trepanned from the casting. 
Such a piece m ust be taken from the point a t  which it  can most conyeniently

* Metatturgist (Suppt. to Engineer), 1931, 7, 184.
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be spared, usually the centre of the thickest section. The m etal a t  the core 
of a th ick  section is lower in strength th an  th a t of the section as a  whole, 
and  conseąuently specifications based on trepanned pieces are lower than  
specifications based on test-bars. The figurę obtained on a trepanned bar 
has no particu lar value to  the designer.

The cast-off bar prepared under standard  conditions enables comparisons 
to  be made between foundry and  foundry, and forms an  autom atic criterion 
of foundry progress from year to  year. The medium size specified by the 
B ritish Engineering Standards Association, 1-2 in. in  diam eter, serves a t  
present for the m ajority  of engineering castings, and is identical w ith the 
standard  bars used in  the U nited States of America and Germany.

I  have always strongly advocated the more intelligent use and inter- 
p retation  of the transverse test, a  simple, cheap, and easily made test, 
which can be carried ou t on th e  fuli section of a bar of any size w ithout the 
necessity for machining. The breaking load should be used for calculating 
the transverse rup ture  stress (modulus of rupture). This autom atically 
compels the measurem ent of the dimensions of the fractured section. The 
m ethod makes possible a  rational comparison of the results on bars of differing 
size or tested  on different spans, and  also perm its comparison w ith tensile 
and  compression tests. Y ariation in  strength w ith  section is continuous for 
ordinary mechanical tests.

In  m any cases when the  transverse strength on a bar is determ ined for a 
cast section slightly different from the standard  the practice is adopted of 
converting th e  strength a t  the casting size to  the strength a t  the specified size. 
I  have shown * th a t  the calculation involved is based on a  fallacy, sińce 
rup tu re  stress is no t constant for varying sizes of bar.

The result of the Zurich discussion was highly encouraging to  those who 
have consistently advocated the use of the standard  cast-off bar, cylindrical 
in shape, and  of a  size related to  the section of the casting. This m atter was 
first taken  up in th is country in 1921 by a Committee of the In s titu te  of 
B ritish Foundrym en, under the chairmanship of Mr. John  Shaw. B oth inves- 
tigation  and experience have confirmed the conclusion mentioned. F urther 
work is reąuired, liowever, to  determine the best size of large and smali bars 
and  the section of casting which they  should represent, leaying the 1-2 in. 
b ar as a t  present standardized.

D r. R o s e n h a i n  (in rep ly ): I  am  gratified to  find th a t several gentlemen, 
and  more particularly M. Portevin, have sent im portant contributions. I  will 
endeavour to  deal w ith M. Portevin’s views in  the first place, bu t a  detailed 
reply will be impossible because of the large am ount of space which i t  would 
reąuire.

The views which M. Portevin expounds so clearly and ably are by no means 
new to  me, sińce they  had  been pu t forward repeatedly a t  In ternational Con- 
gresses and  elsewhere. I  leam , however, w ith  regret th a t M. P ortevin’s views 
have no t been influenced by the discussion on th is subject which took place a t 
the Congress of Zurich, sińce M. Portevin’s own report on th a t discussion had 
suggested th a t he (M. Portevin) had  gone some way towards coming into  line 
w ith his colleagues from other countries in  regard to  th is m atter. I t  was 
certainly corrct, as M. Portevin said, th a t a  numerical m ajority  in favour of a 
particular idea or process cannot establish its validity, but, on the other hand, 
he and  his French colleagues were no t entitled  to  suggest th a t the engineers and 
m etallurgists in  the m ajority  of other countries belong to  an “ old school ” 
and are no t willing to  listen to  reason. On the contrary, I  th ink  th a t M. 
Portevin would be better advised to  realize th a t others are as well informed and

* J . Iron Steel Institute, 1928, 118, 73.
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equally capable of logical reasoning as himself. I t  is a perfectly legitimate 
a ttitude to  write and speak strongly of a  favourite yiew, bu t i t  is a  different 
m atter to  suggest th a t those who do not follow i t  do so because they are old- 
fashioned or unduly conseryatiye.

In  the present instance i t  appears to  me, and I  believe th a t a  great m any 
engineers and metallurgists agree w ith  me in  th is yiew, th a t almost all the 
arguments adyanced by,M. Portevin against the separately or specially-cast 
test-bar can also be adyanced against the smali test-piece trepanned from the 
casting. I t  would be ąuite easy to  cite figures which show a wide dis- 
crepancy between the results obtained from such a smali test-piece and the 
m ateriał taken  from other parts of the same casting. In  itself the yery 
necessity for taking a  test-piece from a casting constitutes an undesirable 
lim it to  the size of test-piece th a t can be used and to its possible location in the 
casting. In  the m ajority  of castings only the thickest portions will allow of the 
cutting out of a test-piece w ithout destroying the casting; if, on the other hand, 
the casting were destroyed, it  would become a separately-cast test-piece, and 
logically would no t differ from a simpler shape of casting prepared for the 
same purpose. If one were to  earry M. Portevin’s arguments to  their logical 
lim it, it  would be necessary to  test the casting as a whole by destruction 
under stresses proportional to  those which it  is intended to  resist, sińce only in 
th a t way can the real “ strength ” of the casting be ascertained. Clearly such 
a procedure is no t possible except in  a few special cases.

M. Porteyin lays great stress on w hat he calls “ foundry conditions.” 
W ith his analysis of these I  am in fuli agreement, bu t I  would point out th a t 
certain of these conditions are the yery factors which i t  is necessary to  deter- 
mine by means of a reception test. The composition of the m etal being 
regarded as constant or as determ ined by other means, such ąuestions as 
casting tem perature, condition of mould, speed of casting, gas content of the 
metal, &c., would affect, no t precisely to  the same extent bu t in  a similar 
manner, the results obtained w ith a separately-cast test-piece and w ith a 
casting made from the m etal a t the same time. Broadly, the position m ay be 
p u t in  this w a y : th a t if a  founder could make a good separately-cast test- 
piece under definite standardized conditions in  regard to  the mould, he could 
probably also make a  satisfactory casting a t  the same tim e. The actual 
strength yalues of the casting cannot, i t  is agreed, be deduced ąuantitatiyely 
from those of a test-piece, bu t th is applies to  any test-piece which does not 
constitute the entire casting. On the other hand, the ąuality  of the m etal 
used in  the fuli sense of the word, which includes m any of the foundry con
ditions of M. Porteyin, can best be determined by means of a separately-cast 
test-piece cast into a suitable mould and fed in  a suitable manner. The fact 
th a t in  m y opening rem arks I  referred to  the need for using a standardized 
sand mould for separately-cast test-bars should, I  th ink, haye obviated the 
necessity for M. Portevin to  cite figures showing the great yariety  of results 
which could be obtained by using moulds of yarious kinds. This information 
was well-known and had little  bearing on the m atter under disoussion.

While, therefore, I  do not th ink  th a t M. Portevin has in  any way 
strengthened the case in  fayour of smali test-bars trepanned from actual 
castings, i t  is elear th a t the use of such test-pieces is highly im portant in  the 
inyestigation of broken castings where separately-cast test-pieces are n o t ' 
ayailable. The extensiye work of French metallurgists on these smali test- 
pieces, therefore, m ust be regarded as of very great value from the point of 
yiew both of makers and users of castings. Ultimately, no doubt, agreement 
will be reached as to  the proper places in  any consistent scheme of testing for 
these smali trepanned bars and the larger separately-cast bars which are 
adyoeated by the great m ajority of metallurgists to-day.

The discussion relating to  separately-cast test-bars leads next to  the



310 Reply to Correspondence
ąuestion w hether a separately-cast bar is preferable to  one th a t  is “  cast on .” 
Throughout th e  discussion those engineers who have been good enough to  
take p a rt have stressed the view th a t they  reąuire to  know “ the properties of 
the casting itself,”  and have suggested th a t they  are no t concerned w ith  the 
properties of another piece of m etal cast a t  the same tim e. Unfortunately, 
as I  have tried  to  show in  the opening paper, i t  is no t possible to  determ ine 
the “  strength ” of the casting except by the process of service tr ia l and 
eorrelation of the results w ith the indications of some form of test-piece. 
M etallurgical considerations, to  which I  th ink  engineers are no t always ready 
to  give due consideration, howeyer, make i t  elear th a t more reliable and satis
factory data  can be obtained from a separately-cast test-bar than  from one 
which is cast on to  the m ain casting. Mr. Treadgold emphasized the point 
th a t although the honesty of the foundry as a  firm can be relied upon there are 
misgivings as to  the possible action of undesirable indiyiduals. In  reply to  
this point, however, i t  m ight be mentioned th a t it  is a t  least as easy to  use 
dishonest means for securing a good result from a  cast-on test-bar, as it  is in 
the case of separately-cast pieces. I t  is ąu ite  possible, in  fact, so to  arrange 
the gating and feeding of a  casting th a t the cast-on test-bar is fed a t  the 
expense of the casting itself, w ith  the result th a t a good test-bar is obtained 
b u t a  bad casting, or a t  least a  casting w ith  spongy places in  it. The use of 
local chills and  other well-known devices also makes i t  ąu ite  possible to  
produce spurious results in  a cast-on test-bar. As suggested in  the opening 
paper, therefore, the honesty of the foundry, which can be ensured to  some 
extent by adeąuate inspection, m ust be relied upon w hatever type of testing 
is used, so th a t th is argum ent in favour of the cast-on bar in reality  can have 
little  weight.

A great m any other points have been raised in  the various verbal and w ritten  
contributions, b u t I  th ink  th a t most of these have, in  reality, been m et either in 
the opening paper or in  the present reply. There are, of course, m any further 
details which lend themselves to  fuller discussion, b u t in yiew of the extent 
which th e  discussion has already assumed these m ay be reserved for some 
futurę occasion.
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B lllT T L E N E S S  IN  C O P P E R *

By CLEMENT BLAZEY, M.Sc., M e m b e r .

A u t h o r ’s  B e p l y  t o  C o r r e s p o n d e n c e .

R e g a r d i n g  Dr. Ram say’s criticism of the “ loss-in-hydrogen ” results, i t  
would appear from his rem arks th a t, a t  Swansea, the copper sample and com- 
bustion tube are weighed together, bu t a t  P o rt K em bla the sample is placed in 
a  boat and heated in  an electric tube furnace. The volatile impurities in th is 
case are condensed mainly on the cooler portions of the furnace tube, and the 
“  loss of weight ” should be slightly greater th an  when sample and tube are 
weighed together.

I  cannot explain why the results on HC15, HC17, and HC18 do no t add 
up  to  100 per cent., bu t feel sure th a t the discrepancy does no t lie in low results 
for “ loss-in-hydrogen.” In  m y experience arsenie is no t volatilized in 
hydrogen.

I  agree th a t some oxygen m ight haye been present in  the brittle  strips (see 
statem ents in  the paper on pages 378 and 379), bu t w ith a 4 mm. objective and 
ordinary light I  could no t find any cuprous oxide particles. For this reason, 
in Table I I ,  I  recorded “ none ”  for the AC strips, and for HC12, HC16, and 
HC18. I  regret I  am not able to  make use of polarized light a t  the moment.

T hat oxygen and  bism uth are im portant factors is further borne ou t by 
experiments which have been carried out in  continuation of those recorded in 
the paper.

For instance, a  charge of 12 lb. cathode copper was melted under charcoal 
and well stirred w ith a stick. A smali billet (L15) was then cast as a  cheek. 
A smali am ount of bism uth (about 0-006 per cent.) was then added and a 
second billet (L16) was cast. The charcoal coyer was then  skimmed ofl 
and a  th ird  billet cast (L17). The surface of the m elt was again coyered w ith 
charcoal, and well stirred, and a fourth billet cast (L18). The charcoal was 
again skimmed off (the surface of the copper was exposed to  the air for no t 
more than  one minutę) and a fifth billet cast (L19). The remaining metal, 
weighing about 1-5 lb., was also cast as a short billet (L20). I t  was poured 
w ithout a charcoal cover.

Billets L15, L16, and L18, which had been well stirred (overpoled) and cast 
under charcoal, contained blowholes and were of low density. Billets L17, 
L19, and L20, which had been well poled, b u t poured w ithout a charcoal cover, 
were alm ost free of holes and were of relatiyely high density.

The six billets were hot-forged, cold-drawn, and annealed in the manner 
described in the paper. Strips L15, L17, L19, and L20, were not susceptible 
to  brittleness, bu t strips L16 and L18 were susceptible. Microscopic examina- 
tion proyed th a t L15, L16, and L18 contained practically no cuprous oxide 
inclusions, b u t th a t L17, L19, and L20 contained quite an appreciable amount.

In  regard to  Dr. R am say’s referenee to  the magnification adopted for 
Figs. 2 and 3 (Platę X X V I), if Fig. 2 had been photographed a t  X 500 no 
particles of oxide would have been yisible. A magnification of X 150 was 
adopted to  make the photograph comparable w ith Fig. 6 giyen in Hanson and 
F ord ’s paper (•/. ln s t. Metals, 1927, 37, P latę LVI), which illustrates the 
inclusions present in  their alloy containing 0-006 per cent. bismuth and 0-016 
per cent. oxygen. If  Fig. 3 had  not been photographed a t X 500 the oxide 
particles would scarcely have been yisible in reproduction. The magnifications, 
therefore, were chosen after careful consideration of all points of view.

* For paper and correspondence, see J . Inst. Metals, 1931, 46, 353—382.
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PH Y SIC O -C H E M IC A L  S T U D Y  O F  T H E  G O L D - 
C O P P E R  SO L ID  SO L U T IO N S *

B y P r o f e s s o r  N. S. KURNAKOW , M e m b e r ,  and N. W . AGEEW, 
M e t .  E n  o . ,  M e m b e r .

A u t h o r s ’ R e f l y  t o  D i s c u s s io n .

A l l o y s  of gold w ith copper present an  interesting case for investigation : 
both from th e  purely practical point of view, sińce changes in  mechanical 
properties, such as the appearanee of brittleness on transition  from solid 
solution to  chemical compound, are profoundly im portant, and also from tho 
aspect of pure theory, in  th a t they  show a  complete analogy to  crystallization 
from the liąu id  phase. The study of this typical example of the crystalliza
tion  of a chemical compound out of solid solution is highly im portan t as 
regards the  elucidation of the generał problem of the  form ation of definite 
chemical compounds. We are extrem ely grateful to  D r. Rosenhain, to  Dr. 
H um e-Rothery, and  to  Professor W estgren for ta,king p a rt in  the discus
sion and for examining th e  ąuestions touched on in  our paper.

Dr. H um e-R othery has raised two points which reąuire some explanation 
on our part. The first of these is in  connection w ith  the degree of eąuilibrium  
in our alloys. The degree of eąuilibrium  atta ined  is usually judged by some 
p roperty  th a t  rem ains constant for a  definite period of tim e. The eąuilibrium 
a tta ined  in  our alloys was determ ined (as sta ted  in  th e  paper (p. 486)) by 
th e  fac t th a t, as the result of m aintaining the alloys a t  a  given tem perature, 
the electrical resistance, as measured every five minutes, rem ained constant. 
E urther, prelim inary experim ents showed th a t longer periods of annealing 
(up to  10 hrs.) left the resistance practically  unaltered. (The experiments 
were carried ou t w ithin the critical rangę.) The degree of eąuilibrium  atta ined  
was thus no t determ ined by th e  10 days’ m aintenance a t  350° C., as th is 
trea tm en t applied only to  th e  in itial sta te  of our alloys, and no t to  their degree 
of eąuilibrium  during the determ ination of th e  electrical resistance curve. 
In  Dr. H aughton’s and Mr. P ayne’s researches th is in itia l condition was 
obtained by  ąuenehing th e  alloys from 600° C. and  rolling. On the  other 
hand, th e  degree of eąuilibrium  of the alloys when th e  electrical resistance 
curyes were taken  was determ ined by the ra te  of heating and  cooling, i.e., 
2°-7° C. per hour, as shown in the reproductions of the  curves which Dr. 
H aughton has so kindly sent us, and  for which we are very grateful. Similarly, 
in  the recently published work of G. Grube, G. Schonmann, E. Vaupel, and 
W. W eber,f the in itial condition of th e  alloys was obtained by  alternate 
annealing above and below th e  critical region (300°-440° C.) and subse- 
ąu en t gradual cooling from 400° to  40° C. during 60 days. The degree of 
eąuilibrium  in their alloys was determ ined by heating from 20° to  460° C. 
during 18 hrs. I t  is evident th a t in  the  course of our electrical resistance 
determ inations the degree of eąuilibrium  was thus the same as th a t usually 
a tta ined  in  inyestigations of this type.

* For paper and discussion, see J. Insi. Metals, 1931, 46, 481-506. 
t  Z. anorg. Ghem., 1931, 201, 41-74.
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The deviation of isotherm al resistance curyes a t  coneentrations of 22 and 
40 per cent. m ay be due to  two causes : the  formation of new phases, or the 
fact th a t the degree of equilibrium atta ined  by us was insufficient. The finał 
resolution of tb is interesting problem will probably reąuire the application 
of other methods of physico-chemical analysis, e.g., hardness and extrusion 
pressure, which have in  th e  past given extremely valuable information in  the 
s tudy  of solid metaUic systems. Our obseryations show th a t hardness is a 
more sensitive m ethod th an  even electrical resistance.

The second point touched on in  the discussion concems the existence of 
chemical compounds. The constitutional diagram  of gold-copper alloys 
presents an extremely interesting example of the possibility of g rnng  absolutely 
accurate indications as to  the existence of definite chemical compounds AuCu 
and AuCu3 by  means of the methods of physico-chemical analysis (i.e., by 
th e  construction of “ composition—property ” diagrams).*

The m ethod of physico-chemical analysis extensively employed by us for 
the study  of the diagram of s ta te  of the alloys and the naturę of intermetallic 
phases, affords a means of giving an  absolutely accurate definition as to  w hat 
m ay be considered a definite chemical compound, n am ely : “ A chemical 
individual, belonging to  a  definite chemical compound, is represented by a 
phase which possesses singular or ‘ D altonian ’ points on its property curves. 
The composition corresponding to  these points remains constant when the 
factors determining the eąuilibrium  of the system are altered.” f

The example afiorded by the gold-copper alloys is no t uniąue, and alloys 
obtained by th e  replacement of the gold and the copper by metals of the 
p latinum  and  iron groups show the formation of definite chemical compounds 
of this type ou t of solid solutions. (Platinum -copper, N. S. K urnakow and 
W. A. N em iloy; platinum -iron, W. A. Nemilov; platinum -nickel, N. S. 
Kurnakow  and  W. A. Nemilov.)

We are extremely grateful to  Professor W estgren for his valuable com- 
ments and quotation of eases of deviation in  certain interm etallic phases 
from his definition of a definite chemical compound. W e are of the opinion, 
however, th a t  such individually observed exceptions should no t be regarded 
as invalidating the aboye definition, b u t merely as an  indication of the possible 
existence of a whole series of interm ediate stages between a  definite chemical 
compound and a solid solution. . . . .

We are firmly convinced th a t  a  system atic study  of the interm etallic 
phases will ensure the discovery of the most rational classification, which 
will be based on the naturę  of the interaction of the atom s constituting the 
phase, sińce there is every reason to  belic^o th a t the type of crystalline space- 
lattice and the properties of a  given phase are b u t the reflections of such 
interaction.

* J . Inst. Metals, 1916, 15, 305. t  z - anorg. Chem., 1925, 146, 69-102.
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ANNUAL MAY LECTURE.

A t  a  G e n e r a l  M e e t i n g  of the Institu te , held in the Hall of the Institu tion  
of Mechanical Engineers, Storey’s Gate, W estminster, S .W .l, on the evening 
of W ednesday, May 11, 1932, Sir H enry Eowler, K .B.E ., LL.D., D.Sc., Presi
dent, in the Chair, Professor Dr. E. K orber deliyered the Twenty-Second May 
Lecture (see pp. 317-342).

The C h a i r m a n  proposed, Sir H a r o l d  C a r p e n t e r  seconded, and there was 
carried w ith acclamation, a  hearty  vote of thanks to  Professor Dr. Kórber for 
his lecture.

The Minutes of the Annual General Meeting, held in  London on March 9 
and 10, 1932, were taken as read and signed by the Chairman.

E l e c t i o 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 .

The S e c r e t a r y  announced th a t the following members and student 
members had been elected on April 7 and May 11, 1932.

M e m b e r s  E l e c t e d  o n

A s h e r ,  H arry  H., D.D.S.
B k i t t o n ,  Sidney Charles, B.A. 
E v e r y - C l a y t o n ,  Cecil Edward, M.A. 
H u n t ,  Leslie Bernard, M.Sc.
J e n n i n g s ,  J u d s o n  T.

L i d d i a r d ,  Edwin Andrew Guthrie, B.A. 
L i t t l e y ,  H oward . . . .  
P r i c e ,  E rank Sidney . . . .
S o n n i n o ,  Dr. Carlo . . . .
W h i t e ,  Richard Erederick, B.Sc.

S t u d e n t  M e m b e r s  E l e c t e d

H a r r i s o n ,  John  Sidney, B.S.
J e n k i n s ,  Ivor 
K n i g h t ,  H arold .
R a t c l i f f e ,  William James 
R o w l a n d ,  E dw ard Geoffrey .

A p r i l  7, 1932.
Chicago, 111., U.S.A.

. Cambridge.

. London.
. Luton.
. Seattle, W ashington, 

U.S.A.
London.

. Stourton, Stourbridge.
. Walsall.
. Mori (Trento), Italy .
. Birmingham.

o n  A p r i l  7, 1932.
Cleveland, Ohio, U.S.A.

. Swansea.
N eath, South Wales.

. Bushey, Hertfordshire.

. Lapworth, Warwickshire.

M e m b e r s  E l e c t e d  o n  M a y  11, 1932.

Alexeew a, E lizabeth J . 
D e n s h a m ,  Alec Bramley, B.A. 
Drane, H. D . H ., M.Sc., Ph.D. 
H e r b e r t ,  Thomas Martin, M.A. 
J u r i e w ,  Professor K onstantin 
K a s t c h e n k o ,  George A. 
K o o k a n o w ,  Lucas 
McK eown, John, Ph.D ., M.Sc. 
O m o d e i ,  Clifford Theodore, B.E. 
L e w i s ,  K enneth Glyn, M.Sc. 
R a b b i t t ,  Jam es A.
S l a t e r ,  H arry  Oliyer .

Leningrad, U.S.S.R. 
London.
Cawnpore, India. 
London.
Leningrad, U.S.S.R. 
Leningrad, U.S.S.R. 
Leningrad, U.S.S.R. 
London.
London.
Cambridge.
Tokyo, Japan. 
B e ly e d e re .  K ent.
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S t u d e n t  M e m b e e s  E l e c t e d  

C u t l e r ,  W illiam  . . . .  
K e n n e e o r d ,  A r t h u r  S p e n c e r ,  B.Sc 
L e n t o n ,  K e n n e t h  W illiam  .
M e e s ,  E rie  H en ry  
M o s e l e y ,  N o rm an  H u rlsto n e  
P a r s o n s ,  L eonard  E rederick  .
P e n d r e y ,  A rth u r  L .
W i e s e ,  K u r t

o n  M a y  11, 1932.

. B irm ingham .

. M anchester.

. C oyentry.
S tourbridge.

. B irm ingham .
• B irm ingham .
. B irm ingham .

H annoyer, G erm any.

The procecdings terminated at 9 .30  p.rn.
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MAY LECTURE, 1932

THE PLASTIC DEFORMATION OF METALS
By P r o e e s s o r  D r .  F. KORBER,* M e m b e r .

TWENTY-SECOND MAY LECTURE TO THE INSTITUTE 
OF METALS, DELIYERED MAY 11, 1932

T h e  use of industrial metallic materials depends to a considerable 
extent on their ability to sufier changes of shape—on their capacity 
to endure severe plastic deformation without any loss of internal 
cohesion. In mechanical-technical shaping processes—the most 
important of which are rolling, forging, pressing, drawing—the 
temperature at which the work is carried out is of great importance, 
sińce the ability to change the form, as well as tlie resistance to such 
alteration, which is determined by the power used in the deformation, 
are greatly dependent on this factor. Almost without exception 
deformation is facilitated by a rise in temperature.

In this lecture only those ąuestions will be considered that are of 
importance in establishing and continuing the plastic processes in 
manufacturing materials by industrial methods of working, and the 
essential object of which is the transformation of the materials into 
the form most appropriate for their use.

A comprehensive insight into the processes of plastic transforma
tion, and the deduction of the laws governing the latter, will be possible 
only if we possess for each individual process a elear and distinct 
picture of the stress relations and the manner in which the materiał 
fłows. A large number of researches haye been made during recent 
years with this object in view. If I may present to you in the follow- 
ing discussion some advances in this direction, I should like to take 
as a basis in the first place my own inyestigations and those of 
my colleagues which have been conducted during recent years in the 
Kaiser-Wilhelm-Institut fur Eisenforschung, Dusseldorf, over which I 
have the honour to preside. I am conscious, and would like explicitly 
to emphasize, that the survey which is given of the researches which 
have been made into the mechanism of plastic deformation must in

* Director, Kaiser-Wilhelm-Institut fiir Eisenforschung, Dusseldorf, Germany.
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many respects remain incomplete. I hope, however, to be able to 
show you how the methods of modern metal research, the advance- 
ment and useful application of which to practical problems are at the 
locus of the work of the Institute of Metals, provide valuable aids for 
obtainmg an insight into the processes of plastic deformation.

A. C o n d i t i o n s  f o r  t h e  O c c u r r e n c e  o f  t h e  P l a s t i c  S t a t e .

For the characterization of the plastic processes those conditions 
are first of all of importance under which, with increasing stress, plastic 
deformations begin to  occur in materiał primarily purely elastically 
stressed. For the proper understanding of these plasticity conditions 
those research es which have been carried out in this field of mechanical 
testing are of special significance. One important object of the latter 
is the determination of the limiting stresses which a test-piece may be 
able to endure without plastic deformation occurring. The methods of 
testing used in practice are intentionally selected so as to exert only a 
single type of stress; the test-piece is subjected as nearly as possible to 
pure tension, compression, or shear stress. Such simple and straight- 
forward stress relationships are, however, never experienced in 
commercial shapmg processes, hence systematic investigations into 
the deformations ansmg from the action of a combination of forces, 
by which we may become acąuainted with the naturę and the 
state of the stress in a body, are especially valuable. Such researches 
enlarge our knowledge of the determinative laws, and must be con- 
sidered the most promising way of developing the fundamental laws 
of a modern theory of tenacity. They may, especially, lead to a 
decision between the different theories which have been advanced 
with referenee to the establishment of the plastic state.

The ongmal theories, according to which the exceeding of a 
maximum stress (theory of maximum stress) or of a maximum 
extension (theory of maximum strain) is essential for the appear- 
ance of fracture or of the plastic condition, have been replaced 
by the maximum shear stress hypothesis by reason mainly of the 
research results of English investigators.* According to this theory, 
m order that flow may commence, the condition that the greatest 
difference between the principal stresses should exceed a certain 
limit, which characterizes the resistance to deformation of the materiał, 
must be fulfilled. Judging from the observations of W. Lode,f with

1909 i i 00! * 0’ 67; W- Mason’ Proc- Inst- *«*■  Eng.,1909, (3-4), 1205; C. A. M. Smith, ibid., 1909, (3-4), 1237.
w e s l n s . l 92gfHef1303 36’ Forschun(JmrbeiUn dem Gebiete des Ingenieur-
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progressive plastic deformation tbe influence of the mean principal stress 
on the process of flow is increasingly evident; for progress of flowing 
the condition of constant energy due to change in shape appears to 
become more and more determinative; according to this, the sum of the 
squares of the principal shear stresses is given by the square of the 
yield stress under pure tensile conditions.*

Owing to the extensive development of the theory of elasticity, we 
have been satisfactorily informcd in many cases as to the state of 
stress under purely elastic influences. There is so far no similar com- 
plete and reliable mechanics for the plastic state, so that a correspond
ing mathematical treatment is, in generał, not feasible. Certain deduc- 
tions from the distribution of stress under purely elastic conditions 
are, however, applicable to those for flow, especially for the stress 
relations which determine the occurrence of plasticity, and these 
deductions are, in many cases, profitable.f

The examination of the slip which occurs in certam layers of a 
materiał at the beginning of flow has been shown to be a method of 
investigation which affords obvious results, particularly for the study 
of the first stages of deformation. It is the matter of those phenomena 
which appear on passing the yield-point in mild steel ^ r in g  tensile 
tests, and which are known under the name “ flow lines or Lii ers 
lines ” Such lines on the polished surface of a rectangular test-piece 
are shown in Fig. 1 (Platę XXVIII). They are yisible macroscopically,
and no other assistance is needed-

If we examine these flow lines more closely, we notice that they 
are the intersections of the flow surfaces with the surface, and these are 
inclined at angles of about 45° to the axis of the specimen. They are 
surfaces of maximum shear stress along which the portions of the test- 
piece mutually move against one another. The evident formation of 
the flow lines in mild steel is attributable to the sharp demarcation of 
the flow rangę at the yield-point for this materiał which is clearly shown 
in the tensile stress diagram. In Fig. 2, diagrams b and c of this type 
are arrahged side by side with the normal diagram a, whicli applies to 
copper, for example. Within the horizontal rangę of flow shown in 
the diagrams, and especially at the sudden decrease of stress from the 
upper yield-point S0 in Fig. 2c, there appear on the test-piece, smg y 
or in certain groups, the sharply defined flow lmes, which gradually 
spread over the entire length with progressive extension within the 
same rangę.

* R. V. Mises, Nachr. Ges. Wiss. Góttingen. Małh-p h y s l 582; 
H. Hencky, Z. angew. Math. Mech., 1924, 4, 323 ;Z .V .d J .,  1925 69, .

f  F. Kórber and E. Siebel, Mitt. K.-W.-Inst. Eisenforschung, 1928,10, 15.
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The course of these flow lines is in close relationship with the dis
tribution of stress in the metal. I t  could be shown by an extensive 
examination of the stretch and deformation of dished ends of boilers * 
that in more or less convex ends, which have, by internal pressure, 
been stressed far beyond the yield-point, a totally different course of 
the flow lines is obtained, vide Fig. 3 (Platę XXVIII). These lines run 
in directions corresponding with the state of stress derived from 
measurements of the change in shape of these two plates. This 
close connection between the course of the flow lines and the com- 
plicated stress distribution could be confirmed in many eases. f  To do 
this it was necessary to follow up the course of the flow surfaces into

Fig. 2.—Types of Load-Elongation Diagrams of Metals.

the interior of the boiler end. In such instances we possess, in the etching 
process developed by A. Fry, J an excellent means of rendering the flow 
surfaces within the steel yisible. Fig. 4 (Platę XXIX) shows a section 
through a boiler end, which has been stressed beyond the yisld-point 
by internal pressure and then etched in this manner.

The path of the flow surfaces in the metal corresponds to a great 
extent with that which is to be expected from our, hitherto still limited, 
knowledge of the laws of plastie deformation. This will be shown by 
a few examples which have been so selected as to permit inferences, 
derived from the results thus obtained, to be applied to the processes 
of forging and rolling.

* E. Siebel and F . Korber, Mili. K.-W .-Inst. Eisenforschung, 1925, 7, 113. 
t  E. Siebel and A. Pomp, ibid., 1926, 8, 63. 
t  A. Fry, Stahl u. Eisen, 1921, 41, 1093.
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Platę XXIX.

Flow Phenomena in Heavily Vaulted Boiler End Plates with Side Manhole, 
(Slightly reduced in reproduction.)
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F i g . 6.—Formation of Slip Lines during Working Mild Steel with Narrow-Faced
Press Tools.
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F i g . 8.—Formation of Slip Lines in Cold-Rolling (after Meyer and Nehl).
[Between pp. 320 m i  321.
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Fig. 11. Formation of Hole during Transverse Forging of Aluminium Cylinders.
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The laws which such flow surfaces obey have been. derived for piane 

stress conditions by H. Hencky * and L. Prandtl.f The flow-line system 
sketched in Fig. 5 would correspond with the theoretical reąuirements 
'in the case of a prismatic test-piece which has been pressed on both 
sides beyond the yield-point by means of narrow-faced tools. From 
the corners of the tool the work is penetrated by two groups of flow 
surfaces which cut one another mutually a t right angles, and within the 
same group are so joined th a t the angle which they form with one 
another a t the intersections with a flow surface of the other group remains 
constant. Figs. 5b, c, and d illustrate how the flow lines penetrate 
deeper and deeper into the metal as the pressure increases; the average

compressive stress changes as a flow line is traversed proportionally to 
the angle through which its tangent rotates. The shading in Fig. 5d 
is intended to  show tha t with heavy pressure within this region the 
materiał starts to  become completely plastic, and single lines of flow 
cannot then be recognized.

Fig. 6 (Platę XXX), which is a longitudinal seetion of the test-piece, 
shows th a t the flow-line system which has been drawn represents correctly 
the stress relations which actually exist and the plastic displacements 
arising therefrom. Etching by Fry’s method has made yisible the 
flow lines which are found more deeply in the metal as the pressure 
increases. W ith the smallest pressure applied the effect of the narrow 
tools does not penetrate from both sides to  the centre. Thus the

* H. Hencky, Z. angew. Math. Mech., 1923, 3, 241. 
f  L. Prandtl, ibid. , 1923, 3, 401.

VOL. X L V III. Y
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different effects of strong and weak blows in reduction by forging 
become apparent. In  a similar manner, it  may also be shown how 
the stress relations and the process of deformation are influenced by 
the ratio between the width of the face of the press tool and th e ' 
thickness of the test-piece.

This dependence of the rangę of plastie deformation on the pressure 
may he illustrated in another way. Mild steel has the peculiarity of 
undergoing coarse recrystallization following critical extension and 
annealing. If it be subjected to  cold-working until it  has suffered 
5-20 per cent. reduction in area, and is then annealed within the 
temperature rangę 700°—900° C., very coarse crystal growth occurs. 
Under an irregular stress, such as exists on pressing between narrow

hammer faces, the portions of the steel which are stressed within the 
specified critical limits stand out clearly against the more strongly and 
less strongly deformed ręgions which have a fine-grained structure. 
The upper part of Fig. 6 shows the effect of treating half of the rod 
by this method.

That similar considerations may be applied with success to  the 
process of rolling should be apparent from the next two figures. Roll
ing can be compared with elongation by forging, if one bears in mind 
th a t the speed of compression is not the same for all points of the 
contact surface between the rolling-material and the rolls, which may 
for this purpose be considered as press faces. The speed of compression 
falls from a maximum a t the point A  (Fig. 7), where the piece enters, 
to  zero where the  la tte r leaves in the piane of the rolls. This peculiarity 
in  rolling leads one to  expect th a t the flow surfaces originating a t the 
first point of contact of the roli and the m ateriał will be especially
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well marked. Fig. 8 (Platę XXX) słiows flow lines which have been 
observed by H. Meyer and F. Nelil * on cold-rolling mild steel with 
smali reduction. According to  ezpectation, the only flow lines which 
appear are those formed a t the entrance of the materiał into the 
rolls.

Corresponding entirely with what has been said on forging, the 
ratio between the roli diameter and the thickness of the rolling materiał 
as well as the relative reduction in thickness of the la tte r is of decisive 
importance for the stress in, and therefore the deformation of, the 
rolled materiał. Eoll diameter and reduction in thickness must be 
made sufficiently large so th a t the effeet of the rolls completely pene- 
tra tes the m ateriał; otherwise there is the danger of longitudinal 
tensile stress in the undeformed inner zone.

Fig. 9.—Flow Surfaces Formed during Transverse Compression of Cylinders.

A few results on the stress relationships and modes of deformation 
in the transverse compression of cylindrical bodies which have been 
obtained by this method of testing will be briefly given. Fig. 9 shows 
the flow surfaces which are to  be expected after forging a cylindrical 
piece between two flat faces; the figurę corresponds with th a t shown for 
hammering with narrow-faced tools (Fig. 5). Fig. 10 (Platę XX X I) shows 
th a t the result of the test fułly confirms the prediction. Only the region 
of the sample between the press faces is affected by the deformation, 
and this reaches to  the centre only under heavy pressure. If the test- 
piece be rotated on its axis during this kind of deformation, or rotated 
between rolls turning in the same direction, as is the case in the oblique 
rolling process for seamless tubes, then only th a t portion of the outer

* H. Meyer and F. Nehl, Stahl u. Eisen, 1925, 45, 1961.
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seetion which is directly nnder the rolls is deformed, whilst the  core 
is subjected to  continuously varying shear stresses. The serious 
breakdown of the cohesion of the materiał can thus be understood; it 
can lead, in the oblique rolling process, to  fracture, owing to  the effect 
of the transverse tensile stresses which are set up a t the centre, and thus 
promote the formation of cavities. By striking repeatedly a rolled piece 
of aluminium in a transverse direction while it  is continuously rotated, 
the production of holes can be easily brought about, as may be seen 
in Fig. 11 (Platę XXXI).

I t  has already been stated th a t the evident formation of flow lines, 
and thereby the possibility of demonstrating the first steps in plastic 
deformation, is attributable to  the behaviour of mild steel a t the 
yield-point. Steel loses this peculiarity with inerease in temperature, 
so th a t it shows no difference from other metals during hot- 
working. The stress condition of all metallic materials before the 
commencement of plastic deformation is, however, fundamentally the 
same, so th a t it appears justifiable to  generalize on the distribution of 
stress from the observation of the flow surfaces of steel after 
cold-working.

B.—The  Mechanism  of D eformation.

The possibilities so far dealt with of obtaining an insight into the 
conditions for the beginning and the progress of plastic deformation 
admit only of positive assertions when the changes in shape are smali. 
The expressions derived from the theory of elasticity and the theories 
of Hencky and Prandtl for the plastic state are in particular confined 
to  such smali alterations of shape th a t the original form of the test- 
piece may be regarded as unchanged. We have now to consider the 
naturę of the technical manufacturing processes with direct reference 
to  the change of external form. The methods of examination so far 
employed for these processes can yield only qualitative expressions. 
An exact mathematical analysis of the entire process of shaping is 
rendered possible by an accurate and detailed knowledge of the 
deformations th a t are produced.

A comparison of the initial and finał dimensions of the stressed 
body, on the assumption th a t the change of shape is the result of a 
simple deformation on parallelepipedon planes, can serve only as a 
first rough approximation. That plastic deformation is a complicated 
process was recognized quite early, on the basis of observations on 
the commercial shaping methods, as well as on the deformation 
of stratified test-pieces, whether these were built up of plastic
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masses* or of metal layers.f In  working, fiat surfaces by no means 
remain always fiat. In  drawing, the outer zone is retarded in relation 
to  the core, probably due to  the effect of external friction on the die 
wali, so th a t a piane situated a t right angles to  the axis is distorted in 
a convex manner after the passage through the drawing die. Similar 
more or less marked distortions appear in other shaping processes.

In addition to  the change in shape attained, which can be mcasured 
by the alterations in the external dimensions, other deformations 
become apparent in the interior of the materiał. They cannot be 
derived from the finał dimensions of the piece which are the result of 
the working process. For the conduct of these technical operations 
they have, however, a certain importance, in th a t they involve an 
additional expenditure of power, to  which I  shall refer later on.

In  the deformation of any type of composite test-piece,* f  the fact 
cannot be overlooked th a t mutual displacements occur in the planes 
between the indm dual layers in consequence of active shear stresses, 
and th a t they modify the conception of the deformation.

The method devised by T. Adam,J of examining after drawing 
the distortions suffered by the welds in a test-piece made up of 
different pieces welded together, and th a t of W. E. Alkins and W. 
Cartwright,§ of building up the test-piece for drawing from concentric 
tubes, cannot be considered sufficiently exact or complete for numerical 
evaluations.

For an accurate inyestigation of the transformation during drawing, 
extrusion, rolling, and piercing, E. Siebel and H. Hiihne || have 
recently used a method in the Eisenforschungsinstitut in which the 
test-pieces were cut longitudinally through the middle and diyided on 
one of the cut surfaces into a series of sąuares. Since, from considera- 
tions of symmetry, no shear stresses can arise on this diyiding piane, 
these test-pieces behave during drawing as though they were uncut.

* H. E. Tresca, Compt. rend,, 1864-1873; A. v. Obermeyer, Sitzungsber. K. 
Akad. Wiss. Wien, 1868, 737; I''. K ickand K. Polack, Dingler’s Polytech../., 1877, 
224, 465; 1879, 234, 257; H. Unkel, Z. Metallbinde, 1928, 20, 323. “ tlber die 
Fliessbedingung im plastischen Materiał,” Berlin : 1928 (J. Springer).

t  A. Hollenberg, Stahl u. Eisen, 1883, 3, 121; P. H. Sehweissgut, Z.V .d.I., 
1918, 62, 281; I1'. Vowinkel and J . Trockels, Z. Metallkunde, 1921, 13, 466; P. 
Ludwik, Z. Oesterr. Iny. Ver., 1919, 67, 597; M. Metz, Stahl u. Eisen, 1926, 46, 
467; Arch. Eisenhiittenwesen, 1927/8,1, 193.

|  X. Adam, “ Wire Drawing and Cold-Working of Steel,” p. 57. London : 
1925.

§ W. E. Alkins and W. Cartwright, J. Inst. Metals, 1931, 46, 293 and 304.
|| E. Siebel and H. Hiihne, Mitt. K.-W.-Inst. Eisenforschung, 1931, 13, 43.
I t  has become known to the author only sińce the printing of this paper that 

W. Riedel (Neues. Jahrb. Minerał., 1929, [B], 67, 151) has used the same method 
for the study of flow in plastic masses in order to compare the obseryations so made 
with geologieal phenomena.
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Fig. 12 (Platę X X X II) shows copper pieces of 20 mm. diameter pre- 

pared in this manner wh Leli have been drawn, with a reduction in area of 
36-2 per cent., tlirough conical dies, having angles a t the aperture of 
12°, 24°, and 40°. I t  can distinetly be seen tha t only the squarcs in 
th e  middle zone have been drawn out into rectangles, whilst those near 
the surface have been distorted into parallelograms. Only in the centre 
does th e  deformation correspond to  simple elongation; in the outer 
zones additional slip has occurred to  an extent which is greater the 
larger the angle of the die.

The state of deformation after drawing is evident a t every point in 
the specimen when, as in Fig. 13, one draws in the distorted sąuares 
the deformation ellipses into which the circles originally inscribed in 
those sąuares have been converted. The complete representation is

>
fl/recf/c/r fffcframnff

Oirectiorr 
■---->-
o f dnawirJt/

Fia. 14.—Deformation and Structure in Drawing.

given by the ellipsoid into which the spherc primarily inscribed in a 
cubical element is transformed. This ellipsoid remains inscribed within 
the distorted element after deformation, and its principal axes charac- 
terize the impressed changes of form in magnitude and direction. 
The long axis of the ellipsoid coincides with the axis of the specimen 
only in the centre zone; and it is only in this region, as mentioned 
above, th a t the deformation is purely an elongation. In  the outer 
zones the greater axis of the deformation ellipsoid is inclined to  the 
central axis a t a smali angle, which inereases as the distance from 
the central axis of the rod inereases. The maximum angle is not, 
however, a t the surface of the specimen, but is reached a t a point just 
below th-is, as is shown in the lower part of Fig. 14. There is possibly 
a close connection between this view and th a t of a “ conical fibrę 
texture ” postulated by E. Schmid and G. Wassermann * from X-ray

* E. Schmid and G. Wassermann, Z. Mełallkunde, 1927,19, 327.
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£o/T7/7ressec/
f io . 15.—Lattice Arrangement for Oold-Worked Copper.
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examinations of drawn wires. The upper drawing in Fig. 14, which 
gives a schematie representation of the deformation structure obtained, 
demonstrates the similarity in appearance of the two phenomena. The

Fio. 16.—Lattiee Arrangement for Cold-Worked Iron.

marked similarities are in good agreement with the conclusion reached 
a t the Eisenforschungsinstitut * by means of X-ray investigations 
carried out on cylindrioal bodies stretched or compressed symmetrically

* F. Weyer, Z. łech. Physik, 1927, 8,404.
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along their axes th a t the resulting deformed structures are dis- 
tinguished by the tendency of definite crystallographic directions to 
become oriented along the path  of the strongest flow of materiał.

The result of these X-ray inyestigations for cubic face-centred 
metals is illustrated in Fig. 15. For axially symmetrical stretching and

compression the finał positions are shown to which the individual 
crystallites tend as the deformation increases. In  both cases the 
densest-packed piane, the octahedral face, is perpendicular to  the 
direction of flow of the materiał, which in the case of tension is in the 
direction of the axis, and in th a t of compression is at right angles to 
the axis. In  Fig. 16, which shows the corresponding results for cubic
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body-centred iron, the normal to  the rhombododecahedron face lies in 
the direction of the flow of materiał.

Following the procedure described with test specimens cut longi- 
tudinally, the conditions of deformation which occur in the extensively 
applied extrusion method of metal working have been determined. A 
lead cylinder which had been cut longitudinally on a symmetrical piane 
was extruded from a m atrix with different degrees of reduction. In  the 
lower part of Fig. 17 are shown the distortions which have been produced 
in the originally engraved network of squares. The curves drawn above 
show the yarying amounts of the change in form in the ellipsoids 
according to  the positions of the latter in the test-piece. The total 
deformation again increases rapidly towards the outer surface in con- 
sequence of superimposed movements. Along the central axis nearly 
pure axial elongation, and thus almost parallelepipcdial deformation, 
was found to  take place.

In  experiments on cold-rolling between cylindrical rolls, using test- 
pieces prepared similarly, so arranged th a t the two halves of the speci
men were pressed together by means of lateral guides, the materiał was 
deformed, as illustrated in Fig. 18 (Platę X X X III). Bar I  is of aluminium 
subjected to  21 per cent. reduction in thickness, Bar I I  of lead with 
18-7 per cent. reduction, and Bar I I I  of lead with 26-7 per cent. reduc
tion. In  the case of Bar IV, rolling with the same reduction in thickness 
has been interrupted so th a t the “ transition zone” is visible. In  con- 
tras t to  the observations during drawing and pressing, the co-ordinates 
perpendicular to  the principal direction in which deformation occurs 
show no noteworthy curvature, either backwards or forwards. The 
deformation of the rolled materiał then corresponds closely with pure 
stretching or compression. This divergent result is possibly brought 
about by the much smaller amount of friction between the rolling 
m ateriał and the roli surface in comparison with th a t on the dies 
during drawing and pressing.

That the deformation in rolling is almost distortion-free is in com- 
plete agreement with the result of an X-ray examination undertaken 
in the Eisenforschungsinstitut,* in which close relationships were 
reyealed between the structure of a metal deformed by cold rolling and 
by parallelepipedial piane compression with unilateral flow of metal. 
Fig. 19a  and b show in polar figures, introduced for this purpose by 
F . W ever,j the ideał deformation structure for the octahedral and 
cubic faces of a cubic face-centred metal following axial extension and 
compression ; c is the polar figurę for the case of parallelepipedial

* F. Wever and E. Schmid, Mili. K.-W.-Inst. Eisenforschung, 1929,11, 109.
t  E. Wever, ibid., 1924, 5, 69; Z. Physik, 1924, 28, 69.
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<b

compression with unilateral flow of the materiał, and d th a t for heavy 
cold-rolling. The similarity of these two structures is unmistakable. 
Between these two processes of deformation, then, there possibly exists 
a close relationship. In  hot-rolling a similar uniform elongation through
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the entire thickness of the materiał can he expected only if a uniform 
temperature distribution is assured.

The finał state of deformation after the completion of the treat
ment has been taken as the basis of the foregoing conclusions. The 
ąuestion now arises whether, in some way, still further internal dis- 
placements occur during the actual mechanical operation, the influence 
of which on the finał state of the particles of the materiał is, however, 
again nullified by opposing displacements.

The inyestigation of the deformation during working is possible by 
the same experimental method if the process is interrupted, as was the 
case with Bar IV in Fig. 18. In  Fig. 20 such a “ transition” from 
unworked to  worked materiał is again given for the case of a copper rod 
which has suffered 27-8 per cent. reduction in area by drawing 
through a die having an aperture angle of 40°. Those lines of the 
inscribed network which are parallel to  the direction of movement of 
the materiał may in the transition zone be considered as streamlines, 
so th a t the rod can be yisualized as being split up into concentric 
stream tubes, numbered I  to  VI from the outside inwards. The 
manner in which the indiyidual elements are deformed can be con- 
tinuously followed ałong these stream lines, and can be defined, 
furthermore, by the shape and orientation of the deformation ellipsoids. 
In  the diagrams in Fig. 20 the relations between the distance along the 
centre axis and the extension in the direction of the stream lines, the 
transverse deformation and the additional shear, are shown. Accord- 
ing to  these, deformation takes place in all the stream tubes by a 
gradually inereasing extension, together with a subsequent transverse 
flow of the materiał which is approximately uniform on all sides. 
I t  is evident th a t deformation, particularly of the inner stream tubes 
I I I  to  VI, has commenced a t some distance from the entrance of the 
die, and has already finished in the interior before the exit from the 
die. W. E. Alkins and W . Cartwright * described similar obseryations 
a t the last Autumn Meeting a t Ziirich. The additional disturbances 
are very smali in the innermost stream tube VI. They do not attain  
a maximum yalue in the outermost tube I, but in I I  and III, which 
are situated just within the materiał. In  a similar manner, the de
formation occurring during extrusion and in the still more complicated 
piercing process could be examined, but I  must refer you to  the original 
publication j  for particulars of the results.

By appropriate diflerentiation it  is possible to  calculate from the 
experimental data obtained in the methods described the deformations 
for every point in the transition zone, both in magnitude and direction.

* loc. cit. t  E. Siebel and H. Hiihne, loc. cit.



/7/e
, ------------A—

334 May Lecture, 1932

Fig. 20 a .—Deformations during Drawing.
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Fia. 20b.—Deformations during Drawing.
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This calculation has established the faet tha t, in consequence of the 
additional movements, the average true deformation in industrial 
mechanical treatm ent noticeably exceeds the amount of stretch derived 
from a comparison of the initial and finał dimensions. For the drawing

test with steep angle dies already mentioned, the excess deformation, 
as compared with pure extension, amounts to  more than  15 per cent. 
This amount becomes less with a smaller die angle and with heavier 
reductions. In  an extrusion test the deformation in excess of th a t due 
to  simple extension amounts to  more than  100 per cent., and in a
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piercing test even to  morę tlian 200 per cent. of the average elongation 
of the materiał. In  these processes, owing to  additional slip, very 
considerable internal movements occur which do not effect the desired 
spread, and therefore have to  be accounted as losses in working.

Since the principal direction of deformation coincides with th a t of 
the principal stress, the estimation of the course of the stress trajectories 
is rendered feasible by the determination of the change in form at 
every point in the transition zone. In  Mg. 21 these are given for the 
tests on drawing and ertrusion. The stress distribution in the transi
tion zone has a construction similar to  an arch ; under the action of the 
transverse pressure thus produced deformation takes place. I t  is note- 
worthy th a t these transverse compressive stresses are not a t right 
angles to  the stream lines, as Alkins and Cartwright have eonchided 
from their researches, but tha t, as closer analysis of the deformation 
shows, in the outer layers they are inclined a t a smali angle to  the 
perpendicular. The method of investigation which has been illustrated 
thus permits, together with an exact analysis of the course of deforma
tion, the formulation of expressions concerning the stress relations in 
industrial shaping processes.

C.—P o w e r  a n d  E n e r g y  D e m a n d s  i n  T e c h n i c a l  M e t a l  W o r k i n g .

The exhaustive analysis of the processes of deformation which has 
been given renders feasible a more exact expression for the power or 
energy consumed in  the carrying out of the technical working pro
cesses. The fundamental relationships between the resistance to  
deformation of the materiał, the roli pressure developed, and the output 
from the rolls were known long ago.*

According to  the relationships derived by C. Fink f  for rolling, the 
energy demand is calculated on the basis of pure parallelepipedial 
change in form, as the product of the resistance to  deformation of 
the materiał and the “ volume displaced.” The latter is given by 
multiplying the volume of the deformed body by the natural 
logarithms of the ratio of the dimension of the piece before and after 
the operation.

According to  the shear stress theory, the resistance to  deformation 
of a materiał corresponds with the constant maximum difference of 
two principal stresses, which difference determines the occurrence of 
plasticity. I t  is a property which suffers no change by hot-working 
during the transformation, yet is dependent on the working tempera-

* Stahl u. Eisen, 1881, 1, 57. t  Bergwes. Preusz., 1874, 22, 200.
VOL. X L V III. Z
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ture and the speed of deformation, bu t which increases rapidly, how- 
ever, with cold-working, according to  the extent to  which the form is 
changed (cold-hardening).

The energy and power reąuired for the transformation, calculated 
according to  these views, are only the lower limiting values to  be 
actually used. In  the first place, the augmented deformation due to  
the additional movements already mentioned demands an additional 
supply of energy; and in the second place, the friction between the 
tool and the work tends to  increase the power and energy reąuired.

The ratio of the theoretical expenditure of energy in loss-free 
deformation to  the actual amount of energy employed constitutes the 
“ efficiency of deformation ” of the process concerned; this factor has 
proved a suitable standard by which to  compare the values of a 
deformation process under different working conditions as well as 
those of different processes.* In  this manner the actual work of 
deformation has been calculated from the power transferred from the 
tool to  the materiał. These power measurements have been made by 
the help of suitable measuring devices, which, in the case of drawing, 
were attached to  the die-plate, and in th a t of rolling to  the roli bear- 
ings. Losses of an electrical and mechanical naturę depending on the 
method of driving the machinę employed will not be discussed here. 
Valuable conclusions which bear on the construction and use of the 
machines may be reached from a determ ination of the efficiency. Only 
the actual losses incident to  the working of the materiał will be further 
considered in this lecture. They may be divided into internal and 
external losses. The external losses are due to  friction between the 
materiał and the surface of the to o l; they are strongly dependent on 
the degree of lubrication, and may be derived only so far as the friction 
coefficient for conditions in the test concerned is known. The internal 
losses arise from the inner deformations already mentioned, which are 
in excess of the amount necessary for the development of the ultimate 
shape. Fig. 22 shows the result of the valuation of a series of drawing 
tests conducted by W. Linicus and G. Sachs f  with varying reductions 
in  area for different angles of die aperture, recently made by A. Pomp 
and A. Koch J a t the Eisenforschungsinstitut. In  every test the to tal 
work performed in drawing was split up into th a t theoretically useful 
for the operation and th a t consumed in the external and internal losses. 
From this diagram (Fig. 22) the most suitable die angle can be read

* A. Pomp, E. Siebel, and E. Houdremont, Mitt. K.-W .-Inst. Eisenforschung, 
1929,11, 53; E. Siebel and A. Pomp, ibid., 1929, 11, 73.

t  “ Spanlose Formung der Metalle. Yersuche liber die Eigenschaften gezogener 
Drahte und der Kraftbedarf beim Ziehen,” p. 38. Berlin: 1931. (J. Springer.)

$ A. Pomp and A. Koch, Mitt. K.-W .-Inst. Eisenforschung, 1931, 13, 261.
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ofl for each reduction employed. The inerease in the efficiency of 
shaping with inereasing reduction in area, which was found in earlier 
work,* stands out prominently here too. The external frictional losses, 
on the contrary, decrease as the die opening becomes steeper, corre
sponding with resulting shrinkage in the area of contact between the 
work and the die. As the die angle inereases the internal losses become 
much larger, which is in agreement with the enhanced internal move-

£xfenr7a//osses

F ig . 22.—Useful and Lost Work in Wire-Drawing.

ments of the materiał observed with large angle dies. The more pre- 
cisely we become acquainted with the course of deformation in the 
transition zone, the more trustworthy and complete an opinion we shall 
be able to  give on the internal losses to  be expected during the working 
of a metal.

Systematic researches which have been carried out in the Institu t 
with various kinds of lubricants f  disclose how vitally the efficiency of

* A. Pomp, E. Siebel, and E. Houdremont, Mitt. K.-W.-Inst. Eisenforschung, 
1929,11, 53; E. Siebel and A. Pomp, ibid., 1929,11, 73.

f  A. Pomp and A. Koch, Mitt. K.-W.-Inst. Eisenforschung, 1931,13, 261.
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deformation and drawing capacity of steel wire may be afEected, when 
all other working conditions remain constant, by the selection of the 
lubricant. In  these tests dry powdered soap has proved most satis- 
factory, whilst the  fa ts on the whole exhibited a smaller lubricating 
efEect than  the oils which were tried.

The methods of investigation which have been reviewed have proved 
suitable in every case for obtaining a comprehensive insight into the 
mechanism of industrial shaping processes. They do not suffice, how
eyer, to fili a gap in our knowledge, and th is makes impossible a com- 
plete and detailed understanding of the whole mechanism of deforma
tion. We are, indeed, in a position to  make certain qualitative 
assertions concerning the stress relationships which exist within the 
region of deformation in a materiał. For a quantitative understanding 
of the stress distribution the exact determination of the course of the 
deformation is not enough, as we have not got, for the plastie rangę, 
such an unequivocal connection between the deformation and the 
stress, as we have in the elastic rangę where the derivation of the 
stress diagram from th a t of deformation is possible. In  consequence 
of this, we have striven to  establish by measurement the stress dis
tribution over the contact surfaee between the tool and the materiał 
under treatm ent. These efiorts have been successful so far as rolling 
is concerned,* in  th a t, by means of a smali piezo-electric pressure 
measuring-cell, the whole of the gap between the rolls can be measured. 
A pług let into the experimental roli a t right angles to  the roli surfaee 
transfers the normal pressure produced by contact with the rolling 
m ateriał to  a fiat quartz crystal which is cut perpendicularly to  its electri
cal axis. In  this stresses are developed which are proportional to  the 
load. Thus the pressure variations along the length of the roli gap, 
whilst materiał is passing through, can be measured. By the simul- 
taneous recording of a differential curve of the pressure diagrams, 
which is possible by the addition of the necessary apparatus, the 
alterations in pressure are readily obtained. By laterally displacing 
the fillets against the pług of the pressure measuring-cell the pressure 
distribution over the whole width of the roli gap can be recorded.

On the left of Fig. 23 the experimental individual pressure dis
tribution curves have been assembled, in  a space model of compressive 
stresses between the roli and the materiał. The maximum value of 
the  compressive stress occurs in the  region of the roli exit, and decreases 
on both sides in the longitudinal direction of the specimen. In  the 
transverse direction the distribution of the pressure in the roli gap is

* Particulars of these measurements undertaken by W. Lueg will shortly be 
published in the Mitt. K .-W  ,-lnst. Eisenforschung.
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such th a t from the centre it  falls off on each side. The pressure 
distribution in the space between the rolls is closely connected with 
the flow phenomena which occur during the passage of the materiał 
through the rolls. In  this space the movement of the materiał is such 
th a t the indm dual points on its surface move in the direction of the 
greatest gradient in pressure. The formation of the parting-line of 
flow in the neighbourhood of the  roli exit, which separates the region 
of the leading materiał from th a t which remains behind, and the spread 
of m etal caused by lateral flow may easily be read from the space 
model. At each point the pressure measured is proportional to  the 
resistance to  deformation of the materiał. According to  the shear 
stress theory, the latter is the sum of the strength of the materiał and 
the resistance to  flow in the longitudinal direction a t the particular 
point between the rolls. The stress figures represented in the right 
half of Fig. 23 are derived by subtracting for each point the strength 
of the materiał from the compression stress found for this point. They 
thus give a picture of the distribution of the resistance to  flow in the 
longitudinal direction a t all points of the roił gap. I t  is clearly evident 
th a t with unrestricted spread occurring on the margins of the speci
men, longitudinal tensile stresses are caused, which, as is found by 
experience, assert themselves by producing cracks along the edges of 
th in  rolled sheets.

The results of the studies placed before you constitute without 
doubt a considerable enrichment of our knowledge of the technical 
processes of metal working. Nevertheless, we are still far removed 
from the control, in every particular, of the relationships and the laws 
which govern them, so th a t it  is of value actively to  pursue yet further 
our systematic researches into this sphere. There is no doubt of the 
great technical, scientific, and economic significance of the attainm ent 
of this object, for only by an exhaustive knowledge of all circumstances 
th a t are of consequence in the carrying on of the industrial working 
of metals, and by a complete appreciation of the various valid relation
ships between stress and deformation, will it be possible to  ensure th a t 
these processes are conducted with the maximum of usefulness.
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OBITUARY.
H e r b e r t  Cl if f o r d  D e w s  died on January  22, 1932, in  Carshalton Hospital 

following an a ttack  of influenza.
He was born a t  Wakefield in 1899 and received his metallurgical training a t  

Sheffield Uniyersity. A fter several years as metallurgical chemist to  J . 
Hopkinson & Co., L td., he was in  1925 appointed chief metallurgist to  
Dewrance & Co., which position he held a t  the tim e of his death.

H e was a  Member of Council of, and President of, the London Branch of the 
In s titu te  of British Foundry men and recently took over the leadership of the 
.Non Ferrous Sub-Committee of th a t Institu te . He was also a prom inent 
member of the B ritish Cast-Iron Research Association.

Mr. Dews wrote m any papers for technical associations and the Press, and 
was the author of an  exchange paper presented on behalf of the In s titu te  of 
B ritish Foundrym en to  the French Association in  1929. He also wrote a 
book on “ The Metallurgy of Bronze,” which has sińce becóme a standard 
work.

Mr. Dews was elected a member of the In s titu te  on March 9, 1921.
S i r  W i l l ia m  M i l l s , an Original Member of the Institu te , died a t  Weston- 

super-Mare on January  7, 1932, a t  the age of 76.
H e was bom  a t Sunderland and there received a private education. A t the 

age of 14 he was apprenticed to  George Clark, L td., m arinę engineers, and 
served w ith th a t firm for seven years before taking his first-class certificate as 
a marinę engineer in  1884. H e then went to sea, where his work included the 
sa tan g  of ships and laying and repairing submarine telegraph cables. On 
one occasion he ran  a blockade and witnessed the spiking of old-fashioned guns 
in  Chile and Peru. .

Sir William Mills first set up in  business on his own aecount in bunderiand 
as William Mills & Co., Atlas Works, in  1885, and shortly afterwards (in 1891) 
he designed and patented the Mills P aten t Instantaneous Engaging and Dis- 
engaging Boat Gear, which won for him  the “ Fairplay ” prize of the Royal 
Naval Exhibition in  competition w ith lifteen others. This inyention also 
won seyeral other awards. He began experiments w ith aluminium somewhere 
about 1890 a t his original works, and a  few years later was the first to  produce 
castings of the m etal on a  commercial scalę. This im portant event led m  
1905 to  the acąuisition of works premises in Grove Street, Birmingham, and 
the opening of the Atlas Aluminium Foundry in  order to supply the demands 
of motor-car manufacturers in the Midlands. I t  was a t th is factory th a t the 
principal supply of aircraft castings was made during the war. For this 
purpose Sir William inyented an  alloy which wa,s subsequently practicaUy 
taken over by the Government and which is still known as L.5. H is 
original works were retained to  supply the North. Sir William Mills will be 
chiefly remembered as theinventor of the hand-grenade which bears his name. 
This device was brought out in February 1915, and 76 millions are said to have 
been made during the Great W ar. To demonstrate their use, he prepared an 
instructional film and also lectured on the subject. Besides other numerous 
patents which bear his name are those for telescopic aluminium seats, golf- 
elubs and folding-head shooting-sticks, one of which was regularly used by 
th e  late King Edward.
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Sir William Mills was Managing Director of W illiam Mills, L td., B irm ing

ham, and proprietor of Mills M unitions, L td ., Birm ingham , and of the Sunder- 
land W orks. He was formerly Ohairman of Trium ph Trust, L td ., and was a 
D irector of the Jav a  Produce Co., L td.

Although engaged in  so m any and varied business activities, Sir William 
Mills still found tim e to  devote a good deal of his energy to  public and  semi- 
public works, and he was thus a Ohairman of the Jam es W att Memoriał Trust, 
a  member of the Couneil of the Birm ingham Chamber of Commerce and a 
member of the Alloys Research Committee, the Im perial Minerał Resources 
Bureau, and  the Institu tion  of Mechanical Engineers.

H e was deeply interested in  the dram a, and was an enthusiastic supporter 
of the scheme for rebuilding the Shakespeare Memoriał Theatre a t  Stratford- 
on-Avon. H e was also a connoisseur of old pictures, china, and antiques.

D r . - I n g  W e r n e r  M o r e l l  died, after a  short illness, on January  18, 1932, 
a t  the age of 32.

H e was born on June  8, 1899, a t  Halle an  der Saale, and  received his 
education in  Halle and Berlin. H e read jurisprudence and economics a t  the 
U niyersity of Berlin and subseąuently in  1920 he studied the metallurgy of 
non-ferrous metals and metallography a t  the Technical H igh School of th e  same 
town. He took his degree of D ipl.-Ing. on April 8, 1926.

In  June 1925 he became Research A ssistant a t  the Kaiser-Wilhelm- 
In s titu t fu r Metallforschung, Berlin-Dahlem, and in 1928 manager of the 
corrosion laboratory of th a t Institu te . Together w ith Professor D r.-Ing.E.h. 
0 . Bauer, he carried ou t a comprehensiye inyestigation of the corrosion of 
alum inium and its  light alloys and was occupied w ith a  critical review of all 
previous work on th is subject. Unfortunately, he d id  no t live to  see the 
fru it of his labours. On September 1, 1931, he entered the Abteilung fur 
Metallographie of the Staatliches M aterialpriifungsamt, Berlin-Dahlem.

A fter his death  the faculty of Maschinenwesen of the Technical H igh School 
of Berlin conferred upon him  the degree of Dr.-Ing. in  recognition of a  dis- 
sertation on “ The Qualification of the Tensile Test as a  Method of Valuation 
of Corrosion Experim ents and  the Im portance of this Method in  Practice,” 
which he had deliyered in 1931.

A part from his scientific work, he will be remembered as a  yery kind- 
hearted m an, who was always ready to  help others.

D r.-Ing Morell was elected a Member of the In s titu te  of Metals on
Noyember 7, 1929. —M. H a n s e n .

H t t g h  P h i l i p  T i e m a n n  d i e d  on January  4 , 19 3 2 .
H e was born in  New Y ork and graduated from Columbia U niyersity in 

1900. A  year later he joined the Carnegie Steel Co., and rem ained w ith this 
firm as A ssistant M etallurgical Engineer un til his death, being first stationed 
a t  the Hom estead W orks and then  transferred to  the City Office. He was 
au thor of a  book on “ Iron  and Steel ”  and of numerous scientific papers. He 
was a  member of the American Society for Testing Materials, the  American 
Society for Steel Treating, the American Institu tion  of Mining and M etal
lurgical Engineers, th e  Association of the American Steel Manufacturers, the
Engineers Society of W estern Pennsylvania, the Society of Automobile
Engineers, and th e  Iron  and Steel Institu te .

Mr. Tiem ann’s yaried interests are shown by  the fact th a t he was a 
member of seyeral athletic societies and also of the Philatelic Society of P itts- 
burgh and  w as also prom inent in  M asonry; a t  the tim e of his death  he had 
ju s t completed his service as W orshipful M aster of Crescent Lodge, No. 576 
and was to  haye been elected H igh P riest in  December.
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Mr. Tiemann was elected a  member of the In s titu te  of Metals on December 

31, 1912.

K a t s u m i  U e k i  died on August 17, 1931, a t  the age of 28. For six years 
he was a  student a t  the Technological U niversity a t P ort A rthur, South 
Manchuria, taking his degree in  Ju ly , 1931. The course of research he selected 
was on non-ferrous alloys, and he was the first student of his college to  choose 
this.

Mr. Ueki was elected a student member on December 19, 1928, and became 
a  fuli member of the In s titu te  on June 1, 1929.

W i l l i a m  E d w a r d  W a t s o n ,  late Managing Director of the Atlas Metal and 
Alloys Company, Lim ited, died a t  his home a t  Winchmore Hill, London, on 
M ay 28, a t  the  age of 66.

Some eighteen months ago Mr. W atson was the victim  of an  unfortunate 
accident a t  his London Club, where he slipped while descending the stairs, 
seriously injuring both  his knees and depriving him of the use of his legs for 
some period. Although he recovered partly  from his accident, he was not able 
to  w ithstand the stra in  which was placed on him when he endeavoured to  
resume his usual actiye life.

An Original Member of the Institu te , his first working years were spent on 
the sea, b u t when he was still quite young Mr. W atson became interested in 
the m etal business, and after a few years’ experience he took over the manage- 
m ent of the A tlas Company upon its  formation early in  the present century.

He was a great traveller, and built up the world-wide connection of his 
company by journeys to  the Continent of Europę and various other parts  of 
the globe. He made a study of the actual working conditions wherever hi s firm’ s 
alloys were used, and i t  was this in tim ate touch w ith his customers’ reąuirem ents 
which enabled him to  introduce brands of metals bearing his own name and 
th a t of his company, and to  w ithstand the growth of competition during more 
recent years.

Mr. W atson was of a kindly and genial disposition, and had th e  happy knack 
of being able to  make himself persona grata to  men of all classes, creeds, and 
nations; his loss will be deplored by his m any friends throughout the world.

S i r  A l f r e d  Y a r r o w ,  B art., an  Original Member of the Institu te , d ie d  a t 
the age of 90, on January  25, 1932.

He early betrayed his inventive genius when a t  8 years, he designed an 
autom atic wool winder, then a self-acting candle extinguisher and a  clock 
worked by weights. He was educated a t U niversity College School and in 
1857 was apprenticed to makers of engines for warships un til he reached the 
age of 21. During this period he attended as m any science lectures as possible, 
and continued to  study a t  U niversity College, where he was a fellow-student of 
Mr. Joseph Chamberlain.

On the death of his father, he was left w ithout means, and was unable to  
m arket inventions which he had patented, until friends and relations supplied the 
sum of £400. He invented the steam plough, and a steam carriage which, how- 
ever, was not perm itted to  be used unless preceded by a m an carrying a red flag.

The Capital derived from the royalties on the first of these inventions 
enabled him to  open an engineering works on the Thames a t  the Isle of Dogs 
in 1866, bu t i t  fared badly until he began to  build smali steam  launches. He 
m ounted the first torpedo tube in 1873, thus creating the first torpedo boat, 
which he followed by  the torpedo boat destroyer in  1892. H e was created a 
baronet in  1916.

Sir Alfred Yarrow was one of the most charitable of men, and gave large 
sums to  the Out-Patients D epartm ent of the London Hospital, and also for
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training nurses and for the building of a convalescent home a t  Broadstairs. 
H is in terest in  leam ing is shown by  th e  donation of £100,000 to  the Royal 
Sooiety—devoted to  founding research professorships—and £20,000 towards 
the building of a testing tan k  for naval construction a t  th e  N ational Physical 
Laboratory. This was opened in 1911. H e was also a generous benefactor 
to  G irton College, Cambridge.

In  1913 he retired to  Hampshire, b u t resumed his work a t  the  outbreak of 
war, during which period he bu ilt tw enty-nine destroyers in  his yard  a t 
Scotstoun, to  which he was forced to  move in  1906 owing to  the high cost of 
production on the Thames.

Sir Alfred Yarrow took up flying late in  life, and went for a tou r of Europę 
by a ir only last year.
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