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EXTRACTS FROM THE RULES

(MEMORANDUM AND ARTICLES OP ASSOOIATION.)

MEMBERS AND MEMBERSHIP

HUIO 5,—Mcmbera of tho Inatituto shall be Honorary Mcmbcrs, Fellows, Ordinary Members,
or Student Membcre. .

Rule G—Ordinary Members shall be of such age (not being less than twenty-one yeare) as sball
be determined from time to time by the Council and/or prorided in thc Bye-laws. They shall be
either:

(a) persons engaged In the manufacture, working, or use of non-ferrous metale and alloys;

or .

(6) persons of scientific, technlcal, 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 inyestigations.

Student Members shall be admitted and retained as Student Members within such limits of age
[17-23 years] asshall be determined from time to time by the Council and/or provided in the Bye-laws,
and shall be either
ga; Studenta of Mctallurgy; or
6) pupils or assistants of persons gualified for ordinary membership, whether such persons

are actually members of the Institute or not.

Student Members shall not be cligible for clection on the Council, nor shall they be entitled to
vote at the meetings of the Institute, or to nominate candidatcs for ordinary membership.

Rule 7.—Subjcct to the foregoing two clauses, and as hereinafter providcd, clection to member-
ship shall be by tho Council, and all applications for membership shall be in writing in the form
[orerleaf] marked “ A," or such other form as may from time to time be authorized by the Council,
and such application must bo signed by the applicant and not less than three members of the
Institute.

Membership shall not begin until tho entrance fee and first annual subscription have been

aid.
P Rule 8.—Application for membership as Ordinary or Student Members shall be submitted to
the Council for approval. The names of tho approved applicants shall be placed on a list which
shall be cshibited in the library of the Institute for at least ilftecn days immediately aftertho Council
Meeting at which such names werc approved. Copies of such lists shall be supplied to the Secretaries
of Local Sections of the Institute for inspection by members, and in any other manner to members as
may from time to time be prescribed by the Council.

Any objection to any candidate whose name is so exhibited or notifled to members shall be
mado in writing to the Secretary within twenty-one days of the datc when the list shall first be so
exhibited.

At a subseguent Council Meeting the applications for membership of persons whose names-shall
have been so eshibited shall be further considered, and the Council may, in their absolute discretion,
elect or reject such applicants, and may refuse any application although previously approved without
gmng any reason for such refusal. Non-election shall not necessarily prejudice the candidate for
election concerned in any future application for clection.

SUBSCRIPTIONS

llule 9.—Unless and until otberwlse determined by the Councii and/or provided in the Bye-laws
the subscription of each Ordinary Member shall be £3 Zs. per annum, and of each Student Member
£1 1s.perannum. Ordinary Membersshall pay an Entrance Fee of£2 2s. each and Student Members
an Entrance Fee of £1 Is. each.

Rulcs and/or regulations may be madc by the Council from time to time for the transference of
Student Members from that statua to that of Ordinary Members, including the fixing 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 thc waiver of any such.

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

Subscriptions shall be payable on election and subseguently in adrancc on July Ist in each ycar,
or otherwise as shall be determined from time to time by the Council and/or provided in the Bye-
laws.

DUTIES AND OBLIGATIONS OE MEMBERS

Rule 12.—Every member shall be bound:

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

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

(c) To pay at 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 Institute
caused by his wilful act or default.

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

MINUTES OF PROCEEDINGS.
AKNTJAL GENERAL MEETING.

The Twenty-Sikite Annual Generat Meeting Of the Institute was held
in tho Houso of fdie Institution of Meetianioal Engineers, Storey’s Gate,
Westminster, London, S.W.l, on Wedncsday and Thursday, March 7 and 8,
1934, Sir Henry Fowler, K.B.E., LL.D., D.Sc., Presidcnt, occupying the chair
at tho opening of the meoting.

Wednesday, March 7.

The Minutes of the Annual Autumn Meeting held in Birmingham from
September 18 to 21, 1933, were taken as read.

REPORT OF COUNCIL
for the Ymr ended December 31, 1933.

The Council has pleasure in submitting its roport upon the aetivities of the
Institute during the past year, a period that was specially notable both for
the celebration of the twenty-fifth anniversar%/ of tho Instituto’s formation
and the sotting up of improved methods of publication.

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

Bo#l of the Institute.

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

Dec. 31, Dec. 31, Dec. 31, Dec. 31, Dec. 31,

1029. 1930. 1931 1932. 1933.

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

2122 210 2232 21G5 2131
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On Decemher 31, 1933, tlio names of 122 Original Mombors woro included
in tho total of 2038 Ordinary Members. On December 31, 1908—the
end of tho Instituto’s first year—tho Original Members numbered 355. 133
membera and studonts wore electod during tho ycar, a figure that compares
with 120 in 1932 and 205 in 1931.

Obituary.

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

Meetings of the Institute.

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

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

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

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

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

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

Silyer Jubilee Fund.

To commemorate the 25th anniversary of tho Institute’s foundation, tho
Original Members eontributed the sum of £525 to a “ Fund in conneetion with
the Silver Jubilee.”” Subsequently additional eontributions, totalling £144 2s.,
were received from other members who desired to be associated with the Fund.
As the Fund was established sinee the end of the last lInancial year, it is not
referred to in the aceounts which follow the Treasurer’s Report. The Fund
is still open.

PuBLICATIONS.

The past year saw considerable actiyity in conneetion with the Institute’s
publications. In responso to suggestions made by members, the Council
arranged for adyance eopies of papers to be printed in the Monthly Journal,
It is hoped that the new method of publication will bo generally appreciated
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by tho members, and will result in better disoussions, sifice in many cases
members will receive papers some montlis earlier than would hayo been
possiblo under the old system.

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

Local Sections.

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

Institute or Metals Lectuhes.

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

Beilby Memoriat Award.

The Council aro glad to report that a member—Mrs. G. H. Tipper (Con-
stanee F. Elam, D.Sc., M.A.)—received a Beilby award of ono hundred
guineas.

GIET BY THE Tr EASUBEB.

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

LIBRAIIY.

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

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

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

nn. In8tltute s library anc® abstraeting service partieularly useful.

ino resources of the Science Library have again been largely drawn upon,
and members are reminded that books and periodicals available in this lingo
library may be obtained on loan (by post) on application to the Librarian of
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the Institute. Books and poriodicals outside the Institutc’s field of work are
thus obtainable through this channel. The assistanee that the Science Library
is rendering to research by the facilities for loan wliich are offered cannot be
over-estimated, and the Council desires to thank the Director, Brigadier
E. E. B. Maekintosh, D.S.0O., R.E., and his Staff for their assistanee.

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

COMMITTEES.

The following Committees of the Council havo held fregucnt meetings
during the past year —
Autumn Meetings.
Council Nomenatkct.
Ddwer.
Fetance and General Purposes.
Journal Printing Costs.
Library.
Local Sections.
Mkmbersiiip.
Meeting and Papers.
Publication.

R epresentattves.

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

Sir Charles Parsons Memoriat Committee : Sir Henry Fowler (President).

British Standards Institution (Committee on Lead Alloys for Cable
Sheathing): H. C. Lancaster.

Chemical Engineering Conference, 1935: Dr. Richard Seligman.

British Science Guild Parliamentary Committee: Sir Henry Fowler
(President) and Mr. G. Shaw Scott (Secretary).

Advisory Committee on Metallurgy, City & Guilds of London Institute :
Professor T. Turner.

Professional Classes Aid Council: Mr. H. B. Weeks.

CORRESPONDING MEMBERS TO THE COUNCIL.

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

Signed on behalf of the Council,

Henry Fow ler, President.
H. Moore, Vice-President.

G. Shaw Scott, Secretary and Editor.
January 4, 1934.
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APPENDIX.
LOCAL SEGTIONS’ PROGRAMMES, 1933-1934.

BIRMINGHAM LOCAL SECTION.

Chairman: W. E. B allarr Han. Secrelary: 3. W. Jenkin, B.Sc.,
Ph.D., Messra. Bromford Tubo Co.,
Ltd., Erdington, Birmingham.

1933. P k OORAMME.

Oct. fl. V.E.Ppultin, C.B.E., B.A, B.So. “ Tho X-Ray Analyais of Metals.”
Nov. 7. J. W.Jones, M.Se. *“Interpretation of a Photomicrograph.”

Nov. 14. G.L.Baitey, MSc. “ Deoxidizers and Fluxea.” .

Nov. 30. Symposium on Defects in Cold-Working. Arranged by A. L. Molineaus.
Dec. 2. Dinner and Dance (Midland Hotel). )

Dec. 1. D.W. Aldeidoe. *“The New Copper Refinery at Prcscot.”

Jan. 4. W.R. Barclay, O.B.E. = Niokel and Nickel Alloys.”

Jan. 16. C.A.Hadley. *“ Electric Welding.”

Feb. 1 Open Discussion on the Metallurgical Inspection of Engineering
Materials.

Feb. 13. Maurice Cook, Ph.D., M.Sc. “ Age-Hardening Copper Ailoys.”

Mar. 1. J. C. Hudson, D.sc. *“Field Teats on Corrosion.”

3far. 20. J.TPgrki”nson. “Tho Manufacture of Hot-Rolled Seamlcss Steel
ubes.

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

LONDON LOCAL SECTION.
Chairman : S. L. Arciilutt. llon. Secrelary : J. mcNeil, ARR.T.C,,

Messrs. The Mond Nickel Co., Ltd.,
Thames House, Millbank, S.W.I.

1933. Programme.
Oct. 5. S.L.Archbutt. Chairman’s Addresa. ) )
Not. 9. R. Annan. “ Gold—Its Sources and Produetion.” (Meeting at the

Royal Sehool of Mines, South Kensington, S.W.7.)

Dec. 7. J. R. Handfortii, MSc. “ A Metallurgisfa Outlook on Modem
Foundry Productions.” (Joint Meeting with the Institute of British
Foundrymen.)

1934.

Jan. 11. H..A.sloman, MAA, B.Sc. “ Berylliurn and Its Alloys.”

Feb. 8 A. G. Lobley, MSc. “Electric Annealing and Heat-Treatment
Fumaces.”

Mar. 15. G.Barr, B.A,, D.Sc., and Miss H adfield, M.Sc. *“ Spectroscopio and
Micro¢hemical Analysis of Metals and Alloys.”

Apl. 12. Annual General Meeting and open discussion.

The Meetings were, escept the second, held in the Rooms of the Society of
Motor Manufaeturers and Traders, Ltd., 83 Pall Mail, S.W.I, at 7.30 r.M.
VOL. LTV. U
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NORTH-EAST COAST LOCAL SECTION.

Chairman : J. E. Newson, M.Met, Hon. Sccrelary and Treasurer: C. li.
Pearson, M.Met,j Armstrong College,
Hewcastle-on-Tyne.

1033. Programme.
Oet. 10. Exhibition of Cinematograph Eilms.
Xov. 14. W. E. Ballaiid. “ Metal Spraying.” (Joint Meeting with the New-'
castle Branch of the Society of Chemical Industry.)
Dec. 12. J. E. Hurst. “ Addition of Non-Ferrous Metals to Cast Iron.” (Joint
n Meeting with the Institute of British Eoundrymen.)

Jan. 9.C. R. Dkolon and L. M ilter. *“ The Physical Propertics of Deposited
Weld Metal in the Arc-Welding and Atomie Hydrogen Proeesses.”

Ech. 13.J. 15 Newson, M.Met. Chairman’s Address.

Mar. 13.C.E.Pearson, M.Met. “ The FlowofMetalsin the Extrusion Process.”

Annual General Meeting.

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

SCOTTISII LOCAL SECTION.

Chairman : Professor Robert Hay, llon. Sccrelary: Harold Bull, Messrs.
B.Sc., Ph.D. Bull’8 Metal and Melloid Co., Ltd.,
Yoker, Glasgow.
1933. Program ie.

Oct. 0. Display and demonstration at the Royal TechnicalCollege,arranged
by Professor Robert Hay, B.Sc., Ph.D. (Chairman).
Noy. 13. Diseussion of three papers presented at the Autumn Meeting of the
parent Institute.
Dec. 11. T. Tyrie. “ The Use of Fluxes and Slags in Non-Ferrous Foundry
1934 Practiee.”

Jan. 15.sydney W. smith, C.B.E., D.Sc., AR.S.M. *“ Factors inthe Solidi-
fication of Molten Metals.”
Feb. 12.J. A. C. EDjnSTON. “ Combustion Efficiency.”
Mar. 12, Annual General Meeting.
J. Arnott. “ Sonie Foundry Experienees and Reeollections.”

The Meetings _(exc_elpt the first) were lield in the Rooms of tho Institution of
E?vqmeers and Shipbuildcrs in Scotland, 39 Elmbank Creacent, Glasgow, at 7 30

SHEFFIELD LOCAL SECTION.

Chairman: Captain F. orme, M.Met. llon. Secrelary: H. P. Gadsby,
Assoc.Met., 193 Sandford Grove
Road, Sheffield 7.

1933. Prograjime.

Oct. 13. F. W. Rowe, B.Sc. *“ Centrifugal Casting of Non-Ferrous Alloys.”

Nov. 10. W. E. Ballard. *“ Metal Spraying.”

Defg348. J. C.Howard, B.Met. “Modern Application of Eieetric Heat.”

Jan. iZ. N.Alﬁ. Pollen. “Proteetion from Corrosion of Aluminium and Ita
oys.

Feb. 9. H.G.Dale. * Rec?\?/_ery and Refining of Preeioua Metals.”
Mar. 9. Frank Mason. “ “Nickel-Clirome ’ Plating.”

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

Ckairman : A, G. Ramsay, B.Se., llon. Secretary : Rooseyelt G riffiths,
Ph.D. M.So., Metallurgical Department, Uni-
versity College, Singleton Park, Swan-

sea.

1933. Prooramme.

Oct. 10. A. G. Ramsay, C.Sc., Ph.D. Cliairman’s Address.
Nov. 14. ceoil H. Desch, D.So, Ph.D., F.R.S. * Ageing and Age-Hardenin
Dec. 12. Exhibition of Industrial Filins (at UnivEraity College, Singleton Parkg)

Feb. 20. Professor F. Bacon, M.A. * Cracking and Fraeture of Metals, with
Special Reference to Service Breakages.”
Mar. 13. Discussion on Rolling, opened by Professor L. Taverner, A.R.S.M.

The Meetings were held at tho Y.M.C.A. at 6.15 p.m. Tea, was served before
the Meetings.

The President, in moving the adoption of the Report, drew attention
to the slight decreaso in the membership, but announced that an improvement
had taken place sinco the beginning of 1934.

Mr. John Cartitand, M.C., M.Sc. (Member), who seconded, eommented
on the burden of work which fell on Members of Council, and stressed the yalue
of what he termed the “ magniiicent abstracting and library scrvice.”

Dr. Richard seligman (Past-President), direeted attention to the new
experiment of publishing papers in the Monthly Journal, and asked members
to let the Council know whether the new arrangeraent Sppealed to them or not.

The resolution was caTried unanimously.

REPORT OF THE HONORARY TREASURER
(Mr. JOHN FRY)

For the Financial Year ended June 30, 1933.

The period covered by this report was one of widespread depression in all
directions, and though the non-ferrous industries were not so severely affected
as many others, tho year was somewtiat disappointing from the point of view
of the Institute’s linances. On the income side there was a decrease in annual
subscriptions of £3S7 2s. 4<, and £63 Gs. Sd. in interest on War Loan, although
against the latter there was a non-recurrent receipt of £51 2s. 2d. on conversion.
The total expenditure was £230 14s. 4d. less than in tho previous year, as
reductions were shown in salaries, Journal account, and expenses of meetings.
Tho net resulfc was an excess of expcnditure over income of £401 19j. 6d. as
against £226 4.2. 11d. in the previous year. In addition, in the Balance Sheet
£585 6s. Id. is treated as a liability in respect of a half-jEarly volume of the
Journal which was printed but not actually due to be dispatehed to members,
and the corresponding cost of which, in previous years, had been ineluded in
the accounts of the subsequent year. In reference to the Journal Account
(£1911 2s. 3d.), it should bo explained that this is tho net cost after allowing
for receipts from sales and advertisements, and making no allowance for over-
head expense8. It is not possible to give an actual figure for the total cost of
publication of the Journal, owing to the difficulty of correctly apportioning
overhcad charges, but it is approximately three times the net cost, and thus is
far the largest itern in the expcnditure of the Institute. The financial position
of the Institute is a cause of some ansiety to the Council and is receiving
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careful consideration. By tho publication of tho Monthly Journal, earlier
printing of the papers and abstracts, and in other directions, members aro
recemng considerably increased advantagcs, and these can only bo continued
or estended if funds aro ayailablo. Members can help by encoura<ring
smtable persons to join the Institute; by pureliasing its publieations "and
by supporting the adyertisements in the Monthly Journal. It is hoped
that brighter times ahead will lead to increased income, partieularly from
countries in which tho Instituto has a eonsiderable membership, and which
haye been suftering so seyerely from the world depression.

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

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

The resolution was carried unanimously.

Election of Officers for 1934-1935.

The Seoeetary read the foII0W|rL_q list of oiBcers elected to fili the yacancies
on the Council for¥he year 1934-193
President:
Harold Moore, C.B.E., D.Sc., Ph.D.

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

E. L. Morcom, M.A.

Honorary Treasurer :
John Fry.

Members of Council:

Professor J. H. Andrew, D.Sc.
Engineer Vico-Admiral H. A. Brown, C.B.
H. W. Brownsdon, M.Sc., Ph.D.
Kenneth Gray.

H. H. A. Geeer, J.P.

J. L. HAtroirroN, D.Sc.
Professor R. S. Hutton, D.Sc., M.A.

Election of Members and Student Members.

Tho secretary announced that tho following members and student
members had been elected on October 26 and December 14, 1933, and Januar
18 and February 15, 1934.



Annual General Meeting 23

Members Elected oh Ootober 26, 1933.

Allen, Clement Paul. Bulawayo, South Afriea.

Brandt, Alfred, B.Sc. London.

Cholew ifiski, Stanistaw Warsaw, Poland.

B I1is, Philip Mereditk Birmingham.

Fould, Maurice Paris, France.

Heuaes, Ernest Sydney, B.Sc., Ph.D. London.

Hilt, Eugeno Henry Hugh, Dipl. Ing London.

Hoar, Thomas Peréy, M.A., B.Se., Ph Cambrld?e.

Humphreys, William Gerald Newcast e-upon-Tyne.

K err, Robert, M.Sc., Ph.D. London.

Lewis, Philip Stacey, B.Se., Ph.D. Bristol.

Louyot, Robert Borne], France.

Neave, Digby Percy Cornwall, M.A. London.

Rouppe van deit Voort, Paulus Nicolaas ) -
Franciscus Maria . s Hertogenboseli, Holland.

schirner, Karl. Berlin, Germany.

Schneckenburoer, Emil . Sehaffhausen, Switzerland.

Sujdierhill, Gordon Charles Birmingham.

Tolliday, Joseph Ernest . Sidoup.

Vowles, Charles D. . Blrmlngham

Zzacco, Henrik Yngve Finspong, Sweden.

Student Members Elected on October 26, 1933.

Jacques, Arthur Chorley, Wigan.

Orr, Hazlett Francis . Sydney, N.S.W., Australia.
Thomas, Ronald Charles William Birmingham.

w illiam s, Noel Ignace Bond Birmingham.

v arrow , Colin Drake. Pinner.

Members Elected on December 14, 1933.

Ayckbourn, Philip John, B.Sc. . NeW_PIymOUth, New Zealand.
B all, Arthur Cyrllh tl(())rt]tdlggham.

<E; i:’: te, 'Ivaﬂeggnf;yomas ' . Port Talbot, South Wales.
Hartigan, Thomas Joseph . . Sydney, N.S.W., Australia.
K amienski, Erwin, Dr.-phil. . Gtowno k/Lowicza, Poland.
Me#yin, Sir Martin J., Bart., J.P. Olton.

Nagao, Major Takeo . . London.

Nicosia, Beniamino . Milano, Italy.

Priestm an, Robert Thomas : Blrmmgham

Rao, Mannigay Umanath, M.Sc. . . Jodhpur, India.

simpson, Joseph Gordon . London.

w illiam's, Leslie Ballesat, B.A., B.E. . Matlock.

Student Members ElIf.cted on December 14, 1933.

Booth, Leonard Tranter Birmingham.

Colman, Geoffrey William . Birmingham.

CowLEY, Charles Leonard Marshall, BSc Blrmlngham

Mace, Cyril William . Napier, New Zealand.
Robinson, John Herbert Sydney, N.S.W., Australia.

Thomas, Ivor Henry, B.Se. Bankyfelin, Carmarthenshire.
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Members Elected January 18, 1934.

Beddows, John Derek, B .sc. Birmingham.
Bctbkhardt, Arthur, Dr.-Ing. Frankfurt a. Main, Germany.
M azzola, Mario ] Turin, Italy.
MoF a rtSa n dh Professor David ‘ord, A.M.,

M P
M eto, Robert Franklln B.S.,Ph D. Eﬁ??ﬁﬂ’ﬁ‘éﬂ”'gapa SUASA
Mitchinson, Robert . tfewcastle-upon-Tync.
M ckumoto, Wasaburow, B.Sc. Osaka, Japan.
: :zft,eélfﬁgr,algléA., AR.S.M. Johanncsburg, South Africa.
storke. Arthur Ditchficld . Dyaney, N.SW., Australia.
w arrington, Harold George Slough.

Student Members Elected January 18, 1934.

Homer, Charles Egbert, B.Sc., Ph.D. . . London.
Jenkins, John Ephraim . . Treharris.

Members Elected February 15, 1934,

Badock, Stpanllgy Hugh, LLID J.P. . Bristol.

Bermann roressor amue

Burn, Robert Davidson, .MSc. . : 'ﬁﬂgﬁﬁgﬁ' USSR,
M ationon, Professor Camllle Dr.-es-Sci. . Paris, France.

M orris, Roland William London.
ohlando, Salvatore, Cav. '[jff Dott. . Milano, ltaly.
Siiao, Chia Chin, A. R.S.M. . Wuchan China.
Strauss, KossK Dr.-Ing. Birming am.
stringer, Richard Alfred . . . . London.

Student Members' Elected February 15, 1934.

Ashton, Arnold Broadbent, B.Sc. .. Oldham.
Brown, Bernard . . . . Leeds.
Greenwood, Hubert, M.Sc. . . Todmérden.
Harrison, Stanley Taylor B.Sc. .. Manchester.
Tmms, William, B.Sc. . . Birmingham.
W addetgton, John B.Sc. . . . , Clitheroe.

Re-Election of Auditom.

Dr. D. H. Ingall proposed, Mr. T. Henry Turner, M.Sc, seconded,
and It was unanimously agreed that the auditors, Messrs. Poppleton and

Appleby, be re-elected.

Induction of New President.

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

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

The president : | thank you, Sir Henry, for tho extremely kind words
you have spoken; | only wish that | deserved them.

Vote ot Thanks to the Retiring President.

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

Without taking up any more of your time, | will propose that the most
hearty thanks of the Institute bo given to Sir Henry Fowler for his conduct
as President.

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

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

The president : | should like to emphasize eyerything that has been
said by Dr. Desch and Mr. Lancaster, and to say how successful Sir Henry
has been in filling tho office of President of this Institute. His friendliness and
geniality are among his most outstanding oharacteristics, and have dono a
great deal to assist in tho smooth rurming of tho work of the Institute.

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

SirHenry Fowler ; | thank you yery much indeed. The period of my
presidency has been a yery happy one for me, largely owing to the assistance
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and kindness | liave receiyed not only from the Council and tho members,
but also from the Secretary, the Assistant Secretary, and the wliolo of tho
stali. | haye had to concern myself with wliateyer diffieultics and guestions
may liave arisen porhaps onco a week or once a fortnight, but the Secretary
has been confronted |vith thom cvery day. With sueh deyoted assistanco,
and having niade, as Mr. Lancaster kindly said, so many fresli friends, |
shall look back with tho greatest pleasure to what will be one of the dearest
and deepest memories of my lifo, tho two years during which | haye been
President of the Instituto of Metals. 1 shall not forget the kindness | have
received and | shall never eease to work for tho interests of the Institute.

Message from De. Rosenhain.

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

Pkesidential Address.

Dr.Harold Moore then delivered his Address (see pp. 29-44).

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

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

Dr. J. L. Haughton (Member of Council), in seconding, referred to an
address which Dr. Moore deliyered to the British Non-Ferrous Metals Research
Association on the writing of seientific papers and espressed the special
p(lj%asure with which he had listened to tho Presidenfs yaluable and illuminating
address.

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

The President : | am greatly touehed by what Dr. Brownsdon and Dr.
Haughton haye said. They are both old friends of mine for wtiom | have the
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greatest regard. | could not avoid fecling as thcy wero speaking that they
really must be talking about somebody else. | do not feel | deserve all that
haa been said, but | thank all of you most sincerely for the way in which this
motion haa been received.

COMMUNICATIONS.

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

Annual Dinner and Dance.

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

Tliursday, March 8, 193-1.

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

Concluding Business.

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

The Publication Committeo and the Council generally would much like
to know the opinion of members on theae changea which havo been introdueed
—the new method of publication of papers and the related differences in the
methods of discussion—and we should be very glad to receiye any comments
which members may care to send us, favourable or otherwise. These changes
are experimental, and we may return to the old methods. | do notthink that
we shall, but it would help us when we consider the guestion if members
who are not in direct toueh with the Council would let us know their opinion.
We are endeavouring to be as demoeratie an Institute aa posaible and we want
to follow the wishes of the generat body of members as closely as we ean.
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Yotes of Tjianks.

The President proposed and thero were carricd with acclamation the
following resolutions:

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

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

Visit to Post Office Engineering R eseajrch Station.

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

The meeting then terminated.
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PRESIDENTIAL ADDRESS

Delivehed by H. MOORE, C.B.E., D.So., Pn.D.

March 7, 1934.

Pollowing tlio example set in previous Presidential Addresses, | sliall
begin witli some obseivations on current policy and tlie present position
of the Institute, taking, | hope, a not undue advantage of the prmlege
of being able to express my views on this occasion when they will not
be exposed to open discussion.

Por three years in succession our expenditure has exceeded our
income, although a considerable part of the apparent excess has been
due merely to more strict accounting, and paying our bills earlier. Our
curve of membership for the last five years shows a type of symmetry
which we hope, and believe, will not continue. These are the inevitable
eflects of the industrial depression from the trough of which we are now
rising. There will be, no doubt, a certain lag beforewe begin to benefit
substantially, in our membership and income, from the industrial
recovery, just as there was a lag in the efiects of the slump. | am
confident, however, that our position is healthy and that we need not
be disc[uieted about the future, although the Institute s finances must
demand the CounciPs constant thought and carc for the time being. On
the question of membership | will only say that there are still laTge
numbers outside our ranks, fully qualified for membership and engaged
in industries which greatly benefit from our work.

Not being an original member myself, 1 can speak more freely than
some others of the remarkable response of the Original Members to the
suggestion which arose among them of a special fund to commemorate
our twenty-fiith anniversary. The Institute already owed much to
these members, for their unfailing support and in many cases for much
voluntary and often unrecognized work. | feel that we are now still
more indebted to them, and that our best way to requito them is to
make the sum raised a starting point for something still more substantial.
As our Honorary Treasurer has so often pointed out, the Institute has
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always liad to work on too narrow a financial margin. The Council is
considering the best way of cmploying the Fund for the permanent
benelit of the Institute, and | cannot, of course, anticipate the decision.
Speaking only for myself, | should like to sec it become a nucleus for a
Foundation Fund which would add substantially to our reserves, and to
seo the interest augmenting thatpart of our income used for publication.

Ilhe mention of publication leads mc to refer to the Council’s
emphatic view that our first duty, in lean yeaTS as well as in fat, is
to maintain the high levcl of our Journal. In some quarters we aro
accuscd of giving our members more than their subscriptions warrant.
If this is so, | hopc that members will do all they can to enable us to
maintain this generous policy. The most notable change introduced
last year was the starting of the scheme for the advance publication of
all our papers in the Monlhly Journal. This step was decided upon only
after the fullest discussion, and must still be regarded as experimental.
Those who sec objections to it may be assured that all possible difficultics
were fully considered by the Council and were held to bo outweighed by
the advantages which havc been set out elsewhere. Those which most
appeal to me are earlier publication of papers, their receipt by members
continuously throughout the year instead of in two large batches, and
the convenience of bcing able to consult all papers in the Monthly
Journal until such time as they appear in the half-yearly volume. It
should be mentioned that the Secretary and staff were the first to
advocate this advance in our methods of publication.

We hear criticism from time to time of the type of papers we publish.
lhis is a healthy sign, and indicates a real interest in the matter on the
part of our members. As the criticisms we receive from difierent
quarters cancel each other out fairly completely, | think that there is
nothing seriously at fault. There are, however, several considerations
which critics should bear in mind. In the publication of original papers
the proceduro of the Institute is one of selection, together with some
editing and possibly reyision. It is rarely that the Institute asks for,
or directly inspires, papers on a particular subject or of a particular type.
The Publication Committee considers impartially all papers, within our
field, offered from any quarter; thus the papers we publish are a reftec-
tion of the output of original work carried out by those who consider
our Journal an appropriate medium for publication. The quality of
the papers is necessarily dependent on the quality of metallurgical
research undertaken by the Universities, Government establishments,
industrial laboratories, and Research Associations.

There is one familiar complaint on which | might make a suggestion,
more serious than may at first appear. The complaint is that the
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Institute does nofcprovide a sufflcient proportion of “ practical ” papers.
If tlie practical man who wants more practical papers will turn to and
write one—or, still better, several—on the subject about which he
probably knows more than anybody else, he will receive nothing but
encouragement from the Publication Committee. A cursory esamina-
tion of our list of members will show that this simple scheme would
provide an ample flow of practical papers. The difiiculty is really this :
The metallurgist who carries out a piece of research always writes a
report or paper about it—otherwise his work is almost certainly wasted
—and does his best to have it publishcd unless there is some good
reason why he should not. The practical man who has improved his
particular line of manufacture beyond the average level is often satisfied
with the other well-deserved rewards of his ability and work, and has a
natural reluctance to tell us all about it. Quite apart from any desire
for secrecy, he is often much too busy to write papers, he has not
been accustomed to do so, and sees no special reason why he should. |
cannot help tliinldng, however, that some sister Institutes are more
fortunate in this respect than we are, and that the leaders in the technical
management of their industries recognize some responsibility for describ-
ing, in papers to their Institute, the technical developments they have
directed. It is also my expeTience that the first-rate practical man
often writes an extraordinarily good paper, not infrecpiently a model
in terse and direct expression which metallurgists might study.

The writing of scientific papers might well form the main subject of
a Presidential Address in more competent hands than mine. There are
excellent books on the subject, too little known and studied,* and the
booklets issued by other Institutions,f as well as our own “ Notes to
Authors,” provide valuable guidance on many points of detail. These
publieations naturally deal chiefly and at some length with the technicjue
of scientific writing, and in reading them it may be a little difScult to
see the wood for the trees. | should like to suggest one way in which
an author might consider his paper before, during, and after writing it,
and two or three definite rules which are thus brought into prominence.
The suggestion is the simple one of regarding the paper from the point
of view of the probable readers and their needs. These readers may be
of several types, but in generat they are busy, hard-working people who
want to enlarge their knowledge and to be helped in their own woTk.

*  The following are in the library of tho Instituto of Metals : Clifford Allbutt,
“ Notes on the Composition of Scientific Papers ” ; H. A. Watt, * The Composition
of Technical Papers * ; Trelease and Yule, * Preparation of Scientific and Technical
Papers ” ; T. A. Rickard, “ Technical Writing.’

t »éfm “ Information Conceming tho Preparation of Papers.” Institution of
Mechanical Engineers, 1933.
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Thcy arc not particularly interested in liow much labour went to the
making of the papcr. Somctimes thcy are cven bored by the author’s
speculations, and they are not examining him as a candidate for a higher
degree. The first requirement which is emphasized by this way of
looking at a paper is that it should constitute a real addition to know-
ledge. The experimental work must not only have led to trustwortliy
results, but must be sufliciently important to justify permanent record.
I should have regarded this as too obvious to mention were it not that
we sometimes receivc papers which are rejected because they do not
pass this test.

| consider the merit of conciseness to be next in impoitance to
the reader. In my opinion, there are few papers which are not
capable of some improvement in this respect. Many an excellent
paper might have been more excellent still if the writer had rigorously
revised it, cutting out all superftuous matter, and expressing his meaning
in the fewest words consistent with cleamess. Some papers containing
useful Information worthy of publication have to be rejected because
they also include unnecessary matter and are far too wordy. There are
many ways in which papers may become needlessly lengthy. Abortive
experiments may have cost the writer many hours, but the briefest
account is usually sufficient to prevent others from doing similar unfruit-
ful work. Experimental evidence must be presented in sufficient detail
to support the conclusions reached, but can often be highly condensed
with advantage. Polemics can be badly overdone. One of the
essential cjualities of the good research worker, a elear idea of what he
is doing and why he is doing it, is equally important when he comes to
write his paper, and will certainly help him to writc concisely. Perhaps
the worst fault of all, unfortunatcly not uncommon, is the use in a
sentence of twice as many words as are necessary to express the meaning
intended. A command of terse, pregnant English is a valuable posses-
sion to the writer of a scientific paper, and is worth much trouble and
labour in its cultivation. If an author sciutinizes one sentence after
another, he will often be surprised to find how many might be put in
fewer and shorter words, with no loss whatever, and often with a gain,
in force and clarity. Brevity in papers is important to the Institute in
its efiect on cost of publication. Printing and publishing costs alone
(which are by no ineans all the expenditure involved) are of the order
of 25s. per page of the Journal. With a given limit of expenditure, an
average reduction of length of papers by 20 per cent. (not an unreason-
able estimate of what might often be possible, without any injury to the
paper) would enable us to publish about seven more papers every year.
In urging authors to be as brief as possible, | do not forgetthat occasion-
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ally a papcr is written describing sonie advance wliich is so outstanding
as to justify great detail and elaboration. Possibly some authors
are more inclined to put their own papers in this class than are Pub-
lication Committees. Such papers form only a smali proportion
of the useful research reports which will always constitute the bulk of
scientific publieation.

In connection with publieation costs, members may not be aware
that the gross cost of our abstraets is not less than 1 per member per
annum. | do not think our abstraets are surpassed anywhere in com-
pleteness, promptitude, and quality, but we are now considering whether
further improvement might not be possible, perhaps in the direction of
excluding a certain proportion of papers of relatively smali importanee
or leaving to other abstracting bodies some fields of work on the border
line of our own. The space thus saved might be used for fuller abstraets
of papers which are more important to us.

I should like to devote the remainder of my time and space to some
broader consideration of the field of work of the Institute and the related
branches of industry and of science. In particular, I wish to refer to
certain developments in co-operation, actual or possible, within and
without our special field, which are of moment to us.

In a recent book * T. A. Eickard has expounded, with a wealth of
historical fact, the theme that “ civilization was developed on a metallic
basis.” On this question it is not easy to distinguish between cause
and effect. Whether man’s early steps towards cmlization led to, or
alternatively were conditioned by, his gradually inereasing use of
metals may be a matter for argument. Certainitisthatmetals are the
chief materiat basis of our present industrial civilization. Some other
materials stand higher than the metals as primary necessaries, in the
guantities used, or in money value, but every kind of production,
industry, transport, and communication is now dependent on metallic
tools, machinery, and other ecjuipment. The extent to which this
dependence has inereased in our lifetime is illustrated by Rickard s
statement that during the first twenty-five years of the present century
the world consumed a larger quantity of the metals than in all preceding
time. Figures given by Sir Harold Hartley, in the 1933 James Forrest
Lecture, for the woTld’s production of twenty-one metals in 1900 and in
1930 show that production had at least doubled for all the common
metals in these thirty yeaTs, whilst in some cases the inerease was far
greater; for example about thirty-six times as much aluminium was
produced in 1930 as in 1900. In quantity produced, iron exceeds all
other metals eombined. The world is equipped to-day to produce not

* T. A Rickard, “ Man and Metals.” New York and London : 1932.
VOL. LIV. c
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less tlian 130 million tons of steel per annum, as compared witk probably
not more than s million tons of other metals in all forms. In variety
and value, however, tlie ratio is very different. Furthcr, one of
tlie maili metallurgical trends of the present time is tlie inereasing
dependence of iron on non-ferrous metals, botli as alloying additions
and as protective coatings, for overcoming its corrodibility and improv-
ing its otlier properties.

An indication of tlie importance of tlie non-ferrous metals industries
in Great Britain is given by the Census of Production figures for 1930,
which show that the value of non-ferrous metals and alloys, excluding
the precious metals, produced as ingots, castings, plate, rod, tube, and
similar forms is not less than £40,000,000 in a normal year, copper and
eopper alloys accounting for about half tkis amount.

These few figures are sufficient to show that the field of tliis Institute
in the study of the non-ferrous metals and their utilization is large,
important, and inereasing. In tkis spkere tke Institute has played a
great part in tke encouragement of science. It exists “ to promote tke
science and practice of non-ferrous metallurgy,” but as practice becomes
more and more dependent on science, | do not tkink that | am biassed
in suggesting that we are, and must always be, primarily a scientific body.
Althougk some of our most aetive and kelpful members modestly
disclaim any considerable scientific knowledge, tkey often do them-
selves injustice in tkis matter, and | tkink tkat tkeir membership
is proof of tkeir interestin and support of science. It is an obvious trutk
that the increasingly rapid progress of science and its application to
every side of life is one of the outstanding characteristics of tke present
day. Indeed, our progress in tkis direction kas been blamed for tke
unpleasant symptoms of industrial and economic dislocation whick
continue to skake our civilization. Tkat tkis view is fundamentally
erroneous kas been well skown very recently by Mr. H. T. Tizard.*
Other causes, immensely potent, amply account for the economic
troubles of tke world, and | find it impossible to believe tkat our diffi-
culties of tke last few years would in any way kave been lessened if
science and its application kad halted in their progress. There is indeed
much to be said for the view tkat tke effects of tke industrial depression
have been mitigated in some directions by scientific progress, and
certainly some of the newer industries wliick kave arisen purely as a
result of tke advance of science kave suffered far less than tke
primary producing industries and tke long-establisked so-ealled basie
industries.

*  “Scienceand the Industrial Depression.” Presidential Address to the Science
Masters Association, January 1934.



Presidential Address 35

Thie dangers of a civilization wliich rcsts so largely on a basis of
applied science while a truty scientific outlook is confined to a very smali
proportion of the population have often been pointed out. | hesitate
to say whether they are any greater than the dangers to which all
civilizations liave been exposed—dangers so abundantly illustrated
throughout history. They are, however, very real, and | think that
there can be little doubt that the Stability of our civilization would be
steadily strengthened by a growth of the scientific outlook throughout
all sections of the population. This is primarily a matter of education,
but education is by no means confined to scliools and universities, vastly
important though these agents are. | suggest that in promoting the
spread of scientific ideas throughout the metallurgical and other indus-
tries we serve, we are doing far more than merely making these industries
more profitable to those who are dependent on them : we are encourag-
ing forces making for $tability and ordered progress in civilized life.

I have spoken of S$tability and of civilization resting on applied
science. These expressions may be misleading. Whatever modern
civilization may do, it cannot rest, nor can its $tability be of the static
kind we seek in our structures. It can only be a balance, continually
adjusted, of powerful forces and perpetual movements. We must
abandon the ideas of permanence, of keeping things as they are, of a
goal where we can rest when we have reached it. Continual change is
our lot. Indeed, it has always been so, although to us it may seem that
the rate of change is faster than ever before.

All this may be thought to be remote from the matters which
primarily concern this InstiUite. What | want to suggest is that in the
industries and institutions in which we are interested, we must accustom
ourselves to the idea of constant change, of continual progress, of the
rapid absorption and application of new knowledge and fresh ideas.
The alternative is growing disharmony in our technical and economic
organization as we fail to change in a changing world. In industry it is
not merely a matter of losing markets to our competitors; this is a
symptom, though a distressing one, of a failure to take our part in
the march of progress. It must be admitted that in some sections of
industry there is still great inertia. Reluctance to take part in the
search foT useful new knowledge, and even to make use of knowledge
which is freely ofTered, is still too prevalent.

Our Institute provides one powerful co-operative agency for over-
coming this inertia. By aSording facilities for publication and the
exchange of information and opinion among its members and all who
are interested throughout the world, it gives a great impetus to the
application of science. It assists and supplements the work of the
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industrial research laboratories and Research Associations which are
the main channels for the utilization of science in manufacture.

Anyone considering the present position of science in industry must
first be impressed by the estent to which the industrial scientific
organizations, and the use of really scientific methods in manufacture,
are the creation of the last twenty years. Some important and active
research laboratories have been maintained much longer than this by
the dyestuffs and other branches of chemical manufacture, and by the
electrical industry, but it is broadly true that the large industrial
research laboratories of to-day either did not exist, or were merely a
fraction of their present size, twenty years ago. The stafi of the
National Physical Laboratory, which has a large output of industrial
research as well as other work, was about 150 in 1913 and 590 in 1933.*
A Bulletin of the National Research Council (U.S.A.) issued in 1933
gives particulars of 1575 industrial research laboratories in the U.S.A.,
few of which were in existence twenty years ago. It has been estimated
that about £4,000,000 is spent annually on metallurgical research and
development in the United States.f The Mellon Institute of Industrial
Research was founded in 1913, and the Battelle Memoriat Institute is
more recent in origin. These are two outstanding exanrples of many
large institutions undertaking metallurgical research for industrial
purposes. None of the British Research Associations is yet twenty
years old.

It is perhaps more interesting to study, beyond the mere growth of
industrial research, the ways in which co-operation has fostered this
growth. Towards the end of the War the Government began its great
experimentresulting in the establishment of more than twenty Research
Associations, in which different sections of an industry, and many
different industrial concerns, co-operate among themselves and with
the Department of Scientific and Industrial Research to carry out
research and development for the benefit of the industry. The lately
issued Annual Report of the Department gives in some sisteen pages a
broad review of the experiment from its beginning, when “ the scheme
yisualized the formation of national research organizations to stand
behind and supply with new ideas, new methods, new standards of
quality, the principal Industries of a nation dependent for its very
existence on its power to feed itself by means of the sale of its manu-
factured articles.” Not less than £3,000,000 has been applied by the
Associations in research and related actiyities within fifteen years, but

* Sec the annual Re-ports of tho National Physical Laboratory.

t C. E. Mac mgg g Research and Development in Metallurgy,” J. Franklin
Insi., 1932, 213, 583604
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while recognizing tlic substantial success of tlie expcriment, tlie Depart-
ment is emphatic in its view that researcli asséciations are in their
infancy, and that a substantial development of the movement is needed.
In our own industries there are three main groups, engaged respec-
tively in the mining and production of metals, in the manufacture of
semi-fmished products, and in the production of finished articles. Each
group overlaps the others to some extent, but the classification holds
broadly. Until eomparatively recently the producers of the raw non-
ferrous metals rarely took much interest in their products after they had
sold them, and incidentally they regarded thc field of the Institute of
Metals as being outside their province. A profound change in their
attitude, gradual at first, is now proceeding rapidly. The niekel pro-
ducers have found it worth while to study in great detail the ultimate
uses of niekel, and to spend large sums in researeh and in the develop-
ment work necessary to secure the apphcation of the results of researeh.
In similar or other ways the producers of aluminium, copper, and tin
are following the same policy. It is especially interesting to note that
this is leading to eo-operation, not merely between the producers of a
particular metal—as, for example, in the International Tin Research &
Development Council—but between the primary producer and the
manufacturer of semi-finished products, and, further, between the
groups in these two classes in several differentmetals. Thus the British
Non-Eerrous Metals Research Association includes in its membership
producers of copper, aluminium, niekel, tin, zine, lead, and other
metals as well as the manufactuTers of plate, bar, tube, wire, &c., and
many classes of users. In this way all these interests jointly support
and control researeh for the non-ferrous metals industries generally.
There is, however, one considerable section of industry which as
yet is scarcely touched by the movement towards co-operation in the
advancement and application of science. Sir Frank Smith, whose posi-
tion as Secretary of the Department of Scientific and Industrial Research
enables him to keep his finger on the pulse of science in industry more
eonstantly than probably anyone else, has pointed out, in his 1932
Norman Lockyer Lecture, that in 128,000 factories employing about
s million workers less than 500 employ more than 1000 workers each,
and more than 100,000 factories employ fewrer than 100 workers each.
These figures show that the great majority of these 5 million workers are
employed in smali industrial units. In the industries using non-ferrous
metals there are thousands of concerns which, although as a rule
individually smali, in the aggregate constitute a most important section
of manufacturers, as measured by the total Capital used, the number of
workpeople employed, and the value of their total production. They
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are engaged in tho manufacture, from the intermediate products which
they buy, of finished articles of cnormous variety, by processes of draw-
ing, spinning, welding, brazing, solderiug, and so on. They apply
surface fmishing processes such as polishing and electro-plating. By
I°ng experience, trial and error, and empirical skill often raised to great
perfection, they may be thoroughly expert in their particular line of
work, but it is rarely that they regard themselves as in need of any
scientific knowledge. Herc is an undeveloped field for the extension of
science in industry, and there is no doubt that these concerns might
profit greatly from association with technical organizations. More
scientific trainmg and knowledge among the controlling personnel of
these smali units appear to be needed if they are to take advantage
of what science can do for them. Tlius we are brought back to the
question of the scientific outlook.

I should now like to turn from the definitely industrial aspect
of our work to the more purely metallurgical in the scientific sense, and
to suggest that here again co-operation can be further extended with
advantage. Wo.ithin the Institute co-operation is fostered among those
interested in each of the many sides of non-ferrous metallurgy. Some of
us have difficulty in understanding others, and when, for example, our
enunent corrosion experts are expounding their theories, the X-ray
worker is apt to talk to his friends in the entrance hall. In spite of the
wide differences in outlook among our members, we ought, I am sure
to continue to encourage the corporate spirit, the exchange of experience
and opiruon among those working in different fields or on different
economic levels, those whose interests are mainly industrial and those
occupied more with the scientific side. It is often remarked that this
is an age of specialization. | regard specialization in any one direction,
so far as it results in the neglect of other aspects of science, or indeed
other aspects of culture and of life, as a necessary evil. Necessary
undoubtedly, smce we need increasingly the man wlio learns more and
more about less and less, but also an evil, and most certainly an evil if
begun too early in life. | do not know whether the bad effects of a
needlessly early specialization are more in evidence in metallurgy and
the metallurgical industries than in comparable circles, but they cer-
tainly exist there. | see no reason whatever to think that our scientific
and technical personnel of the future will be any the worse in their own
special work if, while they are still young enough, they become
acquainted with other branches of science and develop a real interest in
wider fields of knowledge and activity. Economic developments and
difnculties of the last few years surely mdicate one direction in which
the tremendously mcreased productivity of industry might be applied
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with great benefit, and that is in extendiug the years of real education
in which wider interests can grow, and in postponing the cramping
specialization which cuts off£ so many from a fuller life. | suggest that
the development, in earlier years, of a wider scientific knowledge and a
wider common culture will make it easier for members of an Institute
suck as this to understand each other, and to meet on common ground
wken, in later years, they have become concentrated on diverse special
interests. This must apply mainly to coming generations, but possibly
we can do something to encourage progress in this direction.

A suggestion bas been made that the Institute might from time to
time organize discussions appealing to selected groups of members.
For example, those interested in equilibrium diagrams of alloy systems
might have a meeting for their special benefit at wliicli several consti-
tutional papers would be presented and discussed. | hope that we shall
follow up this suggestion. | am sure, however, that such sectional
meetings ougkt not to replace our generat meetings, at which members
may learn at first liand something of the original scientific and technical
work being done in fields other than those in which they are themselyes
working. Itisnotuncommon that the results of research can be applied
in quite unexpected directions.

So far | have had in mind the many different sections of non-ferrous
metallurgy, but it may be profitable to consider also the interdependence
of ferrous and non-ferrous metallurgy. No one will dispute that there is
no sharp division between these two branches of our science, and not a
fcw of those who have attained distinction, including more than one of
my predecessors in this chair and several members of our Council, ha\e
been equally eminent in both fields. Again, many engineers and users
of the metals are equally interested in iron and Steel and in the non-
ferrous materials. Such research laboratories as the National Physical
Laboratory, those of the defence services, as at Woolwich and. at
Farnborough, and the Research. Departments of the railways consider
impartially ferrous and non-ferrous materials in both the metallurgical
and engineering aspeets. The schools of metallurgy at the Universities,
of course, teach and work on both sides, although perhaps at Sheffield
steel has had the preference, and the non-ferrous materials at Birming-
ham. Thus there is no lack of points of contact. Nevertheless, many
metallurgists, naturally and properly, work entirely in the one field
or in the other, and sometimes their concentration on their own field
leads to a certain neglect of progress in the other and of the lessons
which may be learned from it. The separation is more definite on the
manufacturing side, and it is not uncommon to find those in technical
control in steel works or in non-ferrous metal works rather conspicuousl\
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ignorant of corresponding processcs in the other fields, and perhaps a
little scornful of them.

The two Institutes which have these two fields for their respectiye
provinces have always been on the most friendly tcrms. It is not
long since they held a most successful joint Autumn Meeting. They
have many members in common, and even some Members of Council.
They are alike in constitution, and generally in their methods of
working, although some differences in details of operation—for
example, in publication—have developed. The scientific and technical
sections of their respective subjects are very similar, with one
important exception. The Iron and Steel Institute includes in its
field process metallurgy (the extraction of the metal from its ores) and
to some extent mining, which we do not, mainly because these subjects,
for non-ferrous metals, are the province of another active Institute.
This inclusion of process metallurgy by the Iron and Steel Institute
corresponds with the muchcloser associationof theprimary, intermediate,
and finishing processes of manufacture, the operations of mining, smelt-
ing, conversion into steel, and rolling into the finished product not
infregquently being carried out by the same company as a co-ordinated
sequence, and sometimes within the same ring fence. We have seen a
certain tendency towards a closer association of the suceessive stages
in the non-ferrous industries, actually very advanced in the aluminium
and nickel industries, but in others mainly evidenced by a greater
interest on the part of the producers as to what becomes of—perhaps |
should say what can be done with—the raw metal they endeavour to sell.

The division of the field of metallurgy into halves by the two
Institutes has all the advantages of specialization, and certainly the field
is sufficiently vast thoroughly to justify this division, but perhaps it
accentuates what is after all a somewkat arbitrary separation. Occasion-
ally our own Publication Committee has to consider whether a paper
submitted to it is genuinely non-ferrous—at any rate to the extent of
50 per cent.—and no doubt our neighbours are now and then faced with
a similar question. Then there is the puzzling case of the paper which,
quitc properly, and indeed with great gain to the treatment of the
subject, deals with closely similar phenomena both in steel and in non-
ferrous alloys.

It will at once be admitted that on the purely scientific side the
distinction between ferrous and non-ferrous metallurgy is wholly arti-
ficial. The problems of crystallization from the liquid state, effects of
hot- and cold-working, constitution of alloys, and control of structure
and properties by heat-treatment are essentially similar; so also are
the yarious complex phenomena exhibited by metals and alloys when
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subjected to stress—elasticity, plaatic distortion, creep, fatigue, and so
on. Several alloy systems show their own characteristic phenomena
not found in other alloys; this is true of the iron-carbon system and the
extraordinarily complex and varied series of alloys based on that simple
binary system. The progress now being made by Dr. Hume-Eotliery,
at Oxford, in his search for wide gcneralizations, based on erystalline
and atomie structure, seems likely to bring more order into the appar-
ently unrelated differences between different alloy systems, and
possibly in time the peeuliarities of some alloys may appear to be less
peculiar from the scientific point of view.

Even on the practical side, where the distinction is a very real
one, there is much common ground in ferrous and non-ferrous
metallurgy, and it may be worth while to consider briefly some of the
sections of metallurgy in which the common interest of the ferrous and
non-ferrous sides has some special features. The subject of corrosion
will at once occur to us all, because of its practical and economic import-
ance, together with the difficulty and scientific interest of the problems
it puts to us. If the subject is held to include corrosion-fatigue and
oxidation at high temperatures, the durability of metallic structures
and components depends almost solely on corrosion and abrasive wear.
Research on corrosion is now probably more activc than ever before.
In our own country several large industrial laboratories are taking a
large share, perhaps mainly on somewhat empirical lines, a good
deal of attention properly being paid to methods of testing corrosion-
resistance which will give a trustworthy guide to behaviour in service.
The more fundainental work proceeding in the laboratories of Dr. U. R.
Evans at Cambridge and of Dr. G. D. Bcngough at Teddington is well
known to all of us. This Institute was responsible for much pioneer
work in its condenser tube corrosion research, transferred a few years
ago to the British Non-Ferrous Metals Research Association, and still
in active and fruitful progress. In its atmospheric corrosion research,’
extending over a number of years, that Association did much to establish
and extend the explanation of corrosion-resistance by the formation
of osjgized protective films. The building up of these films, before or
during exposure to corrosive conditions, their continuity, adhesion, and
impermeability, their damage by meclianical or other action, their
efiective repair when damaged, are now recognized as the essential
features of corrosion-resistance in metals and alloys when not protected
by coatings of other materials. It is obvious that corrosion research
cannot be sharply divided into ferrous and non-ferrous, the mechanism
of oxidation, generat or loeal, and of film formation or breakdown, being
much the same in Steel as in many non-ferrous alloys. The phenomena



42 Presidential Address

of intercrystalline attack under corrosive conditions, exhibited in so
marked a degree by tlie earlier austenitic chromium-nickel stccls of tho
18:8 type after certain kinds of heat-treatment, are found in a number
of non-ferrous alloys, and the explanation found in the one case may
have application in others, as may also the remedy.

Corrosion leads to protection, and the position here strikingly
illustrates the non-ferrous invasion of ferrous metallurgy. The stainless
steels eontain large percentages of non-ferrous metals, but still more
important is the use of non-ferrous metal coatings to protect steel from
corrosion. Tin, zinc, nickel, chromium, cadmium, aluminium, applied
by hot-dipping, electrodeposition, or other method appropriate to the
metal used for protection are all effective for particular conditions of
use. The suppression of porosity in tin coatings, of cracking in chrom-
ium plating—to mention two directions in which there is need for
progress—would benefit a number of industries. This is clearly a
field in which there is no rivalry between ferrous and non-ferrous
metallurgy, but a cali for co-operation in a common aim.

In a widely different section, the casting of metals and the production
of ingots and castings free from defects which reduce their serviceability,
the connection is less obvious. The methods of steel melting and the
scale on which it iscommonly carried out, as well asthe special character-
istics of liquid steel, might be tliought to render the production of
sound steel ingots an entirely individual problem. The five substantial
reports of the Heterogeneity of Steel Ingots Committee of our sister
Institute make little reference to non-ferrous ingots. ITevertheless,
these reports may profitably be considered together with a book just
published on the Casting of Brass Ingots.* The phenomena of crystal-
lization, shrinkage and piping, segregation, gas cavities, effects of
turbulence of the stream of metal in the mould, and osidation of the
surface of the liquid metal are common to most alloys, including steel,
although their relative importance varies widely in difierent materials.
The intricate problems connected with gases in metals are particularly
difficult to attack in the case of steel, because of the high temperatures
concerned and the complexity of the chemical and physical erjuilibria
applying, of which so little is known. It is not unlikely that the some-
what more amenable, although still difficult and important problems of
gases in eopper and aluminium and their alloys may yield more readily
to investigation. Extensive researches on these material§ are in fact
leading to generalizations which may have application to many other
alloys, including steel.

* Gendors and Bailey, "The Casting of Brass Ingots.” British Non-Ferrous
Metals Research Association. London: 1934.
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Engineering and chemical progress continue to make more insistent
demands for materials to withstand higli temperatures. This has led to
intensive investigation of the creep of materials under stress at high
temperatures. Much of this work is necessarily empirical, amounting
to the determination of the creep characteristics of steels of different
types and the study of the effects of different alloy elements on creep.
Attention is being given, however, to the fundamental causes and
mechanism of creep, which are probably much the same in the creep at
atmospheric temperatures of metals and alloys of low melting point as
in steels at high temperatures. The effects of crystal size, recrystalliza-
tion, &c., are more easily investigated at ordinary temperatures, and it
seems probable that the study of creep in alloys of lead, tin, and other
metals of low melting point, a study practically important in itself in
other connections, may also tlirow light on the mechanism of high-
temperature creep in alloys of high melting point, including steels.

After this rapid and estremely incomplete referencc to some close
contacts of ferrous and non-ferrous metallurgy, I make no apology for
returning to the subject of publication. Those who remember the
facilities for periodical metallurgical publication in English of twenty
years ago know how inadequate they were. Apart from the Journals
of the Iron and Steel Institute and the Institute of Metals, publishing
original papers in half-yearly batches, there were scarcely any English
periodicals of standing devoted solely to metallurgy, and metallurgical
papers and articles were scattered over a large number of periodicals
dealing mainly with other subjeets. We depended a good deal on the
engineering press, which deservcs commendation for the attention
devoted by it to our subject. Even now the position is not wholly
satisfactory. A list | liave prepared shows sixteen English periodicals
of standing publislied in London which freguently contain original
scientific papers in metallurgy, apart from process metallurgy. Only
tkree or four of these periodicals are primarily concerned with scientific
metallurgy, the others being chiefly occupied with other subjeets or
trade matters.

It was a dream of mine in those earlier years that if the Iron and Steel
Institute and the Institute of Metals could have collaborated in the
publication of a monthly periodical, it might have been the best metal-
lurgical journal issued in the English language, and probably in the
world. According to my vision it would have contained all the papers
presented to the two Institutes, completc abstracts, ferrous and non-
ferrous, authoritativc reriews of progress in particular branches of our
work, with other articles and matter of permanent yalue. The financial
and other difficulties of such a scherne were great even twenty years
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ago, and havc probably increased considerably with passage of time,
but even now is it too lato to consider co-operation in some form in the
publication of abstracts ? Both Institutes provide their members with
an admirable abstract service, although there are diflerences in method.
The necessary interest taken by each in sections of metallurgy important
to both fields is instanced by a considerable overlap in abstracts, a
number of papers being quite properly abstracted in both Journals. To
the metallurgist with wide interests this division of metallurgical
abstracts into two series, with an important overlap, is not an unmixed
blessing. The far more difficult generat question of the great amount
of repetition and overlapping which now occurs in the various escellent
series of abstracts issued, in English alone, in different metallurgical
and chemical publieations, grows bigger and more serious every year.
It is not uncommon for independent, and usually good, abstracts of an
important metallurgical paper to appear in at least six widely used
periodical publieations in the English language. The burden of cost,
to which | have already referred, is by no means the only serious draw-
back to this needless multiplication of effort. There isno ready solution,
but many of us think the problem must be tackled in some way. If the
limited co-operation which | have suggested could be part of some larger
scheme co-ordinating the publication of abstracts in metallurgy, the
gain all round would be greater still. The standard which our own
abstracts have now reached must, however, make us consider with the
greatest care any proposal affecting the value of this essential service to
our members.

In this address | have touched upon a number of diverse topics,
strung together on the thread, perhaps a slender one, of the benefitto be
gained in so many directions by co-operation and a wider outlook. |
think, indeed, that it is more a question of necessity than of benefit, and
that we may echo the well-known words of Benjamin Franklin, spoken
on a momentous occasion, “ We must all hang together, else we shall all
hang separately.”

I cannot conclude without saying how deeply sensible I am of the
great honour you have done mc in electing me as your President. | am
only too well aware of my own limitations. To fili the high oflice of
President of the Institute of Metals at the same time as that of Director
of the British Non-Ferrous Metals Research Assoeiation is a heavy
responsibility, which | should not undertake were | not assured of the
help and support of my many friends on the Council and throughout
the membership of the Institute.



(45 )

CASTABILITY OF TERNARY ALLOYS.*
By Professor A. PORTEVIN,t Member, and P. BASTIEN,}: Dr.-es-Sci.

Synopsis.

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

|.—DeFINITION OF THE TERM * CASTABILITY” AND THE TjAWS WHICH
CONTROL THE CASTABILITY OF PURE METALS AND BINARY ALLOYS.

The ultimate aim of every foundry operation is to obtain a complete
and perfect fUling of the mould with the liguid metal, so that, after
cooling, the casting esactly resembles the pattern and is of the reguired
dimensions within the limits of error imposed by the nature of the
metal. The realization of such a result implies the knowledge of
the two fundamental properties of metal founding, caslabilily and
slirinkage.

Castability has been defined by one of us 1 as being the ability
of a molten metal to fili a mould completely, and it can be determined
by using a standard test-mould of as simple a form as possible.

During the casting operation the mould itself is heated as the metal
cools and solidifies; the castability, which we shall designate by the

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

t Professcur Suppleant a I’Ecole Centrale des Arts et Manufaetures, Paris.
t Chefde travaux a I'Ccole Nationale Supcrieure del’Adronautique; Repetiteur
suppléant i I’Ecole Centrale des Arts et Manufaetures, Paris.
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symbol A in wliat follows, depends, tlierefore, on all the factors which
control fomidry practice. These can bc classified as follows :

(cr) Factors relating to the mould and the contact between the
mould and the casting (e.g. nature of mould dressing).

(b) Factors depending on the casting (shape and dimensions).

(@) Factors defining the casting conditions (casting tcmperatures
and rate of pouring).

(d) Factors depending on the metal.

Selected Experimental Conditions.

To determinc the castability of metals we have adopted a standard
cast-iron mould 2 in the shape of a piane liorizontal spiral fed by a
vertical riser provided with a
flap-valves for’ regulating the
initial rate of feed. In order to
avoid deterioration of the mould
and to maintain the iron in a
constant physical state we have
eonfined our esperiments to the
less easily oxidized metals with
a relatively low melting point
(F), namely antimony, bismuth,
tin, lead, zinc, cadmium, and
aluminium.
The casting temperature (0)
and the initial mould tempera-
ture (0), kept constantat 18° C.
throughout the experiments,

Fig. 1—Castability of Puro Metals. were measured by means of

thermocouples.

For all the metals, except antimony and aluminium, the castability
was determined for values of 0 — F = 100°, 200°, and 300° C.; for
antimony and aluminium, the melting points of which are relatively
high, the castability was measured for values of 0 — F = 100°, 150°,
and 200° C.

Results Obtained for the Castability oj Pure Metals.

The experimental resultss are summarized in Fig. 1 and show
that for a sufficient degree of overheating the castability is praetically
a linear function of 0 — F and that the slope and ordinate at the
origin of these lines vary frorn one metal to another.

The probable shape of the curves A =/(0) can be deduced from
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the following argument. The length A of the casting in the spiral
obviously varies inverscly with F — 0; the castability increases when
the temperature of the mould rises and the yalue of F — 9 diminishes,
and becomes infinite when the temperature of the mould is equal to
that of tlie metal, i.e. for 8= F.

The mean temperature of the mould increases with 0 — F, and
tlien the more rapidly the higher are the specific heat (c) and the
density (d) of the metal; it also increases, independently of o —F,
with the latent heat of solidification (L) of the metal. Hence the
simplest expression for the castability may be written as :—

A mathematical study of the problem s leads to the more complex

relation (—
_A,C_.dToo—S L .d
A= Neip--Ligpeg+ By o

where k is tho heat conductivity of the mould.

This expression, as regards the practically linear portion of the

curve A = /(0), reduces to

2P AN 4 «KkA, @
F—8 ~"P'F—38

which is of the same form as (a). The factors a and jt depend on the
nature and dimensions of the mould, on the casting conditions (height
of pour and method of feeding), and also (but to an extent difficult to
determine owing to the lack of precise numerical data) on the viscosity
(73) of the metal.

If in expression (b) a and [Bare considered, as a first approximation,
to be constants, it will be seen that:

(1) The curves of A =f(8) are equilateral hyperbolffi.

(2) The curves of A =/ (o) are straight lines the slopes of which
are a function of the specific heat of the liquid metal and the ordinates
of which at the origin should depend on the latent heat of solidification.

If now we compare the curves of A= /(o) obtained experimentally
witli the lines given by the expression (a) for the different metals which
have been studied we see that:

(1) The classification of the ordinates at the origin agree in both
cases showing that the factor @ varies little from one metal to the
other, and that the viscosity does not appear to haye any effect.

(2) On the other hand, the slopes of the lines obtained experiment-
ally cannot be arranged in the same order as that of the products
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i.’lc_8. this indicatcs that tho factor p varies from metal to metal and

is a function of tlie viscosity.

Castability of Binary Alloys.

Among tlie factors which can influence the castability of alloys
two are of particular importance, namely —

(1) The process of solidification (solidification range).
(2) The crystallization (faces and speed of crystallization).

As we have already said, the metal crystallizes during its travel
along tlie spiral mould, and we can therefore forecast that the solidifica-
tion range will have an effect on the castability; further, we can dis-
tinguish tliree stages in this range from the point of view of the con-
tinuity or the dispersion of the phases,e namely:—

(1) The crystals of the solid phase are not yet sufficiently developed
to make contact with one another and, therefore, swim in the liquid;
the liquid phase is continuous and the solid phase discontinuous,
hence the two phases are susceptible to displaeement;

(2) The crystals of the solid phase are sufficiently developed to
make contact with one another, and are thus immobilized to a felted
mass through which the liquid can circulate; both liquid and solid
phases are continuous, but only tlie former is susceptible to relative
displaeement;

(3) The development of the crystals of the solid phase is such that
they form partitions immobilizing the liguid; the solid phase is con-
tinuous and the liquid phase discontinuous, hence 110 relative dis-
placement and no important segregation are possible.

The relative importance of these three stages depends not only on
the solidification diagram and the composition of the alloy, but also
on the rate of crystallization and on the crystal form. Thus it is
obvious that the mode of crystallization will have an effect on the
castability, and that alloys in the neighbourliood of the euteetic will
show a characteristic behaviour, since, in their case, the first stage is
relatively much the most important.

From the results of tests we have made on binary alloys of anti-
mony with lead, cadmium, and tin we have deduced the following
laws:—

With a constant degree of overheating, 0 — F,

(a) The castability yaries inversely with the solidification range,
reaching a relative maximum when the melting is eongruent (pure
metals, eutectics, and alloys of a composition corresponding with a
maximum on the liquidus line) and a minimum for saturated solid
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solutions. Tlie castability of antimony-lead alloys (Fig. 2), which
form a simple eutcctiferous system with a limitcd solid solubility at

0 0 2 0 40 %0 0 0
LEAD. WEIGHT PER CENT

Pio. 2.—Castability of Antimony-Lead Alloys.

CGAOMUM\VEGHTRERCENT
Fia. 3.—Castability of Antimony-Cadmium Alloys.

both ends, shows clearly the variation of A inverscly with the solidifica-
tion range.
VOL. LIV. D
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(p) The castability depends on the shape of tlie crystals formed
and is relatively much greater when the primary crystals have convex
faces (deiinite compounds) than when they separate in dendrites (solid
solutions in the neighbourhood of pure metals). Thus the extremely
sharp maximum of A for the definite compound SbCd (Fig. 3) shows
the couibined effect of the two factors mentioned above: solidifica-
tion range and mode of crystallization.

It should be noted that the effect of the crystal shape is connected
with that of the solidification stages mentioned above; thus, a convex
shape prolongs the first stage, and, for alloys near the eutectic com-
position, the pro-eutectic crystals are less numerous and do not form
partitions which immobilize the liquid. The latter fact explains the
sharp inerease in castability at the eutectic composition.

Application of iliese llules to Cast Iron.

We have found a remarkable and very interesting application of
the laws of castability in the results recently published by Berger 7 on
a study of the castability of cast iron carried out at Liege University
under the direction of Professors Thyssen and Perin. From casting
experiments on iron-carbon alloys with 2-4-5 per cent. of carbon at
temperatures from 50° to 300° C. above the melting point Berger has
arrived at the following conclusions —

(1) For a constant casting temperature the castability rises with
the carbon content up to the eutectic point (4-3 per cent. carbon) then
commences to decrease.

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

(3) With decreasing casting temperature the characteristic shape of
the curves remains unchanged, but the castability decreases in all
cases.

(4) The maximum in the castability curve at the eutectic compo-
sition is the more pronounced the higher is the casting temperature.

These conclusions provide a striking example and a complete eon-
firmation of the rules and laws which we have enunciated above, so
much so that thcy could have been predicted in advance from the
application of these rules. Here the effect of solidification range, of
overheating, and of eutectic composition is clearly visible; as regards
the rapid inerease of the castability above 4 per cent. carbon, this is
due to the transition to alloys in which the pro-eutectic period of
solidification is entirely in the first stage, i.e. the primary crystals are
not contiguous, and it is quite unnecessary to esplain this fact on the
basis of the intervention of viscosity as Berger does.
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Il.— Castability of Ternary Alloys.

The interesting resutts obtained with binary alloys have incited
us to study the variation of tho castability of ternary alloys, and
especially to determinc the effect of successive crystallization intervals
and their relative importanee.

For these tests we liave again made use of the cast-iron mould
with a horizontal piane spiral which we used in the study of the cast-
ability of pure metals and binary alloys.

As a simple ternary system composed of metals with a low melting
point and with little tendency to oxidize, we liave taken the lead-tin-
bismuth system, the crystalliza-
tion surfaces of which have been
studied by Ckarpys and by
Shepherd0; they consist of three
liguidus surfaces falling from
the pure metals to the eutectic
point at 32 per cent. lead, 15-5
per cent. tin, and 52-5 per cent.
bismuth and 96° C. (Fig. 4).

Further, in the neighbourhood

of the pure metals there are

regions of ternary solid solutions

the extent of which are still . I . .
. Pio. 4—Eauilibrium Diagram of tlie

poorly defined. Tin-Lead-Bismuth System.

All the experiments were
made, as in the case of the binary systems previously studied, with
constant overheating of the metal, 0 — F = 100° C.

Binary Systems of Tin-Bismulh, Bismuth-lead, and Lead-Tin.

These binary systems consist of solid solutions of the metals taken
in pairs and of mixtures of these; experiments on these alloys have
shown that their castability follows the laws which we have previously
defined, namely the castability is at a minimum for the saturated solid
solutions and at a maximum for the alloy which melts congruently
(i.e. the eutectic).

Ternary System Tinr-Lead-Bismutli.

N e have explored the triangular region representing the composi-
tion of the tin-lead-bismuth alloys with the aid of sections normal to
the piane of concentration of the following three types —

(@) A transverse rectilinear section, such as |i\E '2 passing through
the two binary eutectics Ex and E 2 (see Figs. 4 and 5).
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(2) A rectilinear section sucli as M 'N' parallel to the vertical piane
passing through the binary eutectics E2 and Es.

(3) Ttiree curvilinear sections, E\E', E’ZE', and E'3E', passing
through the binary eutectic lines of the system (Figs. 4 and s).

From our experiments we liave reached the following conclusions —

(A) The castability of the ternary eutectic alloy is an absolute
maximum, and is much greater than that of any of the binary eutectics

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

in the system. The values obtained for the four eutectics were as
follows—
Asn-Bi= 36cm.; ABi Pb= 30cm.; APb sn= 26 cm.; APt) BL. Sn= 55cm.
The influence of the crystallization stages already mentioned in
connection with binary alloys is thus applicable to explain the sharp
peak on the castability surface corresponding with the ternary eutectic.
(B) The castability of ternary alloys varies inversely with the
primary solidification range, the effect of which is of paramount im-
portance; the secondary solidification range simply acts in the nature
of a corrective. From this it follows that : ~
(1) The binary eutectic lines EJi, E2E, E3E, characterized by the
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eguilibrium of two kinds of crystals in the prescnce of liguid (primary
solidification range nil) correspond witli the lines of the crests in the
castability surface. The castability along these crests varies inyerscly
with the secondary solidification range (Fig. s). Especially noticeable
is the minimum of castability for the alloy situated at the junction of
the two- and three-phase fields; this minimum corresponds well with
a maximum in the secondary crystallization range.
) The lines bE, cE, hE, of intersection of the surfaces governed by

the secondary crystallization correspond with the yalleys in the ternary
castability surface. This is easily explained if it is assumed that the

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

primary crystallization range is a maximum for alloys which separate
along the lines b'E’, e'E', h'E*. The intersection of one of these valleys
of the ternary castability surface is shown clearly on the section E{E*
(Fig. 5), where it corresponds with a minimum of A and with the
maximum of the primary crystallization range shaded. The section
M'N" gives a similar result.

?3) Finally, for equal solidification ranges alloys in which the
primary crystals are bismuth with polyliedral faces have a greater
castability than those in which the primary crystals are lead or tin
dendrites. This fact confirms absolutely the efiect we have already
noted in the case of binary alloys of the shape of the primary crystals.

‘lhe laws enunciated above are in perfeet harmony with those
established for binary alloys; they are simply complicated by the
presence of two solidification ranges.
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Fig. 7 is a photograph of a wax model reprcscnting the castability
surface of tin-lead-bismuth alloys showing the results described above,
partieularly the sharp peak corresponding with the ternary eutectic
and the crests corresponding with the binary eutectic curves.

An application of these casting laws is found in the work of Berger
on the castability of phosphoric cast iron, the results of which have
just been communicated to us by Professor Thyssen. The author
reaches the following conclusions i —

“ For a constant casting temperature and constant carbon content
the castability increases with the phospliorus content up to the eutectic
composition based on the carbon content. With a further increase
in the phospliorus content the castability decreases rapidly at first and
then remains fairly constant. In the hypoeutectic region the increase
in castability is the more marked the nearer the composition approaches
that of the eutectic.”

These conclusions are in perfect agrccment with the laws we have
enunciatcd. Further, on the curve of castability of phosphoric cast
iron there is a similar minimum along the binary eutectic line, as we
have indicated above.

I1l.—The Castability Method of Stodying Alloys.

The castability test can be applied in a practical sense in the study
and control of foundry practice, as well as in a theoretical sense in the
confirmation of solidification diagrams.

| — Practical Use in the Siudy and Control of Foundry Conditions.

We summarize below the value of the castability test in the foundry,
referring the reader to our previous publications 10 for fuller details.

(a) It provides a method for choosing alloys with good casting
properties and with a large margin of safety in casting; the latter is
defined as that temperature range the lower limit of which is controlled
by the castability and the upper limit of which depends on the
mechanical properties of the metal, the other plienomena and faults
of founding (piping, shrinkage, cracking, &c.), the reactions of the
molten metal on the mould, and the chemical changes in the metal.

(6) It provides a method for controlling the casting temperature
for a given casting, having the advantage of adjusting the temperature
by the same property which comes into play in founding, thus eliminat-
ing the unknown function A=/(0).

() It provides a method for preventing impairment of the guality
of the metal, especially in the case of light and ultra-light alloys. 11
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(d) It provides a means of ehoosing mixtures for moulds and a
method of selecting mould temperatures, especially for the study of
the effect of factors which affect the cooling by modifying tbe thermal
properties (conductmty, heat of vaporization or of decomposition of
substances incorporated in the moulds).

We have already given examples of these in the casting of mag-
nesium.11

Speaking generally, it is thus possible by the castabihty method
to study and control one factor in foundry practice while keeping the
other factors constant.

Il — Application of Castability in Determining Solidification
Diagrams.

By reference to the castability diagrams given in this paper it will
be obvious that this method provides a convenient way of determining
the position of eutectics or of saturated solid solutions.

Here is a striking example: When we determined the castability
of antimony-lead alloys we used tho equilibrium diagram of Dean,
lludson, and Fogler,12 which sliows only a lead-rich solid solution.
The tests having shown a sharp fali in castability at the antimony end
with alloys containing about 10 per cent. lead and a large change in
the slope of the castability eurve starting at the 10 per cent. lead alloy,
we concluded that in all probability there existed a solid solution of
lead in antimony containing a maximum of about 10 per cent. lead.
On looking tlirongh more recent work on the equilibrium diagram, we
found that Broniewski and Sliwowskiiz have shown that the lead-
antimony system comprises two solid solutions and two mixtures, the
limit of solid solubility of lead in antimony being 11 per cent. at the
eutectic temperature.

From the results of castability tests on the ternary lead-tin-bismuth
system we have been able to make several corrections in the solid
solution ranges, the extents of which have so far been mdicated only
in outline.s Thus in the curvilinear sections E\E', E\E', E'3E’ the
transition from a two-phasc to a three-phase field is marked by a
well-defined minimum of castability. Similarly, in the vertical sec-
tions, such as E\E '2 and M'N’, the points where these planes cut the
lines bE, eE, hE, of intersection of surfaces controlled by the secondary
crystallization correspond with minima in the castability curve.

As a result of all our work on the castability of binary and ternary
alloys, it seems to us that the determination of this complex property
provides a new method of finding the eutectic composition in an alloy
system and of delimiting the solid solution ranges.
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DISCUSSION.

Pkofessor Dr. A.von zeerleder *(Mernber): This paper describcs a very
interesting scientific application of Professor Portevin’s method of determining
the castability and fluidity bfaluminium and its alloys based on more scientific
inyestigations.  The experiments show a very interesting paratlelism between
the eauilibrium diagram and the length of the cast spirals; the castability
test also gives results of interest to the practical fotmdry man. Since the
method was first published in 1931, the foundry laboratory of the Aluininium-
Industrie A.-G. bas adopted it for studying the castability ofaluminium alloys.
When the test conditions are identieal, i.e. having exactly the same metal
and mould temperatures, the results obtained with the same alloy differ only
by 5-10 per cent. from each other, so that an average of three tests giyes very
preeise results. Modification in carrying out the test showed that the in-
structions must be followed exaetly as they are given in a paper by Andr¢
Courty.f

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

Fig. C (Plate 1) shows the influence of different metals of different fluidity
on the length of the spiral, 1 being pure aluminium, 2 Anticorodal with 2
per cent. Silicon, 0-4 per cent. iron, 0'7 per cent. manganese, and 0'6 per cent.
magnesium, 3 being the same alloy with 5 per cent. Silicon instead of2 per cent-.,

* Chief Engineer, Alumiiuum-Industrie A.G., Neuhausen, Switzerland.
f “ Contribution ii PEtude de la Coulabilite” (Rev. MU., 1931, 28, 169-1S2,
194-208).
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Fig. E.—Influence of the Metal and Mould Temperatures on Mechanical
Properties and Yiscosity. (Antieorodal A.)
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and wshowing the woll-known Alpax with 13 per cent. Silicon. Tho lengths of
tlie four spirals are 400, 310, 410, 730 mm. respectively. The metal tem-
perature was 6S0° C. and the mould temperature 300° C.

Fig. D (Plate I11) illustrates the influence of mould and metal temperatures
on Anticorodal containing 5 per cent. Silicon with a metal temperaturo of
700° and 750° C. and a moukl temperature of 20°, 250°, 350°, and 450° 0.
The same figure also shows the influence of the mould temperature on the grain-
size of test-bars cast under the same conditions. It is a well-known fact that
higher mould temperatures inerease the grain-size and decrease the tensile
strength of most aluminium alloys. This effect is illustrated by Fig. E, which
shows that up to 300° C. the mould temperature does not reduce the
tensile strength and elongation of Anticorodal, but the inerease of the mould
temperature from 200° to 300° C. gives a very appreeiablc improvement of
the castability, inereasing the length of spiral for Anticorodal with
5 per cent. Silicon at 700° C. metal temperature from 360 to 410 mm. and for
a casting temperature of 750° C. from 600 to 750 mm. At the same time,
however, tho inerease of metal temperaturo reduces the tensile strength by
2 kg. from 28 to 26. This investigation shows that the best casting con-
ditions for Anticorodal are at a mould temperature of 300° C. with a metal
temperature between 700° and 750° C.

CORRESPONDENCE.

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

* A Portevin, “ Metallography and the Foundry,” Buli. Assoc. Tech. Fond.,
1932, 6, 19.
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MINIMUM DIMENSIONS OF TEST-SAMPLES
FOR BRINELL AND DIAMOND PYRAMID
HARDNESS TESTS.*

By G. AL HANKINS.t D.Sc.(Eng.), AR.CS, and C. W. ALDOUS.t
B.Sc.(Eng.), A.C.G.l.

Synopsis.

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

It is concludcd that a width of tost- -specimon of 44 timos the diameter
of tho impression is satisfactory for accurato Brinell tests on all tho
materials examinod. In regard to tho thickness of samples for Brinell
tests, the limiting value of tho ratio of thickness of test sample to depth
of impression for accurato results apPears to bo a characteristie of tho
test materiat; a valuo of tho ratio of 6 is requircd for mild steel, about
15 for coppcr, and moro than 20 for sprln? stool. In carrying out
diamond pyramid hardness tests on thin samples, a limiting value of the
ratio of tcst-sample thickness to impression dlagonal of li gives results
which aro practically independent of test-samplo thickness for the
majority of sheet metals, with tho oxception of soft copper and soft
brass.

Introduction.

Brinell and diamond pyramid hardness tests are widely used in the
testing and inspeetion of nearly all ferrous and non-ferrous engineering
materials, and these are now the standard hardness tests in use in
Great Britain. Their value is fully reeognized and need notbe di
cussed here, but experience has shownthat the results obtained in
such tests may be dependent, in limiting cases, on the sizes of the test
impressions relative to the dimensions of the particuiar samples of
metal on which the tests are made. Tlius, if ordinary Brinell hardness

*

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

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

i Junior Scientific Officer, Engineering Department, National  Physical
Laboratory.
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tests be made on the sidc of a mild steel bar of say 8§ in. x | in. square
section, using a load of 3000 kg. and a 10-mm. diameter bali, tbc
impressions will be larger than those obtained in similar tests on a
bar of the same materiat of say 1in. X 1 in. scpiare section; similarly,
if diamond pyramid hardness tests with a load of 30 kg. be made on
a copper sheet 0-01 in. thick, the impressions will not be the same size
as those obtained with the same test on a sheet of similar materiato-2 in.
thick. This behaviour is well known in nonnal testing practice, and
certain minimum reguirements for dimensions of test-pieces are indicated
in the British Standard Specifications for Brinell and diamond pyramid
hardness tests. These reguirements, however, appear to be based on
very limited test data, and esperience of hardness testing at the
National Physical Laboratory has shown that the standard reaguire-
ments, whilst satisfactory in some cases, do not necessarily apply to
all cases. The present investigation has accordingly been carried out
to determine, for a number of materials, the efiect of variations of test-
piece dimensions on the results of Brinell and diamond pyramid hardness
tests. The work has been carried out in the Engineering Department
of the Laboratory as part of the generat research programme authorized
by the Exeeutive Committee.
The experimental investigation comprises three sections :
(1) Effect of width of specimen on Brinell hardness test results;
(2) Effect of thickness of specimen on Brinell hardness test
results;
(3) Effect of thickness of specimen on diamond pyramid hard-
ness test results.

The study of these effects does not, of course, cover the whole range
of possible variations in test-piece dimensions, but these variations are
the mostimportantwhich may arise in normal commercial and laboratory
test work.

|. —Effect of Widtii of Specimen on Brinell Hardness Test

Results.

In order to study the effect of width of test-specimen on Brinell
hardness test results, test-bars were prepared which were uniform in
thickness, but tapered uniformly in width along the length of the bar.
Standard Brinell hardness tests were made along the centre lines of the
bars, the impressions being sufficiently far apart not to affect each other.
In this way it was possible to carry out similar tests on a uniform bar
under conditions in which the width of the bar was the only variable.
Tests of this type, carefully made in accordance with the recommenda-
tions given in British Standard Speeification No. 240, 1926, were
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carried out on Lars of soft copper, liard copper, mild steel, and spring

Each impression was measured in two directions at riglit angles

(along and across tlie lengtli of the bar), the readings being correct to

steel.

about £ 0-001 mm. The

results obtained on the e
N

softest and hardest ma-
terials aro shown in Fig. 1,
from which it can be scen
that the apparent Brinell
hardness numbers are in-
dependent of the width of
the test-piece at the higher
values of the width, but
decrease rapidly with de-
creasing width at the lower
width values. Eight series
of tests similar to those
recorded in Fig.
carried out, but as the
type of result
was more or less the same s
in all cases, detailed results

are notgiven;thematerials §

investigated, however, are
indicated in Table I. It
should be noted that at
least two test-bars were

required for each series of

w T a a —
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<
1 were m

5

obtained % s

0

Piecea.
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yf* | X

1 SILICO'MANGANESE SPRING STEEL
HARDENED
—n 10 mm BALL —
o DIRECTION OF ROLLING
x ACROSS DIRECTION OFROLLING

0-3 0-6 09 12

Fig. 1.—Minimum Dimensions of Brinell Test-
Variation of Impression Diameter with

Width of Test-Piece.

tests in order to obtain a fair variation in width., and that all the
test-bars were specially selected for their high degree of uniformity.

Table

Materiat.

Soft copper (commercially pure)
Rolled copper

Mild steel

|.—Effect of Width of Specimcn.

Silico manganese spring steel (as rolled)

gﬂico mangsinese spring stce)r(hardeﬁed and

tempere
” » » r

it

Materials Invesligated.

Correct Bali

I R A
Number. Series, K. ‘series, mm.

51 500 10

95 500 10

95 125 5

110 3000 10

275 3000 10

275 750 5

327 3000 10

408 3000 10
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In order to afiord a generatl comparison of the results, tlie mean
curves obtained in diagrams similar to Fig. 1 can be plotted on a non-
dimensional basis as shown in Fig. 2, in which “ratio of impression
diameter to normal impression diameter ” is plotted against “ ratio of
test width to normal impression diameter,” the “ normal impression
diameter” in these ratios being the diameter of impression eorre-
sponding with the fiatparts of the curves of the detailed results. Plotting
the curves in this way allows all the test series to be compared
on the one diagram; it should be realized that each curve of Fig. 2
represents the results obtained from 20 to 30 individual tests. The
results of the tests on rolled copper and spring steel, using the 5-mm.
diameter bali, were praetically coincident with those using the 10-mm.
diameter bali and are not shown separately. It can be seen from Fig. 2
that the form and position of each curve are largely independent of the
nature of the actual materiat; thus, if the test width is greater than
about 4£ times the diameter of the test impression, the result obtained
is not affected by the width of the specimen; when, however, the test
width isabout 2£ times the diameter of the test impression, the diameter
obtained in a test is of the order of 5 per cent. greater than the correct
diameter.

The relevant clause from British Standard Specification No. 240,
1926, dealing with test width is as follows : “ The centre of the impres-
sion shall be not less than two and a half times the diameter of the
impression from any edge of the test specimen.” The present tests
show that this requirement is satisfactory for all the materials
investigated.

Il.—Effect of Thickness of Specimen on Brinell Hardness Test
Results.

In order to examine experimentally the effect of thickness of test
specimen on Brinell hardness test results, test-bars were prepared
which were uniform in width, but tapered uniformly in thiekness.
Standard Brinell hardness tests were made along the centre line of each
bar, and in this way it was possible to carry out similar tests on a
uniform bar under conditions in which the thiekness of the test-bar was
the only variable involved. Series of tests of this nature were carried
out on each of the materials listed in Table II.

Before discussing the results in detail, it is useful to consider the
quantitative part of the relevant clause in British Standards Specifica-
tion No. 240, 1926, in regard to thiekness of test-specimen; it States
that: “ The thiekness of the test specimen shall be at least seven times
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Tabte II.— EJfect of Thichness (Brinell Tests). Materials Inve$tigated.
Brinell Load Used Bali Detailed
Materiat. Hardness in Test U?elgw16$ést Slstmtisn
Number. Serios, k9. ‘Sarjes, mm. Fig. No.:
Anncaled copper . 43 500 10 3
it > e * . 45 125 5 3
Soft  coppor (comniorcially
pure) e about 49 500 10 3
Rolled copper 95 500 10 4
Mild steel . . . . 116 3000 10 5
Silieo-manganese spring steel
(as rolled) 275 3000 10 5
ii it if 275 750 5 6
Silieo-manganeso spring steel
(hardened and tempered) . 327 750 5 6
> » i* nt 411 750 5 G

SOFT COPPER,ANNEALED ROUED BAR

[0 02

TEST THICKNESSJINCH

PURE SOFT COPPER.TEST-PIECES PKS 2 AND3

iomm bali
FKS 3 AL !
T i i
3-55 4S9S,
0L 02
TEST TH/CKNESS.INCH
Fig. 3.—Minimum Dimensions of Brinoll Test- detailed

the depth (9 of the test
impression as given by
. P
tlie formuta t wDH
wlicre

t = Depth of impres-

sion,

P = Load used in test
(kg).

D = Diameter of bali
used in  test
(mm.),

H = Brinell hardness
number.”

It will be noted that a
constant value of the ratio
of size of impression to
thickness of materiat is
speeified for all materials;
so far as the authors are
aware, the only prcvions
investigation of

Pieoes. Variation of Impression Diameter with
Tliickness of Test-Piece. Hardnoss of Baeking, the . matter was that
950. carried out by Moore *

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

Detailed Consideration of Thickness Results (Brinell Tests).

(a) Annealed and Soft Copper.— Tlie detailed results of tho tests on
annealed copper aro shown in Kg. 3. It will be notcd that beyond a
particular limit, the apparent Brinell hardness number increases as
tho materiat diminishes in thickness; this is clearly shown in the tests
with botk the 5-mrn. and
10-mm. diameter bali. As
would be expected, the
results of the tests with
balls of the two difierent
diameters are in fair agree-
ment as to the relative
thickness at which the
apparent hardness begins

HAROROLIED COPPER-IOmm BAU

to inerease; thus, the mean TEST THICKNESS. INCH
curve begins to rise at a

teSt thiCkneSS Of abOUt 0-12 HARD ROLLED COPPER-tomm BAU
in. for the tests with the REPEAT TEST

5-mm. bali and at a thick-
ness of about o-22 in. for
those with the 10-mm. bali;
on the basis of geometrical
similarity the value for the
1o-mm. bali should be twice
that for the 5-mm. bali,
and accordingly the results TEST THICKNESS. INGH

of the two sets of tests are Fig. 4.—Minimum Dimensions of Brinoll Test-
in fair agreement. The  Pieces. Variation oflmprossion  Diameter

results 8% the tests o |tr|1(";l't)1 %Bess of Tesfc-Pieco.Hardness .of
the pure soft copper,

shown in Fig. 3, are similar to those o011 the annealed copper bars.
Two separate bars were used which differed slightly in average
hardness, but taking the two sets of results together, it can be seen
that below a thickness of about o-22 in. the apparent hardness number
increases with diminishing test thickness in the same way as for the
annealed copper. When the results are expressed in terms of the ratio
of test thickness to depth of impression as in the Standard Specification,
it appears that the ratio should be about 15 for results independent of

thickness to be obtained. With a test thickness of 7 times the depth
VOL. LIV. E
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of impression the crror in thc apparent Brinell hardness number of soft
copper would appear to be about 7 per cent.

(b) Rolled Copper.—The detailed results of the tests on rolled copper
are shown in Fig. 4. It has already been stated that each test impres-
sion was measured in two directions at right angles, and in the tests
on rolled copper the differences in the two directions were quite definite.

o DIRECTION OfROLLING The curves show that
X ACROSS DIRCTIONORHP LL™ below a certain limiting
value the apparent

Brinell hardness num-
ber decreases with de-
crease in thickness of
test specimen, and the
behaviour is accord-
ingly quite difierent
from that of soft cop-
per. The thickness
effect begins at a ratio
of test thickness to
depth of impression of
about 14.
(c)

Detailed consideration
of the results on mild

SUICO-MANGANESE 0.*.8§7 . )
SPRINC  STEEL steel, shown in Fig. 5,
AS ROLIEO 0 .<*5, . .
10mm BALL TEST-PIECE S6T 14Al IS Of interest. In the

first place, it will be
noted that the materiat
.S . possessed definite di-
TEST THICKNESS. INCH rectional properties, in

Fig. 5.—Minimum Dimensions of Brinell Test-Pieces. that the impressions

yariation of Impression Diameter with Thickness .
of Test-Pieco. Hardness of Backing, 950. were all slightly longer
across the direction of

rolling than along the direction of rolling. W ith diminishing thickness of
the test specimen the apparent Brinell hardness number began to in-
crease, but when the tests were continued at very low thicknesses the
apparent hardness number decreased below the original average value.
No great reliance can be placed on the tests on very smali thicknesses,
however, sifce the test materiat was so thin that marked bending
occurred around the impressions. The next point of interest is the
ratio of test thickness to depth of impression at which the apparent
Brinell hardness curves first begin to rise. At a specimen thickness of
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about 0-17 in. the ratio is just over 5, and accordingly a value of 7, as
recommended in the Standard Specification, would give aceurate
results. The present results are in approsimate agreement with those

O DIRECTION OF ROLLING

X ACROSS DIRECTION OFROLLING
182 278
S »
1-84 -272"

i-86 -2G6- m's
SILICO-MANhIGANESE SPfING STEEL

188 <260
AS ROLLED
1-90 w255 5mm BALL TEST-PIECE S6TI6
|
1-92 i-249 :
0 1 005 0-10 015 020 (0
181 i-282
| 1-83L275Jo
w *.
%I' 185 P-239 § -
o
263 A - SILIGO-MANGANESE SPRING STEEL-AS ROLLED
fo o7 5mm BALL TEST-PIECE S6TI4A
| '-890257 -H-
0-15 0-20 0-25 030 0-35
N o166 337 1
o 1-68
§ 1-70
i
9 1-72 SILICO-MANGANESE SPRING STEEL
| 174 -306 HAROENEO  5mm BALL
1-76,L'300
0-05 010 0-15 0-20 0-25
1-48 1-426
t-50 -415 , On o-i 0 [ S—
r* o o**, -
152 -404 v o Z Fo 1Sommmes bl
1-54 -393 SILICO-MANGANESE SPRING STEEL
156 -383 HAROENEO 5mm BALL.
1-58 -373 T 1 1
0-05 0-10 015 0-20 0-25

TEST THICKNESS. INCH.

Fig. 6—Minimum Dimensions of Brinell Test-Pioces. Yariation of Impression

m ‘aincter with Thickness of Test-Piece. Hardness of Backing, 950.

of Moore,* although the methods used in the two cases are cjuite different.
In confirmation of the present results, a further series of tests was
carried out on mild-steel boiler plate, and the results also showed that

* Loc. cii.
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a test thickness of six to seven times the depth of impression gave
aceurate results.

(d) SphAng Steel—The results of the tests on spring steel in the
“ as rolled ” condition were not very eonvineing when only one series
of tests was considered, and in order to arrive at any definite conclusion
it was neeessary to carry out tests on a number of speeimens.

Considering the complete results obtained on this materiat, however,
itappearsthatthe eurve ofapparentBrinell hardness against diminishing
thickness of test-piece (see Figs. 5 and ) is as follows: at the greater
thicknesses the curve is fiat (this portion would obviously be neeessary
if any results independent of thickness were to be obtained); it then
falls somewhat, flattens out again for an appreciable period, and then
finally falls rapidly at very smali thicknesses. The second flat part of
the curve was quite unexpected, but it is considered that sufficient
tests were made to establish the generat form of the curve; exact
definition of the curve can scarcely be expected.

The results of the tests on hardened and tempered spring steel are
given in Kg. s, and show the same type of curve as that obtained with
the “ as rolled ” spring steel.

Considered in terms of the ratio of test thickness to depth of impres-
sion, it appears that a ratio of about 20 is reguired for Brinell hardness
test results on spring steel to be independent of the thickness of the
test materiat. Tests on thicknesses corresponding with the second
fiat portions of the curves would appear to give results about 5 per cent.
below the correct values.

General Comparison of Thickness Results (Brinell Tests).

The whole of the results obtained in the investigation of the effect
of thickness can be summarized by means of the curves shown in Fig. 7,
in which the ratio of apparent Brinell hardness number to true Brinell
hardness number is plotted against the ratio of test thickness to normal
depth of impression, the true Brinell hardness number being taken from
the impression diameter at which there is no thickness effect, i.e.
hardness at high thicknesses of test sample. The exact forms of these
curves may be partly dependent on the hardness of the backing plate
(950 diamond pyramid hardness number in all cases), but the
approximate forms and the points at which the first deviations from
the horizontal occur should be largely independent of the backing
plate and dependent on the eharacteristics of the test materials.

It is elear from these curves that no generat limiting value of the
ratio of thickness of test-specimen to depth of impression can be stated
for all materials; for Brinell hardness numbers to be independent of
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thickness of test-specimen, tlie value of the ratio may vary from about
6 for mild steel to more than 20 for hardened spring steel. Values of
the limiting ratios for the materials investigated are given in Table III.
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Fig. 7.—Minimum Dimensions of Brinoll Test-Pieces. Variation of Improssion
Diameter with Thickness of Test-Piece. Hardness of Backing, 950. Summary
of Results.

Table ITI.—Limiting Thicknesses for Brinell Hardness Tests.

Ratio of Test Approzimate

Brinell Thickness to Error when
Materiat. ITardness Ir?;?et?siogn R Ttk

Number. for Correct (ratio = 7),
Results. *1
Anncaled coppor . 43 15 7
Soft copper (commerually pure) 49 16 7
Rolled copper . . . 95 14 4
Mild steel . 110 6 nil
Spring steel (as roIIed) 275 21 4
Spring steel (hardened and tempered). 327 22 4
* g b 3 411 25 5
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The matcrials used iii the work were purposely selected to be typical,
to a certain extent, of various types of behaviour in hardness tests;
thus, annealed soft copper usually gives impressions which lie below
the surface of the surrounding materiat, whilst rolled copper shows a
marked “ridge effect” around the impression. Mild steel is usually
intermediate in behaviour between soft and hard copper, whilst spring
steel, owing to its great hardness, gives impressions which are rclatively
very shallow when compared with mild steel or copper. It was hoped
that, by using selected materials, the present investigation might
enable generat rules for testing to be formulated, but the behaviour of
the different materials is so diverse that esact generat rules are not
practicable. Until more exact information is available, howeyer, the
tentative suggestion is made that the rising type of curve given by soft
copper is characteristic of soft annealed metals, and the falling type of
curve is characteristic of cold-worked metals, with mild steel in an
intermediate position. From the results given in Section Ill of the
present paper it rather appears that aluminium is somewhat similar in
behaviour to mild steel (see p. 73).

The diversity of behaviour found in the tests is not altogether
surprising. In the opinion of the authors, the normal Brinell hardness
test gives a rough measure of the stress at which a marked change occurs
in the slope of the non-elastic portion of the complete stress-strain
curve of the material, and sifce the complete stress-strain curve for
annealed copper, for example, is quite difierent from that of hard-rolled
copper, obvious differences in the behaviour of the two materials under
particular variations in hardness testing conditions can be expected.

No mention has been made so far of any bulge or mark on the
reverse face of the test-specimen opposite the test impression. In the
Standard Specification it is stated that the thickness of the test-specimen
shall be such that no bulge or other marking showing the effect of the
load shall appear on the side of the piece opposite the impression. A
specification clause of this nature can searcely have any very exact
quantitative value, but obseryations throughout the present tests
suggest that when the reverse side of the specimen is polished, the
appearance of a mark showing the effect of the load on the reverse face
usually indicates that the specimen is too thin for accurate test results
to be obtained.

IIl.—E ffect of Thickness of Specimen on Diamond Pyeamid
H akdness Test Results.

In the investigation of timiting dimensions of test-specimens for
diamond pyramid hardness tests it was unnecessary to consider any
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yariation of dimensions other than thickness, sifnce the test impressions
are quite smali and in practically all applications of the test adequate
m\vidth and length of test-specimen is available. In using the diamond
pyramid test on metal sheet and strip materiat, however, consideration
of the effect of thickness of test sample is important, and it is this
application of the test which has been borne in mind in the present
work. Attention has already been given to this matter experimentally
by Cook and Larke,* but the results obtained in the present tests do
not support the conclusions of these workers.

One advantage of the diamond pyramid test over tho Brinell hardness
test is that in the former a standard load related to the dimensions of
the indenting tool is not required. Accordingly, the effect of thickness
on test results can be investigated by carrying out a series of tests at
different loads on materiat of constant thickness; if the materiat is
uniform and there is no thickness effect, all the results should be the
same, but when the load is too great for the thickness of materiat under
test, low results are obtained. This method was used by Cook and
Larke, and has also been used in the present investigation; the present
work includes in addition, however, several test series at constant test
loads on specimens either tapering in thickness, or in which successive
layers were maehined from the backs of the test-specimens between
series of tests. The constant load method needs special preparation
of test-specimens, but it appears to give more accurate results than the

Tablf, IV.—Diamond Pyramid Tests at Constant Thickness, Detaih of
Materials and Test Conditions.

Trobabie Kutnber

Thickness Dcigrmrgitd :\fl;g;;sd Limiting %ZI:JIIGIES

Materiat. ! ’ i for Each LoadsUsed  gpownin

men: FUTamass  individun 10 Tests kg g NG

Number. Result.

Soft aluminium 0-078 24 4 1-40 8
0-035 24 4 2-10 8
Soft copper . 0-073 57 8 3-110 8
0-035 60 6 1-20 8
Soft brass 0-039 74 6 1-20 8
Hard coppor 0-027 8l 6 2-120 9
. 0-038 92 6 4-120 9
Mild steel 0-030 132 6 2-00 9
Hard aluminium alloy .  0-042 171 4 4-100 9
i» » W . 0-034 176 4 2-100 9
Aircraffc Steel 0-010 365 6 2-50 10
t »* « A 0-013 380 0 2-60 10
Kazor blado . 0-00G 840 6 1-30 10

* Cook and Larke, J. Inst. Metals, 1933, 51, 215.
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constant thickness metliod, sifce tests at smali loads are avoided. In
considering tlie tests in detail, it is convenient to deal first with the
tests at constant thickness and then with the tests at constant load.
All the tests were carried out by the same observerin a Vickers ctiamond
SOFT ALUMINIUM,THICKNESS 0078in pyramid hardness testing
machine, the machine and

microscope being carefully

! 2 s ‘ ° calibratod prior to the tests.

25 SOFT ALUMINIUM, THICKNESS 0-035in

23 (A) Tests at Constant

A | ) 3 B 5 Thickness.

64 SOFT COPPER, THICKNESS 0-073 in The materials’ USed in
36 this work were specially
T selected for their uniformity
2> as judged by preliminary
854 tests, and were ligktly

6 polished on the test faces.
b" TG 3 0 .

5 \ ) e ) Foreach specimen several
| 58 tests were made at each of
i :z , SOFT COPPER a number of difierent loads,

o v ! THICKNESS, 0-035 m the range of loads being

1 1 selected, as far as possible, so
e that the results of the tests
at low loads were uninflu-
enced by the thickness of

/ SOFT BRASS X i
/ THICKNESS, 0 039 in the test materiat, whilst
/ results at the high loads were
obviously influenced by the

0 1 2 3 4 5 6 .

RATIO OF SHEET THICKNESS TO CORRESPONDING thickness. The same hard

OtAGONAL OF IMPRESSION

Fig. 8—Minimum Thickness of lest-bheets for steel ?,m”l (950 diamond
%lamond Pyramid Hardness Tests. Tests at Pyramid hardness number)

Constant Sheot Thickness. -was used throughout. Par-
ticulars of the material$ and tests are given in Table IV.

The results of the tests are shown in detail in Figs. 8-10. In each
case the horizontal scale used is the ratio of sheet thickness to diagonal
of test impression so that the points towards the left-hand side of the
curve were obtained with high loads and those towards the right-hand
side with low loads; each pointin a diagram is a mean figure obtained
in several tests as indicated in Table IV. It will be noted that the
niajority of the curves consist of a horizontal portion over which the
hardness number is approximately constant, and a sloping portion in
which the hardness number diminishes with decreasing ratio of sheet
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thickness to diagonal of test impression; in other words, below a par-
ticular test load the diamond pyramid hardness number is independent
of the load for a given slieet thickness, but above this particular load
the hardness number is low; the low hardness numbers being due to
the test-sheet being too thin for correct results to be obtained at the
higher loads. 1In the case of the soft aluminium there is no falling
portion to the curve, and apparently for this materiat satisfactory
results are obtained at cjuite

A 94
low values of the ratio of o
slieet thickness to diagonal %0
. . - HARD COPPER
of impression, although dis- 88 THICKNESS,0-038 in.
tinct marks showing the 86( ’ 7
&

effect of the load occur on

the reverse side of the test-

piece' ° ” THI%’T(RNOE22?OP%27 in.
The results of the tests !n . T

on copper cannotbe regarded §

as satisfactory, sifnce there is Q12 3 !

no definite indication of the © !

81

. S MILD STEEL )
real hardness of the materiat . THICKNESS.0-030 in.
uninfluenced by thickness,

i.e. there is no definite : o1 1

H H / ALUMINIUM ALLOY
horizontal portion of the % THeCKNESS 0p42In
curve at the lower loads I® i i
(high values of ratio of sheet 5500 AL .

. . . i
thickness to diagonal of im- 175 -

i f f 170 / ] ALUMINIUM ALLOY
pressmry). It |s_ considered e THICKNESS 0034in.
that this behaviour was due i i 1

160, '
to the test surface of the 0 | t
. ) RATIO OF SHEET THICKNESS TO CORRESPONDfNC
metal being slightly harder PIACONAL OF IMPRESSION

than the main body of the Fi%. 9.—Minidmum Thécknegs of Test-Sheets
i ; or Diamond Pyramid Hardness Tests. Tests

metal, _ar|.S|ng either from at Constant Sheet Thickness.

the polishing of the surface

or in the manufacture of the sheet. The probable diamond pyramid
hardness numbers uninfluenced by thickness are shown by the dotted
lines in the diagrams, but it is not possible to be positive in regard to
these values. It was largely because of the element of doubt in these
tests on copper that the more laborious tests at constant load were
subsequently undertaken. It is considered, however, that the left-hand
fiat portion in each of the soft copper curves is a real result and not

open to doubt; it will be noted that a similar curve was obtained in the
tests on mild steel.
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The whole of the results of the tests at constant thickness are sum-
marized in Fig. 11, in which the mean curvcs of thc detailed figures
have been re-plotted on a non-dimensional basis. The horizontal scale
of Fig. 11 is the same as that previously used, being the ratio of sheet
thickness to corresponding diagonal of impression, but the vertical scale
is the ratio of apparent to true diamond pyramid hardness number.

Fig. 11 shows that for the materials esamined, and exccpting mild
steel, soft brass, and soft copper, a limiting ratio of test thickness to

diagonal of impression of 1 £
givesresultswhich are largely
independent of the thickness
TH’T&%@’;ETOS;E;Lin of.the_ test materiat. This
ratio gives an error of about
3 per cent. for mild steel and

2 3 10 per cent. for soft brass

and soft copper. It should

"~ 3 7 bc mentioned that the results
e 35 .

| %5 S AIRCRAFT STEEL of a further series of tests on

oA THICKNESS 0 0125 in mild-steel sheet suggested

1 that markedly low values

could be obtained at ratios
greater than 1£ when the

e test-sheet was not fiat and
x 1 - in good contact with the
RAZOR BLADE hard backing plate.
o/ THICKNESS 0-006 in The relevant elause in

/9

British Standard Specifica-
tion No. 427, 1931, “ British
Standard Tables of Diamond

RATIO OF SHEET THICKNESS TO CORRESPOHDINO

OIACOML OF IMPRESSION Pyramid Hardness Num-
Fig. 10—Minimum Thickness of Test-Shoots bers,” in regard to thickness
12 12 & s s * T"“- of.tf tsp,dmf sis: “Tho

thickness of the test speci-
mens should be at least equal to one and a half times the diagonal of
the impression.” It will be noted that the present results support
this rule except for soft copper and soft brass.

(B) Tests at Constant Load.

Q) Copper and Brass—The method used in the constant load
diamond pyramid tests on copper and brass was as follows. A fiat
uniform test-sheet was lightly polished on one side, and several diamond
pyramid tests were made on this face of the sheet, all the tests being
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carried out at tlie same load. A thin layer of metal was then ground
from the lach of the sheet using very liglit cuts, another series of exaetly

MARK MATERIAL DIAMOND
-t SOFT ALUMINIUM ... 24
X SOFT COPPER ...cccet e, 57
— SOFT BRASS ..ot i, 74
0] HARD COPPER . . 92
A MILD STEEL.ns i 132
O HARD ALUMINIUM ALLOY .177
\% AIRCRAFT STEEL ... 382
2 RA20R BLADE = .. 840

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

Fig. 11.—Minimum Thickness of Tost-Shoets for Diamond Pyramid Hardness
Tests. Tosts at Constant Sheet Thickness. Summary of Results.

similar diamond pyramid tests being then made on the original test
face of the sheet. This procedure was repeated several times, so that
a number of results were obtained on the same sheet but at diSerent
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test thicknesses. Tlie results obtained in the work are shown in
Figs. 12 and 13, in which each point represents the average valuc
obtained from at Icast six tests. It will be noted that for both soft
copper and soft brass the apparent diamond pyramid hardness number
increases as the thickness diminishes, whereas for the hard copper and
brass the hardness number decreases with diminishing test thickness.
The method used in these tests is the same in principle as that used in
the investigation of thickness effect on Brinell hardness tests (sec

Fig. 7); the marked differ-

ences in behaviour between

\ the soft and hard copper
fgiTDBEAfs. occurs in both the Brinell
\ THICKNESS 0-116in.TO0 046in; and diamond pyramld tests.
o\ * i « 0 . (2)
. B O .

oy mond pyramid hardness tests

i 6l = Ta I
i were made at a constant
e 142 load of 60 kg. on two avail-
§ 140 7 able pieces of spring steel
~ 13 which tapered uniformly

/ HARD BRASS i i
LOAD 36 Kq from 0-05in. down to 0-01in.
0% / - | 1 in t_hickn(?ss. The results
obtained in the tests are
Zj . SOFT COPPER shown in Fig. 13, in which
LOAD 4 Kq. .
o V THICKNESs 0062 in To  each point represents the
65 — I average result obtained in
o -

64, . s . s , three separate tests. The

RATIO OF SHEET THICKNESS TO CORRESPONDING value of the ratio of sheet

DIAGONAL OFIMPRESSION th k t d | f -
HARDNESS OFBACKING-950 ICKness 1o |ag0na orim-

Fio. 12—Minimum Thickness of Test-Sheets Pression at which the effect
for Diamond Pyramid Hardness Tests. Tests of test thickness commences

at Constant L.oad. is about 14, a result which
agrees with tests on spring steel by the constant thickness method
previously published by one of the authors.*

The results of the tests at constant load are summarized in Fig. 14;
they give fairconfirmation of the previous tests at constant thickness
(Fig. 11),and show that a ratio of test thickness to diagonal of impression
of nearly 3 is required for accurate diamond pyramid tests on soft brass
and copper.

Conclusions.
From the results of the investigation it is concluded that:
(1) Provided adeguate thickness of test sample is available, the
* Letter to tho Editor, Engineering, 1930,130, 324.
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width or lengtli of a sample used for a Brinell hardness test should be
at leasfc times the diameter of the test impression when accurate
results are reguired.

2 No generat limiting value of the ratio of thickness of test sample
to impression depth can be stated for accurate Brinell hardness tests
on all materials; the limiting value of the ratio may vary from about
6 for mild steel to more than 20 for hardened spring steel.

HARD COPPER
LOAD 12 Kgq.
"THICKNESS 0 056 in TO 0024 In

2 3 4 5 6

o maa

:SILICO-MANCANESE SPRING STEEL
/ LOAD 60 Kg
r THICKNESS 0-050 in. TO 0 011 in

1 1 1

0 1 2 3

RAT/O OF SHEET THICKNESS TO CORRESPONDWG
DIABONAL OF IMPRESSION

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

(3) In carrying out diamond pyramid hardness tests on thin samples,
a limiting value of the ratio of test-sample thickness to impression
diagonal of 1J gives results which are practically independent of test-
sample thickness for a number of ferrous and non-ferrous metals. lor
tests on soft copper and soft brass sheet, however, a higher value of
the ratio is necessary if accurate results are reaguired.

(4) With the exception of soft aluminium, the appearance of a
bulge or mark on the reverse side of the test sample used for a Brinell
or diamond pyramid hardness test, is a rough indication that the test
load is too great for the materiat under test.
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MARK MATERIAL DIAMOND HARDNESS
SOFT BRASS . e, 63
X SOFT COPPER .. ... 65
(o] HARD COPPER . ... 84
u HARD BRASS . ... 139
\% HARDENED SPRING STEEL 334 and 417

o=

qi

09 /

[y

1 2 3 4
RAT/O OF SHEET THICKNESS TO CORRESPONDING
DIAGONAL OF IMPRESSION

Fia. 14- _Minimum Thickness of Test-Sheeta for Diamond Pyramid Hardness
Tests. Tests at Constant Load. Summary of Results.
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DISCUSSION.

Dr Matoice Cook * (Member): Few of the generally rccognizcd testing
methods aro applicable to tliin materials, the testing of which is fraught with
many (lifficulties. While not wisliing to comparc the relative mcnts of theso
tests, it can be saict that, for thin metallic materials, hardness tests—and
espeeially indentation hardness tests—are amongst the most satisfactory
available; so mach is this so that they are being used to a markedly increas-
ing extent. It is singularly tmfortunate, therefore, that the authors suggest
drastic limitations in the application of theso tests, limitations which do not
seem to me to be justified by the degree of accuracy which can bo reasonably
espected in tests of this kind, or warranted by the experimentat results put
forward. It is hoped, therefore, that thoso concerned with the testing of thin
materials will not feel persuaded to accept as finat the conclusions eontained

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

| propose to limit my rcmarks to the results obtained with the diamond
pyramid tests, sifce it is with this test that | have beon mostly concerned in
determining the hardness of thin materials. 1t will be seen from Fig. 8 of
the paper that with aluminium the hardness values obtained are not affected
apparently at all by the thickness/diagonal length ratio, and it would have
been of interest to liave included results of tests at a lower thickness/diagonal
length ratio. The experimental results included in the same figuro for soft
copper are admitted to be unsatisfactory, but tliey have not been ignored in
formulating conclusions. It would appear as if the varying hardness results
which liave been obtained and are shown on the sloping portions of the curves
for soft copper are not true hardness values of the materiat and that the
correct hardness is indicated by the fiat portion of the curve, namely, at a
diamond pyramid hardness value of about 51, which is more characteristic
for the materiat than the arbitrarily chosen values of 57 in the one caso and
59 in the other. Again, in the case of soft brass the value of 74 is abnormally
hi<di and suggests that with the light loads the surface condition of the sample
inftuenced the results, the true hardness being probably definitcly lower and
the suggested limiting thickness/diagonal length Tatio too high.

It would be interesting to have the authors’ explanation of the diversity
of forms shown by the curves in Fig. 9. Waith the liard copper samples no
consistent hardness value of tho materiat has been obtained and the limiting
ratio has again been fixed quite arbitrarily; even so, only in one instancc do
the values givcn for bard copper and mild steel in Fig. 9 differ from the sug-
gested correct hardness values by more than 5 per cent., a tolerance which
Dr. Hankins appeared to suggest as suitable when discussing tho paper by
Mr. Larke and myself. To attacli much significance to percentage differ-

* Assistant Research Manager, 1.C.1. Metals, Ltd., Witton, Birmingham.
f J. Insi. Metals, 1933, 51, 215-226.
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ences of smaller magnitude is splitting hairs, and the ordinates for many of
tho eurves contained in the paper cover a range of hardnesses within this
smali percentage difference. In the results given for hard copper, 0-027 in.
in thickness, in Fig. 9, yalues within this tolerance of the assumed correct
hardness vaiuves can be obtained with . thickness/diagonal length ratio as
low as 0-48, and in this connection it is of interest to note that the ratio of
thickness to diagonal length, as derived from the results given in the paper
by Mr. Larke and myself, for hard copper 0-01 in. thiek, tested under a load
of 10 kg., is 0-6. | do not propose to deal in detail with the other curves in
this section of the paper, but it will be seen that results within limits of accuracy
of 5 per cent. can be obtained at yery much lower ratio yalues than the authors

suggest.

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

ith reference to percentage error, it may be noted tliat of the 59 separate

yalues given in Fig. 12 the deviation from the so-ealled correct yalues is,
except in ono isolated case, never greater than 4-4 per cent., the ratio of
tliickness to diagonal length necessary to obtain yalues within these limits
being much less than tho recommcnded yalue of 3.

The use of different loads for each materiat in the tests at constant load
is confusing, and it would have been better if standard conditions of loading
had been adopted for this series, although with tho authors’ method the
difficulty of obtaining thinner samples to yield the desired ratios can well
bo appreciated. These several peculiar features shown by many of the
results given in the paper make it difficult to accept the conclusions without
considerable reseryations.

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

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

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

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

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

In order to illustrate the importance of this point on a basis which could
be compared with the authors’ investigation, | prepared two test-pieces of
soft annealed copper machined from the samo bar so as to taper from 0-3
to 0*05 in.; i.e., the same dimensions as shown in the paper. One of these
test-pieces was tested at once in the Brinell machine with a 10 mm. bali
and a 500 kg. léad. The other was re-annealed to remove this cold-work
effect of machining, after which it was tested in the same manner. llie
results obtained with the flrst-mentioned test-piece are very similar to those
shown in Fig. 3 for the soft copper, annealed rolled bar, using the 10 mm.
bali. The sample which was re-annealed after machining, however, had a
Brinell hardness of 42*9, which remained absolutely steady with decreasing
thickness of test-piece riglit down to a thickness of 0*12 in., after which the
hardness developed very rapidly. The ratio of thickness of test-piece to
depth of impression in this case becomes little more than 8.

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

Dr. Cook’s guestions are so similar to those | wished to ask with regard

* Consulting Metallurgist, London.
YOL. LIV.
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to ttthe diamond pyramid hardness numerals that | necd not rcfer to that
matter.

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

, without mdicating how the tests are to be applied.

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

y using an anvil with a hardness approximating that of tho sample under
test, a brass anvil in the case of brass, an aluminium anvil for aluminium,
and so on. Is thero any reason to suppose that tho results giren in testing
thm materials would be of greater reliability if the test were modified in this

' so’ A bo passible to extend the uso of Brinell tests to samples
ot very smali thickness without substantial error.

Sir. T. H. ToiiNEK.t M.Sc. (Member): The authors have dealt with tho
ettect of width and depth of the specimen when a single indentation is made.
any ot us make numerous indentations in the surface of a specimen. In
iccent years | ha.vo done this repeatedly, and have developed a routine system,
it would be of mterest, therefore, if the authors eould tell us something of
le intcrfeience” effect of one indentation on the next. They have told us
iow dangerous it is to run up to the edge of the specimen, and in effect they
say that if no bulgo is seen at the edge, the test will be accurato.

Practiee demands that we shall know the hardness as near the edge as
possible m many cases, such, for example, as where there has been notable
cold-work or weldmg or other operations of that kind which will have altered
the naturo of the materiat across the section.

As examples have been given of steel, | will guote two : the cross-section
0 a ran which has been welded on tho top and the cross-section of a railway
yrc, both of them solid pieccs of metal in which mass action and the ordinary
segregation effects of the ingot are to be noted. On both of those | havo
smali sguares drawn, and a laboratory attendant puts one indentation in
eacJi square as a matter of routine, nierely writing the hardness figuro found
01 each square; an assistant later colours tho diagram so that high spots
o lardness stand out, as on a eontour map. Systematized in this manner,
hardness testing gives a much more intelligible picturo of the metal than is

indenit t" c or nari7largo Brinell machine niaking a few widely spaced

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

| £j2f2ss°r of Metallurgy, The Univcrsity, Birmingham,

f Glnef Chemist and Metallurgist, London and North-Eastem HailwaX,
Doncaster.
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Tlio work-hardening of tho speoimens has been mentioned, and it is ques-
tionablc whether tho method of preparation may not bo sufficicnt to account
for that smali 5 per cent. Tho mero method of casting and rolling may mako
that differonco from ptaco to ptaco; and so, to como back to my first point,
I should bo interested if tho authors could give us somo information as to
how closo we may place tho indentations when we want many eloso together
in one surfaco.

iDi- Hankins (in reply) : Although | eannot expeet to doal with all tho
points raised, | will endeavour to reply to thoso which appear to bo the most
important, and will deal with the other matters in writing.

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

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

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

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

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

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

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

CORRESPONDENCE.

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

In reply to Dr. Gwyer | haye particulars of somo pyramid tests mado at
low ratios of test thiekness to impression diagonal on the aotual samples of
aluminium illustrated in Fig. 8, using both the anyil of hardness 950 and an
anvil of dead soft aluminium of hardness 24. Tests made at a ratio of 0-3
on tho liard anvil gave values of 23-8 and 22-6, respeetively, for the upper
and lower sheets in Fig._8, and indicate a slight fali from tho straight-line
yalues of 24-5 and 23-6 given in tho figure. Tests made at the samo ratio on
tho sheet of thiekness 0078 in. supported on tho aluminium anvil gave an
apparent hardness of only 21-5, and produeed largo impressions in tho anyil
itself. If the yalue of 21-5 bo plotted on Fig. 8, it is elear that a falling curve
is obtained for this sheet and that a true limiting ratio might be determined
by tests on a soft backing. The aetual marks on the baek of this sample at
the higher test ratios indicate that the limit is aboye 1-5, but for practical
purposes samples can bo tested on a liard backing dom to a ratio of 0-5.
Wi ith regard to an aluminium sheet of hardness 50, the same straightline yalue
of hardness has been obtained down to a ratio of 0-6, but further tests below
this ratio liave notbeen made. Here again markings under tho sheet indicate
a limiting ratio aboyo 1-5. | consider that the generat form of curye for
hardness tests on an anyil harder than the test sheet has a second fiat portion,
corrcsponding with that for spring steel of hardness 275 in Fig. 7 and with
that for mild steel in Fig. 9, and representing a flow at constant stress as the
bulge under the tcst-piece flows out on to tho anvil. Aluminium appears to
bo a special case in which tho materiat flows so easily that the two fiat portions
of the eurve coincide. In tho case of mild steel, illustrated in Fig. 5, definite
bulge marks occurred at thicknesses below 0*33 in., but flow at constant stress
seems to have continued down to a thickness of 0-2 in.

With regard to Mr. Smith’s rcmarks on his tests on anncaled copper, it is
possible that his purye corrcsponds with that for mild steel, and that a limiting
ratio is better disclosed when the under-surface of a test-picce is left work-
hardened. In tho latter case the curye, as obtained by the authors, apparently
rises sharply as the flow beneath the impression meets the work-hardened
materiat formed in the machining of the wedgo.

Dr. Cook raised the question of tests on brass and copper in which tliere
is a surface hardness greater tlian the body of the materiat. In this case tho
upper flat portion of the generat curye becomes a slope as for the copper sheet
illustrated in I'ig. 8. If this slope be produeed below tho ratio of three, the
sudden drop in the curye is more clearly shown, and, in my opinion, is the
point at which materiat begins to flow at the under surface of the sheet. The

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

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

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

1. Minimum Size of the Test-Pieces for the Normal Brinell Test.

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

On heat-treated nickel-ehromium steels giving normal impressions of 4
and 3-8 mm. errors on the 10 mm. specimens of + 0-10 and + 0-11 mm.
were obserml| accompanicd by a lateral bulging of the specimens by 0-11
and 0-10 mm. respectiyely. To ascertain the minimum perinissible size
specimens were prepared from plates 10 mm. thick, of which the two opposite
faces were ground and polished to trapezoids 200 mm. long with a large base
of 30 mm. and a smali base of 0 mm. Brinell impressions were then made
at intervals of 15 mm. along the axis of symmetry of the trapezoid and two
diameters were measured to 0'01 mm., ono along the axis and one perpen-
dicular thereto. These tests were carried out on 3 steels of dilferent hard-
ness. Toensure tho greatest possible homogeneity of hardness it was neeessary
to heat-treat tho specimens in such a way that the transformations were
produced in an identical manner throughout the mass of metal, and there-
fore annealed sheets or self-hardening steels softencd to the greatest extent
were used. These conditions were obtained with : (a) a mild steel (annealed)
giving an impression of 5-2 mm.; (b) a hard steel (annealed) giving an im-

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

The results of these tests are shown in Figs. A, B, and C, the points niarked
with a dot representing the diameter of tho impression along tho axis of
symmetry and those with a eross representing the diameter at right angles
to this. Tho curves show that: for (a) when the width of the test-piece is
less than 15 mm. visible deformations oceur on the lateral faces and the
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Figs. A-C.—Influence of Width of Test-Piece on tho Diameter of the Bali
Impression; 10 mm. bali; 3000 kg. load.

diameter of the impression esceeds the limit of 5-22 + 0-05 mm. eonformed
to by impressions in the wider region; for (6) this critical width is 12 mm.
and the standard impression is 4-32 £+ 0-05 mm.; and (c) for the normal
impression is 3-46 + 0-05 mm. and the critical width 10 mm.

At the time this work was done we eame to the conelusion that for a
worka’ test in which. the improssion is measured to + 0'05 mm. the widtli
of the specimen should be 3-5 times the diameter of the impression, but for
very aceurate work it should be at least 4 times this diameter. This eon-
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clusion is in agreemont with that sifice adoptcd in British Standard Spccifica-
tions and that arrived at by Messrs. Hankins and Aldous.

2. Minimum Thickness for TIAn Eleclrolylic Deposits.

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

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

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

ing expression is approsimately correct for the Brinell test: |
Moore’s rule (Congres des Methodes d’Essais de Copenhague en 1908) aceording
to which h> 7 is insufficient.

The A uthors (in reply): We thank Professor Portevin for confirniation
of the tests on the width of bars for BrineE tests and for the interesting results
on deposited material$.
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TRANSVERSE TESTS ON SAND-CAST
ALUMINIUM ALLOY BARS.>*

By C. E. PHILLIPS,f AC.G.l, D.I.C, and J. D. GROGAN.J B.A,

Member.

Synopsis.

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

Introduction.

Many of the aluminium alloys at present employed in industry possess,
partieularly in the sand-cast state, so little ductility that measurements
of elongation made on broken tensile test-pieces are of but smali value.
It has been suggested recently that a bend test such as is already
employed in the testing of cast iron might prove to be of greater value.
The investigation described in this paper was carried out to examine
this point.

Range of Inyestigation.

The beam test-bar employed was 8 in. long X 1 in. in diameter, cast
in sand in accordance with the British Standards Institution specifica-
tion for sand-cast test-bars and tested by single-point loading. This
bar isthe longest liglit alloy sand-cast bar for which detailed information
on casting conditions is aYailable. A range of alloys was employed
varying in elongation from a very low value to 12 por cent. Bars were
tested unmachined and also machined to a uniform diameter of J in.
Fuli tensile tests were also made on machincd test-pieccs of 0-25 in.- in
efiectiYe cross-sectional area.

* Manuscript reeeived January 2, 1934. Proscnted at tho Annual General
Meotirég London, Mareh 8,
ngineering Department Natlonal PhYS|caI Laboratory, Teddington.
% Department of Metallurgy and Metallurgical Chemlstry, National Physical

Laboratory, Teddington.
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Alloys Employed.

Alloys were selected to provide a series covering a range of ductility.
The alloys were made from commercial aluminium containing sliglitly
more than 02 per cent. iron and sliglitly less than 0-2 per cent. Silicon.
All the casts were analyzed, and in evcry case composition agreed
satisfactorily with that intended. The metal was melted in Salamander
crucibles in a gas-fired furnace and was treated with carbon tetra-
cliloride and raw nitrogen to remove dissolved gases. The metal was
poured (generally at 680° C.) in green-sand moulds, surface dried,
8-5in. long x 1in. in diameter, provided with a feeding licad.

The density of each bar was determined after removal of the feeding
head, but before machining. Satisfactory agreement among different
bars of the same composition was obtained. W liere necessary the
materiat was heat-treated to give the recjuired ductility. Table I gives
the alloys employed, in order of inereasing ductility as measured by
elongation in tension, and the heat-treatment used to develop the
ductility. The heat-treated materiat was allowed to age at room
temperature prior to testing.

Table |I.

%‘f@ Composition. Heat-Trcatment.

“Y”alloy 6hrs. at 520° C. Quenched in boiling water; reheated
for £ hr. at 250° C.
» 6 hrs. at 520° C. Quenched in boiling water.
Copper 4%, 6 hrs. at 520° C. 8uenehed in eold water: reheated for
Silicon, 3% 48 hrs. at 150° O.
> 6 hrs. at 520° C. Quenched in eold water.
Copper 4%  As cast.
* 6 hrs. at 520° C. Quenched in eold water.
” 48 hrs. at 520° C. Quenched in eold water.

OTmmg OwW >

Methods of Test.
Tensile Tests.

Bach bar employed for tensile test was machined to give a test-piece
of 0-25 in,2 effective cross-sectional area and 2*25 in. parallel lengtk, the
test-length being finished by polishing with grade “ o0 ” emery cloth.
The tests were carried out in a 10-ton single-lever testing machine, a
Martens-type mirror extensometer being used to measure extension
on agauge-length of 2in. If the test-piece extendod beyond the range of
the extcnsometcr, scratch marks were made with a 2 -in. gauge, and after-
wards measured by means of a microscope. Load—extension observa-
tions were made up to fracture in each test, and at regular inerements of
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load tlie permanent clongation of the specimen was detcrmined by
removal of the load.

The load-extension and load-permanent elongation curves were
plotted for each specimen, and from them an estimate was obtained of
the permanent elongation at fracture. From the plotted observations
the modulus of elasticity, the o-1 per cent. proof stress, and the ratio
of permanent elongation at fracture to the total extension at fracture,
were determined. The elongation of each test-piece was also deter-
mined in the usual manner after fracture, and the diameter at fracture
was measured.

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

The tensile tests were made in duplicate on each materiat, except
materiat G, and the results are given in Table Il. Representative load-
extension and load-permanent elongation curves are given in Fig. 1.

Bend Tests.

Transverse bend tests were made in duplicate on each materiat,
except materiat G, in the form of baTs unmachined, and bars machined
to %in. in diameter, the surface being finished by polishing with grade
“00” emery cloth. The tests were carried out in a 5-ton multiple-
lever, gear-driven testing machine at a constant rate of deftection of
0-013 in. per minute. Each specimen was centrally loaded on a s-in.
span; the supports had a radius of 0-75 in. and the load was applied
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Table 1l1.—Results of Tensile Tests.
Elonga- From Load-E i
Ap- tion oii oad-Estension
proxi-  2-In. Cnrve. Ratio:
- 0-1% Ulti- matc Gauge Permanent
£ Proof mato llodulus ot Reduc- Length Elongation
&  Stress, Stress, Elasticity, tion ol (from Perm; nent Total Ex- at Fracture/
i Tons/  Tons/ Lb./in.”. Area at Speeimen Elonga ion at tension Total
= in.s. in.s. Frac- after Frac ure, at Frac- Estension
ture, Frac- ture, at Fracture.
Per ture), Per
Cent.  Per Cent. Inch. Cent, Inch.
A 163 136X 10* vs vs OB Oo@ o022 o
15S 162 VS vs OB O0@ ox 0M®
ahout
B 57 Ir4 105X10 Q1 05 0B 03 0QUB 048
B3 167 165 G2 05 O0BL G3 Oam 037

C U3 162 BIX1I0* 05 06 0RZ 04 0QL 0F)
61 05 05 002 04 oQaL O

D 103 139 103x 10" 15 13 0QlY 10 0@P 077

62 13 1B2 6 4 0QY 10 o O
E 77 si 104x 108 65 55 0100 51 0408 0%
7B 85 105 60 50 O®2 46 00 O

E 628 139 103x 10" 00 7 0132 67 0142 0%
60 152 102 20 98 OG0 9G GI9P 09

G 6® 10 1B3x 10+ 130 120 O0R5 UG 0384 0SB

Fic. 2. Bend Test on Materiat D (Machined). Central Load on G-in. Span.
Diameter of Speeimen, 0-875 in.
tlirougli a l-o0-in. diameter steel rod. Deflection measurements were
made on a central span of 5 in. by means of the instrument described
below. In each test load-deflection obseryations were made up to
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fracture; at intervals of loading tho permanent defleotion was detcr-
mined by removing the load.

Tho load-total deflection and load-permanent doflcction curves were
plotted, and from these an estimatc was made of the permanent deflec-
tion of each specimen at fracture. The value of the modulus of elasticity
was obtained from the plotted observations.

The results of the bend tests are given in Table 111, and representa-
tive load-total deflection and load-permanent deflection curves of
machined and unmachined specimens are given in Figs. 2 and 3,
respectively.

Table Ill.—Results of Bend Tests.
From Load-Deflec- .

Maxi tion Curve. PRatlo: "

: laxi- ermanen

B condition of lg%asmeetceir_ nium |L%dgf' Jlodulus of  per- Deflection
d Surface of mgn Load on Ruplure Elasticity, manent DTe?Itgé- at Fracture/
5 Specimen. .c N Tonsfina LD/ina {:i)ggeé;t. ton ot D;f—%catlion
Tons. Fracture, Fracture, at’ Fracture.

Incli. Inch.

A Machined 0*874 1-11 25-5  10-5 X 106 0-001! 0-029 0-04

> 0-875 1-10 25-2 10-4 0-0013 0-028 0-05

Ab cast 1-002 1-87 23-9 10-6 0-001t 0-022 0-05

i 1-067 1-60 20-1 10-5 0-000,, 0019 003

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

As cast 1-066 2-10 26-5 10-3 00046 0-029 0-15

i 1-064 2-02 25-6 10-3 0-005 0-030 0-17

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

As casfc 1-066  2-25 28-4  10-3 0-010 0-030 0-28

a 1-070 2-10 26-2 10-3 0-007s 0-033 0-24

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

As casfc 1-070  2-17 270 10-3 0-036  0-061 0-59

a 1-074  2-00 24-7  10-1 0-019 0-042 0-45

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

As cast 1-058  1-22 15-8  10-3 0-132 0-149 0-89

i 1-060 1-33 17-1  10-4 0-175 0-191 0-92

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

As cast 1-062  2-37 30-2 10-3 0-233  0-260 0-90

ii 1-062  2-41 30-8 10-3 0-307  0-333 0-92

G Machined 0-875 151 34-5 10-3 X 10 0-470  0-508 0-92
As cast 1-063  2-49 31-6 10-6 0-314  0-341 0-92

» 1-062  3-02 38-5 10-1 0-512  0-542 0-95
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006
DEFLECT/ON ON 5in. SPAN, fNCH

rig. 3.—Bend Test on Materia! D (Unmachined). Central Load on G-in.
bpan. Diameter of Specimen, 1-070 in.

BAR UNDER

rig. 4—Deflectoraeter for Bend Tests.
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In the case of the more duetile materials, errors were introduced
into the load observations by the rounded supports of the testing
apparatus shown in Fig. £ At a deflection of 0-5 in, the loading span
had decreased to about 5-5 in.; this undoubtedly gives large errors in
the determinations of the maximum load and modulus of rupture of
materials F and G, and probably aeeounts for the low values obtained
for the ratio of permanent deflection to total deflection at fracture in
the materials of high ductility.

A summary of the results of the tests is given in Tablc 1V, and the

Table IV.—Summary ofResults.

T'rue Tensile Tests (2-in. Gauge Length). Bond Tests (6 in. Span).
. Elongation
s on 2-in. Eatio: Eatio:
s Gauge Permanent Permanent
H Length in  Permanent Total Elongation Permanent Total Deflection
s Tensile Elongation Extension at Fracture/ Deflection Deflection at Fracture/
Tests (from at Fracture, at Fracture, Total at Fracture at Fracture Total
Curve), Ejctension Deflection
Per Cent. Inch. Inch. at Fracture. Inch. Inch. at Fracture.
A 0-02 0-0003 0-0072 0-04 0-001! 0-029 0-04
0-02 0-0003 0-00S2 0-03 0-001;, 0-028 0-05
0-001! 0-022 0-05
0-000,5 0-019 0-03
B 0-3 0-0056 0-0128 0-43 0-007a 003S 0-21
0-3 0-0051 0-0111 0-37 0-009,, 0 040 0-25
0'0045 0-029 0-15
0-005 0 030 0-17
C 0-4 0-0072 0-0142 0-50 0-021 0-059 0-36
0-4 0-0082 00149 0-52 0-014 0-047 0-31
0-010 0036 0-28
0'007a 0033 0-24
D 1-0 0-0190 0-0239 0-77 0-041 0-080 0-52
1-0 0-0190 0-0263 0-72 0-038 0-066 0-57
0036 0061 0-59
0-019 0 042 0-45
E 5-1 0-1010 0-1060 0-95 0-208 0-228 0-91
4-6 0-0912 0-0950 0-96 0-246 0265 0-93
0-132 0-149 0-89
0-175 0191 0-92
P 6-7 0-133 0-140 0-95 0-550 0-575 0-96
9-6 0-191 0-198 0-97 0-640 0-675 0-95
0-233 0-260 0-90
0-307 0-333 0-92
G 11-0 0-233 0-237 0-98 0-470 0-508 0-92
0-314 0-341 0*92

0-512 0-542 0-95



96 Phillips and Grogan : Transverse Tests

ratio of permanent deformation to total deformation at fracture is

plotted against tlie elongation in tension for each method of test in
Fig. 5.

PERMANENT DEFORMATION

RATIO TOTAL DEFORMATION

AT FRACTURE

Fig. 5—Curves Showing the Yariation of the Ratio Fermanent Deformation
. . K lotai Deformation
at Fracture with the Ductility of the Materiat as Measured in a Tensile Test.

Deflectojdeter Used in the Bend Tests.

The instrument used for determining the deftections of the specimens
used in the transverse bend tests is shown diagrammatically in Fig. 4.
It was designed at the Royal Aireraft Establishment, South Farn-
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borough, and was constructed in tlie Engineering Department of the
National Physical Laboratory.

The deflectometcr incorporates an Amcs dial indicator, calibrated
in thousandths of an inch, and is arranged so that the specimen under
test recedes from the indicator, thus obviating damage to the latter on
fracture of the specimen. In use the instrument is lightly fixed to the
specimen by three pairs of pointed screws; the deflection of the centre
of a 5-in. span is recorded on the dial directly, without a multiplying
device. Brrors in the readings due to the deformation of the specimen
at the points of loading and support are eliminated by mounting the
defiectometer on the neutral piane of the specimen. The shape of the
deflectometer is such that it can be used for central loading tests on
a s-in. span, and for four-point loading tests on a greater span,
deflection measurements being made in each case on a 5-in. span. Over
the range of deflections obtained in the tests made the errors due to
the method of measurement were negligible.

Discussion of Results.
Tensile Tests.

Table 11 gives the mechanical properties determined by the tensile
tests. The ratio of permanent elongation to total extension at fracture
is plotted against percentage elongation in Pig. 5. The ratio is zero
for completely non-ductile materiat and rises to unity in completely
ductile materiat. The plotted curve consists of two nearly straight lines
joined by a short portion of high curvature which corresponds with a
permanent elongation of about 2-3 per cent. The values of elongation
measured on the broken test-pieces are all definitely higher than those
obtained from the toad-extension curves.

Bend Tests.

Table 111 gives the mechanical properties determined by the bend
tests on machined and unmachined bars. The ratio of permanent
deflection to total deflection at fracture is plotted against percentage
elongation from the tensile test in Pig. 5. The curves are of the same
form as that obtained from the tensile tests. Very satisfactory agree-
ment was obtained on tests made in duplicate on unmachined bars.

Comjiarison of the Two Methods.

In this investigation the permanent deformation measured on the
tensile test-piece was, in general, approximately one-half of that
measured on the bend test-piece. In the tensile tests measurements
were made on a 2-in. gauge length; the bend tests involved measure-

ments on a 5-in. span, the loading span being s in. There was thus
VOL. L1V. G
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littlc difEerence in the order of measurement between the two tests.
W ith either method of test it is possible to eompute, with a fair degree
of accuracy, the plastic deformation from observations of breaking stress
and total deformation iminediately prior to fracture, if it is assumed
that the ratio of the load to elastic strain is unaltered by the plastic
deformation of the materiat. From the results obtained this assumption
appears to be justified in the case of materiat of very low ductility.

The test-pieces of the dimensions employed in the investigation show
the ratio of permanent deformation at fracture to the total deformation
at fracture to be higher in the case of the tensile test than in the bend
test, and for this reason the tensile test is superior to the bend test for
the measurement of ductility. It is not possible to state, from the
results obtained, that this ratio is independent of the dimensions of the
test-pieces.

Summary.

(1) So far as this investigation extends, the bend test applied to
sand-cast aluminium alloy bars has yielded no information concerning
ductility which is not obtained from the tensile test.

(2) On the test-pieces employed in this investigation the ratio of
plastic deformation to total deformation of a test-piece loaded to the
breaking pointis higher in the tensile test than in the bend test, particu-
larly when the plastic deformation is smali. Conscquently the tensile
test is preferable to the bend test for the measurement of ductility.

(3) Bend tests on machined and unmachined bars have given very
satisfactory agreement.

(4) Measurements of elongation on broken tensile test-pieces have
given values higher than those obtained from complete load-extension
curves.
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DISCUSSION.

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

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

On the whole, as the deflections in the beam test on short bars in the rather
brittle or harder alloys are so smali, | feel that the authors’ conclusions are
fully justified by their results.

Mr. G. Meik1e,J B.Sc.: | arn afraid that my remarks will bo somewhat
contrary to those made by Dr. Gwyer. Dr. Gwyer indicated that he does not
think that the transyerse test is going to be any good whatoyer from a speci-
fication point of yiew, and that happens to be the particular point in which |
am interested. The authors haye shown conclusively that the ductility as
shown by the bend test is comparable with the ductility shown by tho tensile
test. My pointis that when elongation yalues of tho order of 3 or 4 per cent.
are obtained they are almostuseless, because of the difficulty which Mr. Sutton
mentioned of putting the test-pieces together again. From a specification
point of view | consider that the transyerse bend test is going to be easier to
carry out and moro reliable.

I should like the authors’ opinion ou that. point, because | believe that
this work was originally suggested at a meeting of the Committee of the
British Standards Institution whieh is dealing with light alloys for aireraft.
I think that it would be advisable to go oyer to the bend test for ductility
rather than the tensilo test, as is done at present with cast iron. The trans-

* Chief Metallurfgist, The British Aluminium Co., Ltd., Warrington.

f Senior Scientific Officcr and Head of the Metallurgieal Department, Royal
Aireraft Establishment, South Farnborough.

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

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

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

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

Mr. Meikle raised the guestion of putting together a fractured test-piece to
obtain the plastic deformation. Our impression is that if the materiat is very
brittle, little loosened pieces appear in the fracture, which preyent the two
parts being put together again accurately, but we think that, as the ductility
increases, that tendency to break up decreases, and that measurements of
elongation from a broken test-piece are probably absolutely more accurate
when the elongation is say 5 or 6 per cent. than when it is 0-5 to 1 per cent.
When tho ductility cxceeds o or 6 per cent. as measured in the tensile test, tho
transverse test becomes valueless for tho measurement of ductility owing to
the deformation of the test-piece at the points of loading; it is essential, in
such cases, to employ the tensile test.
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Tliorresident : Would you oxpress an opinion as to whethcr the trans-
versc bend test is likely to be any use for any purposc—whethcr tliere is a case
for retaining it for any materiat ?

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

CORRESPONDENCE.

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

The conclusion arrived at by the authors is of great importance, because |
believe that forworksand routine laboratory use, the transverse testlends itself
better to reasonably aecurate observation than the tensile test, and partly for
this reason | have recently suggested f that the tangent method ofdetermining
the elastic modulus should be replaced by a calculation based on elastic de-
flection at fracture. Tho curve of elastic deflection is usually a straight lino
directly proportional to the load, and this method overcomes all difficulties
arising from the use of stress—strain relationships which eurve towards tho
strain axis. In east alloys of low ductility, fracture would thus be regarded
in the same way as the limitofproportionality in the ductile alloys. The same
treatment could be applied to the tensile test. In the case of east iron tho
tangent method has been found inaccurate because, even at low deflections,
there is some permanent set present, in spite of tho straightness of the load—
deflection curve. | should be glad if the authors would stato what method
was adopted to ascertain the permanent deflection at fracture, as this cannot,
of course, be obtained by direet observation, which reguircs remoral of the
load on an unbroken bar; and also whether tho resilienoe or energy of rupture
of the bars places them in order of touglmess or resistance to impact.

* Direetor, British Cast-Iron Researeh Association, Birmingham.
t “ Tho Elasticity, Deflection, and Besilience of Cast Iron,” J. Iron, Steel
Insi,, 1934, 129 (Adyance copy).
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Tlio Authotss (infurther reply to the discussion at the meeting): In the case
of materials of low ductility the elastic elongation at fracture of a tensile test-
piece is proportional to WI, where TFis the breaking load and | the gauge-length:
in the beam test the elastic deflection is proportional to WI2/d. Correction
must be applied to the observed deformation at fracture in order to obtain tho
plastic deformation. This correction involves the strength of the materiat
aa well as the dimensions of the test-piece, as W is directly proportional to tho
ultimate stress, or modulus of rupture of the materiat.

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

We have made no measurements ofthe resistance to impact of the materials
employed in the beam test.
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NOTE ON THE INFLUENCE OF GASES |IN
AN 8 PER CENT. COPPER-ALUMINIUM
ALLOY ON NORMAL AND INVERSE
SEGREGATION.*

By I. G. SLATERt- M.Sc., Ph.D., Mmember.

Synopsis.

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

The influence of dissolved gases in alloy melts, which on solidification
are liable to show inverse segregation, has been noted by several
observers. The significance of dissolyed gases and the manner in which
they may affect the mechanism of solidification so that inyerse segre-
gation phenomena result, has been a matter of kecn controversy and
of much specnlation. "Whilst the rival merits of the many theories
advanced have rcccived great attention in academic discussions, prac-
tically no experimental work has been directed towards a correlation of
the exaet gas content of the melt and the nature of the segregation in
the resulting ingots.

Studies made during recent years, of gas eauilibria in solid and
liguid metals, have established the necessary technique for the pro-
duction of melts having controlled gas contents. The relationship, if
such exists, between gas content and segregation can therefore be
determined. A few experiments wliich have been made in this con-
neetion with an s per cent. copper-aluminium alloy, are reported on
in this paper.

Experimental.

A series of “ 3L11 ” aluminium-copper alloy ingots having various

gas contents was exanuned. The ingots were all from the same batch

of metal with the exception of No. 1, which had a lower copper content.
* Manuscript received December 27, 1933. Presentod at the Annual General
Meeting, London, Maroh 7, 1934.
f The Universitjr, Birmingham.
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The gas content of the ingots ranged from a maximum, obtained by
thoroughly saturating the melt by poling with damp green wood, to a
mmmmm produced by various de-gassing processes. In each case, the
melt was cast at 700° C. into a skin-dried green-sand mould, 3 in.
in diameter by 3 in., with an open top and without subsequent feeding.
Duiing solidification, large quantities of gas were given off from No. 1
ingot; No. 2 ingot showed little gas, and the others remained quite
tranquil. Sections of the five ingots were examined for the yisual
appearance of pinholes, and these are recorded in Table* I.

Two sets of drillings for analysis were taken from each btock; from
the outer circumference and from the “ heat centre,” that is, the area
at which the last portions solidify. For purpose of comparison of gas
content, the total volume of cavities in each ingot has been calculated
from density determinations:

volume of cavities, per cent. = 1 _ ¢ 100

where p' = observed density of ingot, and
P optimum density of gas-free metal.

The value of p" for ingots Nos. 2-5 was taken as 2-870, the optimum
density recorded on a portion of a sand-cast btock, s in. by 3 in. in
diameter, which had been poured from a completely de-gassed melt.
tor ingot No. 1, p" was 2-850. The total volume of cavities is not
exactly equal to the volume of gas retained in the ingot, since the
pressure of the gas in the pinholes is unknown and there is a slight effect
due to liquid shrinkage (ingot No. 5 showed traces of shrinkage at the

heat centre ”); the comparison requires a relative modification in
each instance.

The obseryations made are summarized in Table I.

Table I.

Inqot . Copper, Per Cent.
o Bensily.  Tisyal Appearance of Polished Ilalf-Scction Té’;';\‘,'i?i‘és‘? f

Per Cent. Edge.  Centre.
1 2-758  Very many pinholes 33 7-6 -
2 2-802  Moderate number of pinholes 2-4 83 g-f
3 2-819  |ew pinholes 1-8 80 81
4 2-842 Sound 1-0 s-0 85
5 2-801  Aq pi?holes, trace shrinkage at the (-3 7-7 87
centre

Ihe relationship between the percentage Tolume of cavities and the
type and amount of segregation is shown graphically in Fig. 1.
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lii the experimental conditions employed, it is scen that the amount
of gas present in the melt determines the character of segregation in
the ingot. The influence of this factor in determining the segregation
with other rates of solidification, remains to be established.

A further ingot (No. s) having the sanie gas content as No. 2 was
prepared by allowing the melt to solidify nnder a pressure of nitrogen
at 200 Ib./in.2. This ingot had a density of 2-866 and was quite free

3in.x3in. DIAMETER /UGOTS CASTIN SAND AT 700°C.

from pinholes. Determinations of the copper content were made as
before, and the results were identical with those obtained for the No. 2
ingot. An external gaseous pressure therefore does not influence the
extent of segregation to which the alloy is normally liable.

A discussion of the results now obtained in the ligbt of the
several theories of inverse segregation current will not be attempted.
It is intended tliat tliey sliould indicate a very profltable line of
investigation.
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DISCUSSION.
K T J Il TuRXI? ™* AR -S-M- (fPast-Preaidont): I am pleased
bas Investigated the subjoot ofgases and inyerse segregation.

ficatfen iq fthp P 16 gaS Present in thc alloy during solidi-

tocollecttffhntr mVH segreSation- Ifc« important in #ho fi»fc gla}ce
use alwag/s to Impress on mﬁ} studenta tho need for

mguishmg betneen facts and explanationa. | used to tell them that
there ,s a rcason for eyerything, but that it is often a wron' ono.
whigh MGy elits ' BEREH08L At Rl as 1P GELDSHIAFR
it not betL OfnflaS °n SA*S Stion of Copper,” in the alloy”~tudiodf but mly
nrodurpg  mfluQno® of the segregation of copper on gas ? Is it tho gas that
of the rrasi Jigrf f tlOn’ or 13 It *he segregation that leads to tho liberation
se™ation the™ - Y? ? obseryed, when there is considerable
ciS-som etfnfr «°nsiderablo. fit.es. Theso cayities are not necessarily

§M8F38|g cayities Winen %ere isqm}Sh Ti%%rk'@%eié}eﬂﬁﬂ)en._bm there are con-
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H o 1 i ™
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that eontaiim mnrp e a°°n™-nch oonstituent separates from the mass
nnprobable that there may bo a rcduction

fact that whenmnr suggestion, | tliink, has support from tho
mient oxDerimen?tl prCS? re was employed b?/_Dr. Slater in the subse-
Further L mereased gas pressure did not inerease tho segregation.

determmo which is true, but | sugfsfthat it is

gas producesSgregasS Ilberate 8  *»that the presenee of

“The Mu~ncrofriw AN ~ 10011361 Slater has entitled his paper
& J}I h|\4 |n 3 Oﬁ or]ina and Inyerse §egregat|on } whereas ?I?e
the HexPemnentally established is that there is a relation between

SafesSSS

S r tS ™~ r hr
facts and the concZ io Z ~o h betWCen th® °bserved
In a paper which | presented at the last meetiner of this Institute + tho
) »m** petween HetS & "~ S S A S |
ifr ° f a”d’ although the conditions in my exporiment were verv
SIfthitwofm -i”® Chmed Samﬁ)le’ and Dr‘Slater?samplcs Jle sanZ
neftion hetwn”? g SseParately do establish that there is some eon-
anCJ the Preduction of cayities in an ingot.
phenoTOm mvbp nn therefore, that, whatever the esplanation of these
°an b° consldercd perfectly satisfactory

T
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Dr. R. Genders,* M.B.E. (Member): There is no doubt wliatever that
considerable interest will be taken in this smali conundrum, without answer,
which. Dr. Slater has submitted, and this eonyenient scheme miglit well be
Followed in future papers where difficulty arises and where a good discussion
is reguired.

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

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

Dr. 0. H. Desch.J F.R.S. (Vice-President): Some of the criticisms offered
in regard to this paper do not seern to me to be entirely deseryed. 1 think
that the paper is important, in that it does afford eyidence for the view, which
| beliove to be the only acceptable one at present, that inyerse segregation
is usually the result of the pressure from gas. In an ingot entirely free from
gas, what we cali normal segregation, resulting from differential freezing, is
the one which occurs; inverse segregation must be produeed by an internal
pressure of some kind.

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

Professor D. Hanson,§ D.Sc. (Vice-President): | should liko to support
what Dr. Desch has said. The first two speakers rather suggested that

* Research Department, Woolwieh.

t Giesserei, 1933, 20, 523.

j Superinténdent, Depariment of Metallurgy and Metallurgical Chemistry,
National Physical Laboratory, Teddington.

8§ Professor of Metallurgy, The University, Birmingham.
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this paper is a much bigger thing than it is; aetually it is a verv smali
note direeting attention to differences in the type of segregation which occur
in eertain aluminium alloys of yarying gas content, and, although the gas
content is represented in the diagram as Yolume of cavities, we know froni an
intensiye study of these alloys for other purposes that in point of fact the
different samples had yariations in gas content in the direction indicated.
The paper does very little more than that, but it contains eyidence which does
seem to me to make it quite eertain that the eyolution of gases has an im-
portant influence on inyerse segregation. | haye welcomed that theory sifice
Dr. Genders put it forward. There are eertain cases in which it seems to me
self-eyident, beeause the eyolution of gases sometimes forces a euteetic from
the normal position to the surface of the ingot and makes it esude outside the
normal ehill-cast surface. Moreover, the same sort of thing happens in these
8 per cent. copper alloys, beeause the gas cayities, when the amount of gas is

A0 large, are situated in those places where the euteetic will normally be.
11the gas replaces the euteetic and forces it right out of the alloy or to portions
nearer to the surface, it must set up inyerse segregation, beeause where there
is gas instead of the eutectic there is bound to be a deficiency in copper content.
J weicome this paper, therefore, as emphasizing what seemed fairly obyious
before, that there are many cases in which gas is a yery important factor in
controlling inyerse segregation. Whether it will be found to be the only factor
1 do not know; it seems to me that normal shrinkage effects might haye the
same influence. As Dr. Slater points out, here is a line of inyestigation which
Pals notyet been pursued, and it seems to be one which will lead to yery fruit-
ul results.

Sir. O. L. Bailei',* M.Sc. (Member): | should like to support Professor
Hanson in agreeing with the author that gas is undoubtedly a factor in inyerse
segregation, but | would suggest that other factors are probably also inyolyed.
1 hale in mind an esperiment by Mr. S. L. Archbutt to which he referred in
cuseussmg Dr. Genders’ paper on this subject some years ago. Mr. Archbutt
should that serious inyerse segregation has occurred in a 3-in. diameter chill-
cast bar of aluminium allo3r containing 12 per cent. copper, when only a J in.

solidified and the liquid interior had then been poured out. In

chill.casting there are probably seyeral factors tending to produce inyerse

fﬁgregation, but there seems no doubt that dissolyed gases constitute one of
ese.

a The esudation of the tin-rich eutectic at a late stage of solidification of a
,gassy gun-metal is not an uncommon occurrence, and is generally recog-
nized to be due to dissolyed gases. | would, howeyer point out that a tin—
bronze which does not contain sufficient dlssolyed gas to cause actual esuda-
tion of the tin-rich eutectic, and which does not show inyerse segregation in
a sand-cast bar, will freguently show inyerse segregation if chill-cast. Tho
problem is much more complicated than would be the ease if dissolyed gases
alone were concerned, but at the same time it is important to recognize that

dissolyed gases can exert this effect.

.Dr. S. W. Stnrii.f C.B.E., A.R.S.M. (Member): The point which has
arisen is that the inclusion of gases, or at any rate the occurrence of porosity,
may undoubtedly occur in metal which also shows inyerse segregation. Two
of Professor Tumer’s students, Reader and lokibe,-had shownthat-many years
ago but they did not attempt to associate the two phenomena. As has been

L ’(; Deyelopment OfiBcer, British Kon-Ferrous Metals Research Association,
ondon.
f The Royal Mint-, London.
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said by a previous speaker, it is not quile correct to take porosity, as deter-
mined by solid densities, as a measure of the relative amounts of gases which
were present in the metal in the liguid state, that state being, of course, the
only state in which gas could possibly affeet inyerse segregation. _

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

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

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

The Atjthok (in reply): Regarding the guestions raised as to the significance
of gas in the generat phenomena ofinyerse segregation, and more partioularly
the point as to whether gas is the only cause of inyerse segregation, | should
like to refer to some work by Masing who summarizes the present position
regarding the publisbed literature on this subject, and classifies the possible

* Principal Scientific Officer, Department of Metallurgy and Metallurgical
Chcmistry, The National Physical Laboratory, Teddingt-on.
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causes of invcrse segregation into four sections ; (1) the pressure in the melt
due to gas set free on solidification, or gas pressure; (2) volume contraction
by solidification of the outside layers; (3) coutraction pressure of the first
partly eolidified and hence porous outer region of the ingot; (4) expansion of
the solidifying outer zone by the mutual pushing apart of the growing primary
erystals, or pressure of crystallization.

CORRESPONDENCE.

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

ingot solidified under an extraneous gaseous pressure
0i 200 1b./in.2 a possible reason for the results obserred is suegested in the
following

Ezperiments show that by hcating the ingot to a temperature above tho
solidus, but below the liguidus, cavities appear at areas eoincident with the
eutectic at grain boundaries. With the pressure-east ingot, the normal
8ro" ™ | gas-fillcd cavities is inhibited, so that there is a decrcased tendency
towards inverse segregation. At the same time, due to tho extraneous pres-
sure, the values of factors 2 and 3 given in my verbal reply will be inereased,
resultmg in an inereased tendency towards invcrse segregation. In the
present Instance, the two causes appear to balance out.
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THE VISCOUS PROPERTIES OF EXTRUDED
EUTECTIC ALLOYS OF LEAD-TIN AND
BISMUTH-TIN.*

By C. E. PEARSON.t M.Met., Member.

Synopsis.

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

Inteoduction.

During the course of experimental work on the extrusion properties of
eutectic alloys with low melting points, the author observed that when
the extruded rods were loaded slowly in tension, or stressed continuously
under a smali load, they showed deformation, apparently of a viscous
character, to an extent greatly in excess of their normal plastic behaviour
under rapidly applied stress in either the cast or extruded condition.
One alloy, the bismuth-tin eutectic, showed almost complete absence of
ordinary plasticity, and pieces dropped on a hard floor broke easily
in a brittle manner, yet extruded rods could be slowly elongated .by
several hundred per cent.

The ternary eutectic of zinc, aluminium, and copper, after rolling at
250° C., the properties of which have been described by Eosenhain,
liaughton, and Bingham,: affords a similar instance in which the
tensile strength and ductility are dependent on the time factor in load-
ing. These authors considered the alloy to have viscous properties

* Manuscript rocoived October 31, 1933. Presented at the Annual General
N

Meeting, London, March 7, 1934.
t Lccturer in Metallurgy, Armstrong College, Nowcastle-upon-lyne.



112 Pearson : The Viscous Properties of Ektruded

between tliose of glass and pitoli, and attributed its beliaviour to the
partial conversion of the metal, by rolling, into an amorphous eondition.
JefEries and Archer,2commenting on tliis, suggested that the resemblance
to amorphous substances might be due to its possessing a smali grain-
size attemperatures normally in the reerystallization range, which would
accentuate the effect of the properties of the grain boundary. Jenkins 3
has shown tliat rolled eutectic alloys of cadmium-zinc and lead-tin give
variable tensile tests depending on the rate and duration of loading.
The latter alloy gave an elongation of 400 per cent. under prolonged
loading, and could be slowly stretched under a load less than 100 Ib./in.2.
Hargreaves4 and ETargreaves and Hills5 have demonstrated that the
Brinell hardness of eutectic alloys with low melting point is decreased
very greatly by kammering. This is due to the capacity possessed by
the worked materiat to undergo time-flow, whicli brings about rapid
cnlargcment of the Brinell impressions during the time of application
of the load. The change in diameter d with time t is given by the
expression d — cts. Of the constants ¢ and s, the latter is regarded by
Hargreaves as a measure of the rate of flow or creep of the materiat.
He concluded that “, . .the extraordinary softening is partly the
result of the retention of the individual phases in a quasi-viscous
eondition and partly interphase action.”

Materials.

The experiments described in this paper were carried out on the
eutectic alloys of lead and tin (37 per cent. lead) and bismuth and tin (44
per cent. tin). The metals from which these alloys were prepared were
of a high degree of purity. Billets for extrusion, 3in. in length and 1-25in.
in diameter, were made by casting the alloys, at a temperature 20° C.
above their melting points, into the body of the extrusion press, which
was first heated to 60° C. The ends of the billets were dressed, and they
were then extruded into rods 0-25in. in diameter by the inverted method,
it having been shown preyiously 6 that the deformation produced by
this method is extremely uniform. As a further precaution to ensure
uniformity, 10 per cent. was rejected from each end of the extruded rod.
Preliminary tests indicated that time-flow under stress took place most
readily in rods extruded at low temperatures, and extrusion temperatures
of 18° C. for the lead-tin alloy, and 30° C. for the bismuth-tin alloy were
adopted; the latter temperature was the lowest that could be used
without the occurrcnce of cracking in the extruded rod.



OLITECHNIK!] Prate IV

Fig. 1—Tensile Test-Piece of Extrudcd Bismuth-Tin .
Eutectic Alloy. Elongation 1950 per cent.  XJ. Eutectic Alloy, Deformed under In-
ternal! Pressure of 3001b./in.2. X i-

Fig.5—Cast Structure in Bismuth-Tin Alloy. Fig. 6.—Longitudinal Seetion from Extruded
Etched with Ferric Chloride. X 100. Bismuth-Tin Alloy. Etched with Ferric
Chloride. X 100.

Fig. 7.—Extrudcd Bismuth-Tin Alloy, slowly Fig. 8.—Extruded Bismuth-Tin Alloy, slowly
Elongated by 150 per cent. Etched with Elongated by 600 per cent. Etched with
Ferric Chloride. X 100. Ferric Chloride. X 100.

[To facep. 112.



Prate V.

Fic. 9.—Extruded Lead-Tin Eutectic, Aged J ', 10—As Fig. 9, but Aged One Day before

lir.  Structure Developed by Straining." Straining. Unetched. X 1000.
Elongation about 50 per cent. Unetched.
X 1000.

" o Fig. 12—As Fig. 9, but Annealed 2 hrs, at
100“ C. before Straining. Unetched. X 1000. 175° C. before Straining. Unetched. x 1000.

Fig. 13—Extruded Bisrauth-Tin Eutectic Fic. 14—Extruded Lead-Tin Eutectic Alloy,
Alloy, Aged i lir. before Straining. Sub-  Annealed 5 hrs. at 100° C. Strained Rapidly.
sequently Etched with Dilute Ferric Chloride.  Unetched. x 1000.

Dark Constituent Tin, x 1000.



Eutectic Alloys of Lead-Tin and Bismuth-Tin 113

Prolonged Loading Tests.

Koda of the extruded bismuth-tin alloy, both in the freshly extruded
condition and also after ageing and annealing treatments, were subjected
to prolonged loading in tension. Test-pieces for this, 4 in. in length,
were prepared by machining the rod to 0-2 in. in diameter over a gauge-
length of 2 in., screw threads being provided on the ends of the test-
pieces for gripping. For comparative purposes, test-pieces in the cast
condition were made from rods formed by drawing the molten alloy into
glass tubes. In addition to the long duration tests, ordinary rapid
tensile tests were also carried out.

Table I.—Prolonged Loading and Rapid Tensile Tests on Bismuth-Tin
Eutectic Alloy in the Extruded and Cast Conditions.

Load, Time to Elongation,

Condition. Lb./m .*. Fracture, Per Cent. Remarks.
Hours. on 2 in.
20 hrs. after ex- 1,075 2-0 652 Long tapering fracture.
trusion. No necking.
7 days after ex- 1,075 31 572 it » t.
trusion
Annealcd 3 lirs. 1,075 20-5 400 o @ it
at 100° C.
Caat spocimen. 1,075 1944 18 Nockod in two places.
3 days after ex- 11,150 approx. 35 Ordinary tensilo tost.
trusion. max. 1 minute
Cast speeimen. 10,300 approx. 5 a t e
mai. 1 minuto

The figuresin Table | show that, while the extruded alloy has a rapid
test strength slightly in excess of that of the cast alloy, it possesses far
greater capacity for deformation and extraordinary ductility under a
moderate load. The readiness to flow and the total elongation are
reduced by ageing at room temperature or by annealing. A catheto-
meter was used to follow the progress of the extension in the prolonged
loading tests, and it was found that up to 150-200 per cent. it was
almost uniformly distributed along the gauge-length; slight differences
in the section of the test-pieces developed during further elongation, and
they eventually became tapered to the point of fracture. The rate of
extension increased during each test, becoming very rapid in the later
stages owing to increase in the stress as the cross-sectional area
diminished.

Similar tests to the above made on the lead-tin alloy gave com-
parable results which need not be detailed. Some experiments made
on this alloy, in which constant rates of straining with reference to the
original gauge-length were used, are given in Table Il. They are of

VOL 1tiv. H
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interest as showing tliat when tlie alloy is in the newly exfcrudcd condi-
tion it possesses great ductility even at comparatively high rates of
deformation; lower rates of straining are required to obtain high
elongations in the aged or annealed specimens.

As an example of the elongation attainable in the alloys under
suitable conditions, test-pieces of each were loaded initially at 250
Ib./in.2; the stress was then maintained approximately constant by

Table |I.—The Influence ofthe Rate ofStraining on the Tensile Properties
of Extruded Lead-Tin Eutectic.

Rate of Straining, Per Cent. per Minuto on 2-in. Gauge-Length.
25. 50. 150. 300.

Elonga- Mmax. Elonga- Max. Elonga- Max. Elonga-  \ax.

tion, Load, tion, Load, tion, Load, tion, Load
Per | b/in.3 Per pjta*. Per Lbjin* Per Ly jini1
Cent. Cent. Cent.

J hr. after extru-

sion 1122 3270 637 5620 575 7,620

1 day after oxtru-

sion 1025 4370 350 6270 110 9,090

3 daya after extru-

sion 517 5440 128 7168 42 10,530

Annealed 5 hrs. at

100° C. after ex-

trusion . 360 5630 47 C340 27 8620

70 days after ex-

tmsion . 25 5980 25 6000

decreasing the load at intervals during stretching. Table 111 shows the
finat lengths reached by each original inch of the respective gauge-
lengths. The broken test-piece of bismuth-tin after this test was coiled
so that it could be photographed conveniently, and is shown in Kg. 1
(Plate 1V).

Table IlI.
inal hs of Each Inch of
pine OLr?gi%taISTOesEg?ecér.w ° Total, tFolﬁ’ng:
Inches. Cent.
1 5 3 " on 4 in.
Bismuth-tin alloy aged 7
days after extrusion 152 216 268 1S5 82*1 1950
Lead-tin_alloy aged 40
daya after extrusion .  14*5 15’S 149 19-2 64-2 1505

The resemblance which deformation in the alloys bears to the
viscous flow of substances like glass is exemplified by the expansion of
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tubes under internal pressure. Fig. 2 (Plate 1V) sliows pieces of tube
extruded from a billet of lead-tin eutectic; the left-hand tube is as
extruded, the other two have been subjected to a pressure of 300 Ib./in.2.
The expansion toolc place at first more or less uniformly over the whole
length of the tube, as may be seen from the eentre specimen in Fig. 2;
later a bulge formed, and the tube eyentually burst, after the pressure
had been applied for 50 minutes. The cubic capacity of a 12-in. length
of the burst tube was 9-1 times that of an equal length of the original
tube.

Flow in the Extruded Alloys tjnder Constant Stress.

The study of the deformation which occurs in metals with time under
conditions of prolonged loading, is complicatcd by the inerease in stress
which takes place as the sectional area of the test-piece is reduced.
Wliere the deformation during the test J —,

is large, as in the present case, some \%
method of stress compensation becomes |
essential.  An apparatus has been U
devised on the principle of a watch

fusee by means of which it is possible X

to maintain constant stress on a test-

piece during a total elongation of 150

per cent. A sketch of the apparatus is

shown in Fig. 3. It consists of a

truncated hyperbolic cone with a pulley

attached at one end, which is mounted

horizontally on a central axle supported

on bali bearings. The test-piece hangs

vertically from a frame, and is attached

at its lower end by means of a fine wire

cable to the pulley, the circumference of

which is 4-2 in., and is equal to the

efiective stretching length of the test-

piece. Atrack cutin the surface on the cone, of uniform pitch, extends
for 1J complete turns, and serves as a guide for a seeond wire cable,
which is secured at one end to a stud on the narrow end of the cone,
and at the other to a weiglit. This weight hangs at the beginning of a
test from the end of the track at the wide end of the cone, and exerts
stress on the test-piece. As the test-piece elongates, the cone revolves
on its axis and causes the cable bearing the weight to become unwound
from its track, thus causing a reduction in the moment of the load which
is proportional to the reduction in cross-sectional area of the test-piece.
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A series of weights was used to give various stresses. Tliis method of
compensation is dependent on the elongation taking place uniformly
along the test-piece. That this is so within narrow limits is shown by
the following figurcs, -which zepresent the finat lengths of individual
inches of a test-piece after it had undergone considerable elongation:
241, 2-42, 2-39, 2-36 in. The apparatus proved entirely satisfactory
in use. Some difficulty was experienced in finding a suitable
form of test-piece and method of securing it. It is necessary with
this apparatus to ensure that the extension is confined to a definite
gauge-length, and for this the ordinary form of test-piece with reduced
central portion in unsuitable, since in these alloys some deformation
always oceurs in the shoulders. In addition, accurate maeliining in the
ease of the lead-tin alloy was very difficult, owing to its softness—the
Brinell hardness of the extruded rod is just over 1. The method finally
adopted was to use unmachined lengths of the extruded rods, which
were screw-threaded at the ends and screwed into light brass liolders.
To prevent failure at the ends of the screw threads, the holders were
heated to 75° C. and partly filled with molten Wood’s alloy, before insert-
ing the test-piece, which thus became firmly soldered in. Previous tests
have shown that the properties of the alloys are changed by heating, and
there was a possibility that the portions of the test-piece nearest to the
holders might be affected by this method of securing. It took a few
seconds only to screw in the test-piece, after which it was immersed in
water, and in practice no trouble arose as the result of the slight local
heating. The holders had a eertain supporting effect on the test-piece
over a length of approximately 0-2 in. at each end, and it was found that
a length of rod 4-4 in. between the holders was necessary to provide an
effective stretching length of 4-2in. corresponding with the circumference
of the pulley on the hyperbolic cone. Test-pieces were marked off in
inches over a gauge-length of 4 in. by means of finely scratched lines.
Measurements of length were made with a cathetometer reading directly
to 0-01 in.

A arge number of tests has been made on both alloys with this
apparatus. The stresses used in the ease of the lead-tin alloy were from
200 to 1600 Ib./in.2, and for the bismuth-tin alloy from 400 to 2400
Ib./in.2. It was not possible, within the limits of aceuracy of measure-
ment used, to detect any immediate change in length on applying the
load. With the exception of those tested within a few hours after
extrusion, all the test-pieces stretched at a uniform rate per unit length
from the beginning of the test. Typical series of measurements are
given in Table IV.

It will be observed that the length does not inerease by the same
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Table IV.

Time, Lengtb, Time, Length,
Minutcs.  Incbes. Tloursi. Incliea.
Load-tin outeefcic, 0 4'02 Lead-tin eutectic 0 4-01
21 hrs. aftor ox- 10 4-G3 annoaled 5 lira. 4 4-47
trusion. Strossod 20 5-3G at 100° C. 8 4-96
at 1000 Ib./in.2. 30 6-12 Strossod at 400 12 5'53

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

amount after each time interval. This is obviously brought about by
the inerease with time in the length of rod which is flowing at any
moment. For the flow to be viscous in character, the lengths observed
at regular time intervals should be in geometrical progression, and this
is aetually the case. The expression for flow of this kind is given by
I = 10.e.kt, where 10is the original length, | the new length after time
t, and k is a constant giving a measure of the viscosity.

The above resultis strikingly similar to that obtained for pure metals
by Andrade,7 who found that the flow occurring with time under con-
stant stress is given by the equation Z= 2 (1 + pfl).e.u, where pand
k are constants, | is the length after time t, and 10 is the length
immediately after the application of the stress. The time flow
is of two kinds: an initial flow which decreases and finally dis-

appears, the expression for which is I = 10 (1 + Pit)>designated the p
flow, and a purely viscous flow, taking place at constantrate throughout
the extension, given by I = 10.e.* In “ fuse wire,” a lead-tin alloy,

close to the eutectic composition also used by Andrade, the p flow was
negligible, and the viscous flow occurred with great readiness. It did
not, however, fit the equation for viscous flow given above."

The rates of flew for diSerent stresses, in rods of lead-tin alloy after
various treatments, are given in Table V.

Table V —Rates of Flow of Extruded Lead-Tin Eutectic at Constant
Stress.

Bate of Extension, Inch perinch per minute.

Stress, Lb./in.".

Aged 1 day Aged 7 days Anneaied 5 hrs. Aged 37 days
after Estrusion. after Eitrusion, at 100° O. after Extrusion.
200 0-00007 0-00005
400 000075 0-00045 0-00035
600 0-0040 0-0024 0-0013
1000 0-0148 0-0071 0-0040 000235
1200 0-0235 0-0105 0-0059 0-0034

1600 0-0202 0-0108 0-0064
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In the majority of tests the rates were measured during an extension
of 120-150 per cent., but this was reduced to 50 per cent. where the rates
were very low. The rate of flow remained constant whether the test
occupied | hr. or several days. No particuiar eSort was made to main-
tain a constant temperature during the tests, which were carried out at
21° C.i 2°. There was one exception to the generat behaviour. Rods
tested within a few hours after extrusion stretched at a decreasing rate.
This was not very marked when, \ising a high stress, the test was com-

5TRESS.L8.PER SQ./N.

FIO. 4.
*

pleted quickly, but became more apparent in lengthier tests at low
stresses. The decrease was found to be due to a change in the viscous
properties of the alloys on standing after extrusion, which is very rapid
at first. The curvesin Fig. 4 show this ageing effect and the influence of
annealing. It will also be seen that the rate of flow is not proportional
to the stress, but inereases more rapidly. The significance of this is
discussed in a later section.

Accurate determinations of the rates of flow at stresses less than
200 Ib./in.2 have not been attempted. It can be asserted, however,
that continuous deformation occurs in test-pieces of the lead-tin alloy
at stresses as low as 20 Ib./in.2.
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The Microstructure of the Extruded Alloys.

The mechanism of deformation in the alloys has been studied micro-
scopically. Some examples of the structures found in the bismuth-tin
alloy in the cast and extruded conditions, and in the extruded rods after
elongation under prolonged loading, are shown in Figs. 5-8 (Plate V).
The photomicrographs of the worked specimens were all taken from
longitudinal sections. In the cast alloy (Fig. 5) portions of idiomorphic
crystals can be seen in addition to the eutectic structure. These were
invariably presentin billets of this alloy, probably as the result of super-
cooling during freezing. On eztrusion, the constituents have become
elongated parallel to the axis of the extruded rod (Fig. 6). During the
subsequent stretching of the rod there is no further elongation of the
constituents; on the contrary, after an elongation of 600 per cent. the
structure has ceased to show directional features (Figs. 7 and 8, Plato V).
During this stage, the remnants of the idiomorphic crystals, after
separation into smaller pieces, become completely dispersed. It is
obvious that the modes of deformation during extrusion and slow
stretching have been <juite difEerent. The elongation of the constituents
during extrusion suggests that deformation has been largely by ordinary
plastic flow in each phase of the alloy, probably accompanied by
recrystallization, sifice at 30° C. both metals recrystallize readily. On
earlier consideration, it had appeared possible that the flow in the alloys
under prolonged loading might be explained by a process of slip with
simultaneous recrystallization in each phase of the eutectic, but such a
process would cause the areas of each constituent to be drawn down still
further in the direction of flow.

New light on the problem was obtained by observing the progress of
stretching under stressby means of the strain effects produced on smooth
surfaces of the extruded alloys. Excellent surfaces for the purpose were
prepared by pressing rods immediately after extrusion between two
polished steel plates so as to form narrow fiat areas on the rods. It
appeared unlikely that the slight additional deformation which this
involved would alter appreciably the structure or properties of the
extruded materiat, and this has been confirmed by tests in which the
rate of flow of rod so treated was found to be the same as that in the
plainrod. Test-piecesof both alloys, prepared in this way, were allowed
to stand for periods from \ hr. to 30 days, and others were annealed at
various temperatures. They were then loaded in the constant stress
apparatus, being removed at intervals during their elongation for
microscopic examination. In each case there developed gradually a
granular appearance which was extremely fine and could be resolved
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only under high magmfication. The size of the grains was notsimilar in
the different specimens, being smallest in the freshly extruded rod and
becoming larger the longer the period of standing or the higher the
annealing temperature used prior to the straining. Examples of these
structures are shown inFigs. 9-12 (Plate V). W ith continued straining
the boundaries became more marked and, using oblique illumination, it
could be seen that they represented difierences in the level of adjaeent
grains. Finally, when the elongation exceeded 100 per cent., simul-
taneous focussing of the grains became difficult, and some of tkem
appeared to have become tilted to the original surface. Itisimportant
to note that even after this amount of deformation, the shape
of the grains was apparently unchanged, and they were free from
slip-bands.

It seemsreasonable to conclude that the granular boundaries brought
up by straining are those of the crystal grain constituting the alloy after
recrystallization following extrusion, and that the increase in the size of
the grains which takes place after standing at room temperature, or after
annealing, is the normal process of grain-growth. The grains are much
smaller than those usually found in recrystallized metals, possibly owing
to the obstruction to grain-growth ofiered by two closely intermingled
phases. The relation which the granular structure bears to the distri-
bution of the two phases present in each alloy was revealed by etching a
previously strained surface. Fig. 13 (Plate V) is taken from a specimen
of the bismuth—tin alloy treated in this way. A uniform, fine-grained
structure resembling that seenin Fig. 9 (Plate V) was first produced by
straining a smooth surface of the alloy 30 minutes after it had been
extruded. The strained surface was then etched with dilute ferric
chloride, which darkened the tin constituent. After this treatment the
granular structure can stillbe seenin the bismuth areas, butis obliterated
in the tin areas. It is evident that each phase consists, soon after ex-
trusion, of a large number of grains, and that there is opportunity for
grain-growth to occur within the individual areas of each. It isperhaps
a little surprising that etching should have been necessary to distinguish
the distribution of two phases, for it might have been expected that the
interphase boundaries would have developed more prominently on
straining than those between similar grains, but this was not the case.
The grain-size was uniform over the whole of each of the strained
surfaces and the boundaries were evenly developed.

It is interesting to compare the strain structures just described with
those formed when the straining is donerapidly. Fig 14 (Plate V) shows
the strain structure near to the fractured edge of a specimen of lead-tin
alloy broken rapidly in tension. The grains are again made evident, but
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in this case they havo an clongated appearance which. was never seen in
tho slowly strained specimens. The test-piece became elongated by
29 per cent., most of which occurred in forming a well-marked neck.
The distorted grains did not show slip-bands, and it may be noted that
Hanson and W heeler8 have been able to produce deformation in fine-
grained aluminium without the appearance of visible slip-bands,
although only when the metal was slowly strained.

The evidence put forward strongly suggests that the viscous type of
deformation shown by the alloys under prolonged loading is due solely
to flow taking place at the boundaries of the crystal grains. Supportfor
this view is to be found in the constancy in the rate of flow throughouta
particular test, and in the fact that the rate is highest when the grain-
size is smallest. There is no reason to believe that flow is readiest at
interphase boundaries. It is well known that intergranular boundaries
in metals may be the seat of deformation occurring in a viscous manner,
and that relative displacement of crystals may occur as the result of
long-continued stress at appropriate temperatures. In worked metals
as arule, however, the temperature at which such flow can occur readily
promotes the formation of grains of comparatively large size, and the
total deformation which can be brought about in this way is thereby
reduced. On these grounds, the readiness and extent of deformation in
the extruded eutectic alloys may be attributed to the persistence of
extremely smali grains at a temperature sufficiently high for inter-
granular llow.

The Relation between Gkain-Size and Viscosity.

The relation between the rate of flow under constant stress and the
grain-size, already observed in a generat way in preceding tests, has been
made the subject of a few careful determinations. Rods of the lead-tin
alloy, from one extrusion, were made up into test-pieces having smooth
flats extending over a gauge length of 4 in., so that rates of flow could
be measured and the granular structures developed on specimens which
had received identical treatment. These were treated in pairs as
follows, so as to produce different grain-sizes: (a) aged one day;
(£) annealed 5hrs. at 100° C.; (c) annealed 2 hrs. at 175° C. One ofcach
pair was then stressed at 1000 Ib./in.2and the rates of flow were deter-
mined; the remainder were elongated by 30 per cent. under the same
stress, and their strain structures were photographcd at a magnifica-
tion of 1000 diameters. Grain counts were made in the usual manner
from the number of grains enclosed and cut by a circle 1in. in diameter.
From these, assuming the grains to be cubic in shape, there has been
calculated the number of grains per unit volume and the total grain
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surface per unit volume in the alloy. Although this method involves
eertain errors, it is satisfactory for comparative purposes.

It will be seen from Kg. 15 that the rate of flow diminishes very
rapidly as the number of grains, or the total grain surface, becomes less.
Tlie relation is not linear in either ease. Although only three points
have been obtained in plotting each of these curves, the results have
been confmned by a duplicate series of esperiments on another set of
test-pieces.

It is interesting to observe with reference to Fig. 15 that whereas
a normal worked metal in the recrystallized condition rarely contains

TOTAL ORA/N SURFACE IN I/V2 PER IN3

Fig. 15.—Lead-Tin Alloy. Comparison of Ratos of Flow at 1000 Ib./in.2and
Grain-Sizo.

more than 109grains per in.3, in the lead-tin alloy, one day after
extrusion, there are about 5000 times as many. The disparity is much
greater with cast metals.

General Considerations regarding the Viscosity of the Alloys.

The viscous properties shown by solid metals do not lend themselves
as a rule to comparison with the yiscosity of other materials, although
their behaviour in this respect is sometimes considered to resemble that
of glassor pitch. In mostcaseswhere yiscous effects are well marked, as
for esample in experiments on creep, it is difficult to dissociate the purely
yiscous flow from deformation occurring in other ways. It is not the
intention of the author to attempt any generat discussion of the pheno-



Eutectic Alloys of Lead—in and Biswiuth—Tin 123

menon of viscosity, but it appears to be worth while, in view of tho
magnitude of the yiscous deformation shown by the alloys and thc
apparent absence of masking eflects, to put forward a few relevant
considerations.

In liquids which conform to Newton’s law, the resistance to shearing
stress tending to setup relative motion and ezpressed by ® thecoeffi-
cient of yiscosity is constant, so tliat flow takes place uniforinly at a rate
which is dircctly proportional to the stress. This does not hotd good in
the case of the extruded eutectic alloys, as may be seen from Pig. 4-
Their behaviour resembles that of many colloidal solutions and coarser
disperse systems, such as suspensions of particles of microscopic size
which have been found to have anomalous viscous properties.® In such
cases the rate of flow isnot proportional to the stress, butinereases more
rapidly, aresnltwhich would be produced if 7were not constant, but de-
creased with inereasing stress. Some doubthas been expressed whether
aresistance to deformation which is a function of the stress can properly
be regarded as a viscosity, and a number of alternative terms have been
suggested, none of which has yet found acceptance. It may be pointed
out that the conclusion that Yiscous deformation in metals does not
conform to the ordinary laws of yiscosity isin accordance with the results
obtained from torsion tests on copper and steel at high temperatures by
Henry,10 who found that a constant rate of deformation was.soon
attained at any stress, butthat the relation between the rate of deforma-
tion and the stress was not linear.
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ADDENDUM.

Since this paper was submittcd, Dr. 0 Neill has very kindly made an
X-ray examination of rods of the lead-tin eutectic. There appearcd to be
some possibility that preferrcd orientation might bo present in the extruded
rod, and that the effect on this of subseguent straining might throw some
light on the mechanism of tho viscous flow. Tests were mado on [a] rod as
estruded ; (6) rod extruded and slowly elongated by 400 per cent. in tension.
Dr. O Neill reports that there is no evidenco in either case of preferred orienta-
tion. The metals appear to have reerystallized.
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A NOTE ON SOME FORMULE CONCERNING
VISCOUS AND PLASTIC FLOW IN SOFT
METALS.*

By E. wW. FELL,f Dr.-Ing., M.Sc., Member.

Synopsis.

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

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

This note was written as a result of conversation on the meaning of some
constants mentioned in a series of papers, one of which was entitled
“ The Ball-Hardness and the Cold-Working of Soft Metals and Eutect-
ics.” J In the diseussion on these papers, little was said about the
meaning of the constants ¢ and s in the formuta described,

I Q)

where d = diameter of impression, and t — duration of loading after
the load on the machine had reached its maximum. The values
obtained for these constants varied according to the state of the metal
and the mode of carrying out the test. It is hoped that this note may
be of value in attempting to discuss the meaning of these constants and
in comparing them with some recent work concerging a similar type of
flow in metal at room temperatures.

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

+ Recently at St. John’s College, Cambrid

e.
t F. Hargreaves, J. Inst. Metals, 1928, %9, 301-327; further papers, ibid.,
1928,40,41-54; 1929,41,257-283; 1930, 44, 149-107.
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Formuta (1) fits the interestiug cxperiinental results which were
obtained,* sifnce tlie points representing a single set of observations
lie near a straigtit line when plotted witli log t as abseissa and log d as
ordinate. It is scen from tlie formuta that at a spccified time, the
diameter of the impression is dependent on the coefScient ¢ and the
index s. The value of log cis the “ additive constant ” in the eguation
of the log f-log d curve, and s is the gradient, cand s are found to be
constants for a particular metal in a definite state and for prescribed
conditions of testing.

It will be noted that formuta (1) is determined for a constant load
only. Strictly, therefore, it does not seem elear why the rate of appli-
cation of the load should have little effect on the results obtained wlien
s has a negligible value (see p. 308 of Hargreaves’s paper), or that its
effect will vary at different stages of the operation of loading when s is
not constant for different loads {ibid., p. 309). In passing, it may
be noted that the formuta does not hotd in an interval of time including
t — 0 and values of tabove £= 0 : there is little to show when d begins
to fit the formuta. It is possible that, contrary to the formuta, the
diameter of the impression isnot equal to c when | — 1. The diameter
of the impression when t= 0 depends on the metal and on tho conditions
of testing prior to this time.

The formuta shows that the diameter of the impression, which is
indireetty a measure of the ease with which the bali penetrates the
metal, is dependent on both cand s. For, suppose that the change in
the diameter of the impression with time is a function of the flow of the
metal, then the inerease in d in a smali interval of time, 8t, is from
formuta (1) found to be esi®l. Si, to the first order. Thus the inerease
in d is partly dependent on c and s, or, briefly, on the constant (es).
Both ¢ and s appear to vary differently in the esperiments, and the
influence of c is considerable, as is shown by taking, for esampte, the
lead-tin eutectic, worked, referred to on P. 322 of Hargreaves’s
paper, Table X, as Materiat No. 8, where approximately c= 1-92
s = 0-143.

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

In a further paper,f mention is made of the “ creep factor s,” but sifce

* F. Hargreaves, loc. cii. f J. hisl. Metals, 1930, 44, 151.
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¢ sliould be taken into account, this tenn would not appear permissible.
Meyer’s formuta,

L — acln
where L = maximum load on the bali, d = diameter of impression
after a standard time, and a and n are constants, scarcely shows what
is taking place as the load is inereased from zero to maximum in a test,
since strictly the time required for this to happen is generally less than
the standard time employed.

The author of the present paper is indebted to Mr. C. E. Pearson,
M.Met., for kindly supplying details of a paper on “ The Yiscous
Properties of Extruded Eutectic Alloys of Lead-Tin and Bismuth-
Tin.” * In that paper, rates of extension in tensile tests at constant
stress per unit area of cross-section are given, and provided sufficient
time after extrusion was allowed for, rate of extension was found to be
uniform; Table IV showed the change in original gauge-length with
time at constant stress (in passing, it may be mentioned that the relation
log10(time)-log10 (length) is not linear for the two cases described). In
the formuta mentioned,

where | = length after time t, 10= original gauge-length, the constant
k will be found in Table IV to have the following approxiinate values in
in./minute : for lead-tin eutectic, 24 hrs. after extrusion and stressed
at 1000 Ib./in.2, k — 0-0140; for lead-tin eutectic, annealed 5 hrs. at
100° C., and stressed at 400 Ib./in.2, k = 0-00044.

It is interesting to eompare, as far as is possible, the results of
Hargreaves and Pearson with regard to the flow of the metal. The
lead-tin eutectic, 75 per cent. reduction by hammering, in Table XVI
of Hargreaves’s paper, may be compared with the lead-tin eutectic,
severely worked by extrusion at room temperatures, in Table V of
Pearson’s paper. On diflerentiating in (3) with regard to the time and

putting 10= 1, t — 0, the rate of extension wid be found to be k.

Results for k, together with the yalues for ¢ and s taken from Table
XV, are given in Eig. 1. 1t will be seenthat only cvaries in accordance
with the curve representing k, whilst s has practically the same value
for the three determinations made in the first four days of ageing after
working. Erom these few results it may be deduced that k and s are
not comparable.

Why should not the bali method be convenient for measuring this
type of flow, provided the metal be more or less isotropic and the points
of support of the specimen be at such a distanee that reaction effects

* This Volume, pp. 111-124.
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thereat have negligible influence in tlie ncighbourhood of tlie bali?
It might be expected that the two methods should give comparable
values for these constants in liomogeneous materials like pitch. Com-
parable yalues for the flow in metals may not be obtainable, because
they are not in this sense homogeneous, in addition to the alteration of
their properties on working. In the bali method the materiat is pushed
away by the penetrating bali, in the tensile method it is pulled out.

© C S

Eig. 1.—Lead-Tin Eutectic. Comparison of tho Constants h, c, and s (i for
1000 Ib./in.2 c and s for 635 mm. ball/40'3 kg.).

In the first method, the contact pressure at a fixed point on the bali
varies in magnitude and possibly also in direction with time; in the
seeond method, the puli across a transverse section within the gauge-
length may be yisualized as constant in magnitude and direction with
the passage of time. The experimental conditions are thus simpler in
the second method. Such differences as these may aecount for any
yariation of results between the two methods, assuming that the metal is
initially in the same condition.

Table V has also been used to examine the relationship between the
applied stress and the rate of extension k, and Kg. 2 shows log (stress)-
log k curves for extruded lead-tin eutectic in the four states mentioned
in the table. The curves are not straight lines, they may cease to be
straight above a stress of about 600 Ib./in.2, and in the absence of
systematic experimental error this may suggest that a change occurs
in the mode of flow as the stress is increased.

Accordingly, in the range 200-600 Ib./in.2, let

k= tr™. . . . . . 0

where k — rate of extension, p = stress, b and m are constants. b will
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be scen to depend on the state of ttie metal and possibly on the kind of
metal, whilst m (= 2-72 in c.g.s. units) has the same value for the four
curves, since they are parallel, as shown in Kg. 2, and so is practically
unaffected by the different states of the metal considered in the figure.

2 2-5 3 3-5
LOG. CSTAZSS)

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

It will be found in this range that for the extruded lead-tin eutectic the
following values for h are obtained :

Aged 1 day after estrusion

. . b = 4-46 x 1018c.g.s. units
Aged 7 days after extrusion . . . b
. b
b

7-94x106 ,, ,,
141x10%7 ,, ,,
= 2-24 x 1017 approx.

Annealed 5 hrs. at 100° C.
Aged 37 days after estrusion

The tests were made at 21° C. + 2°. In the figure, the curves have
therefore been assumed to consist each of two straight portions, for a
lower and a higher range of stress, which have been made clearer by
drawing the broken lines. For the higher range of stress above about
1000 Ib./in.2, the values for b and m behave as above, being somewhat
smaller in magnitude. The only reason for introducing formuta (4) is
to show that b is roughly of the same order of magnitude as the

viscosities for some solids.
VOL. LIV. |
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Conclusion.

The constants ¢ and s reguirc careful use; complex conditions—for
example, in the bali method—have been mentioned. It is suggested
that the use of the product cs would remoYe some irregularities, in that
it would combine the efiect of each constant: for example, it will be
found from Fig. 1 that the curve for (cs) has a downward slope (being
thus more in agreementwith h) and possibly a point of inflexion. W ith
regard to the tests at constant stress, the constant k in formuta (3) is
the rate of extension at any time during the test per unitlength. Some
comparison, of an empirical nature, of the constants (cs) and k should be
possible. There is an indication that a change may occur in the mode
of flow as the stress is increased (see Fig. 2). Formuta (4), concerning
the stress data, shows that the constant b has roughly the same order of
magnitude as the viscosities- for some solids. It is considered that
Yiscous flow and plastic flow are present.
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JOINT DISCUSSION ON PEARSON’'S AND FELL’S
PAPERS.

Dr. E. W. Feli, at tlio request of tho President, presented llia paper as
the first contribution to tho diseussion of the paper by Mr. C. E. Pearson,
on which his (Dr. Fell’s) paper was partly based (see pp. 127-130).

Mr. R. Chadwick,* B.A. (Member): Mr. Pearson’s investigation adds
some further interesting observations on tho eold-working of highly dispersed
two-phase systems. Thowork onlead-tin alloys | found especially interesting,
and | much admired the photo-mierographs in Figs. 9-12, in which aetual
grain-growth is shown, similar to, but much slower than, that produced in
tho annealing of uniform solid solutions.

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

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

This account of the mechanism of elongation applies necessarily only to
smali elongations. A short experiment will show this. A test-sample of
estruded solder was loaded instantaneously at 1500 Ib./in.2and gave 0'7 per
cent. elongation. It was then allowed to elongate 20 per cent. under a load
of 500 Ib./in.2—almost eertainly below the instantaneous yield-point—and on
again loading with 1500 Ib./in.2 a further elongation of 0-5 per cent. was

* Research Metallurgist, 1.C.I. Metals, Ltd., Birmingham,
f J. Insi. Metals, 1933, 51, 93.
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ELONGATION @ 2IN FER CENT

TIME MINUTES
Eia. A, Elongation of Loaded Tost-Piecos of Rolled Electrolytic Zinc Strip.
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Fig. B.—Elongation of Loaded Test-Piccos of Estruded Lead-Tin Euteetic.
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obtained, which indicated tliat thero had been some re-orientation of tho
crystallites allowing a further distortion with instantaneous loading. _In
Fig. 14 Mr. Pearson sliows elongated grains produced in rapidly strained
extruded lead-tin eutectic. | should like to know whether ho suggests that
in slow straining tlie grains would simply roli over each otlier without any
distortion. | tbink that ho said that he did not find any distortion,
but my own observations on sections from slowly elongated extruded
strip eertainly gayo yisible grain distortion with more than 50 por

cent. elongation. | would relate only the initial rate of elongation » at low

loads to purely viscous flow in the boundary materiat, high elongation
involving distortion in both phases.

Finally, I would point out that extrusion is by no means tho best method
to obtain a highly cold-worked yiseous condition. The heat evolved in

Fio. C.—Effect of Ageing on Yiseous Elongation.

extruding a eold billefc was found to be yery considerable, the product being
at over 100° C. on leaving the die-mouth. It appeared probable that some
recrystallization had taken place immediately after the extrusion even when
a gucnching batli of iced water was employed. A sample of cast solder was
carefully cold-rolled to 97 per cent. reduetion in thickness * avoiding any
apprcciable inereaso of temperature. The strip prepared gave three times
tho rato of extension and a similar ratio of total extension when compared
with extruded strip under the same load. The rato of ereep of highly deformed
zine was found to decrease very rapidly immediately after rolling and then
at a diminishing rate. Tliis is”shown with a similar euryo for lead-tin in
Fig. C. Under better conditions of cold-working, | think that the lead-tin
curve would have eommenced from a yery much higher ereep rate, the short

* It was found that a deformation of well over 90 per cent. was ncccssary to
8ive materiat in a similar physical state to the extruded Froduct. It appears
oubtful whether tho hammered solder dcalt with by Dr. iell on p. 127, was in a
condition at all comparable mith that of Mr. Pearson s extruded solder.
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interyal at a high temperature causing as great a ehangc as a much longer
period at room temperature.

Professor Gitbert Cook :* The meehanical properties of the lead-tin
alloys are most interesting. | do not speak as a metallurgist, but I am keenly
interested in the meehanical properties of metals and tho laws which govern
their flow. It is obvious that the viscosity to which Mr. Pearson and Dr. Feli
refer is of a type quite different from that met with in liquida. Like Dr. Feli,
I have spent some time in studying Table VV of Mr. Pearson’s paper, and I,
too, have plotted the rates of stress against the rates of flow logarithmically,
but | reach quite different conclusions from those of Dr. Feli. | disagree
with the way in which Dr. Feli has drawn lines through the points in Fig. 2
of his paper. Dr. Feli says that the curres are not straight lines, but of course

LOG S
Fig. D.

a straight line can be drawn through any two points, and | think that he has
drawn a straight hne through the lowest two points, found that it does not
go through the others, and then proceeded to reach what | consider to be
rather an improper conelusion. At the bottom of p. 128 he says that the
curves eease to be straight above a stress of about 600 Ib./in.2 and that
therefore a change oceurs in the mode of flow as tho stress is inereased.
In -D the observations are replotted to the same scales as in Fig. 2,
p. 1-9, and it is evident that if a linear relation be assumed, it is at the lower
yalues of the stress that the deviation oceurs, and not at the upper. This
is very significant, and it seems to me to indicate the esistence of plastieity
as well as viscosity. A plastic body as distinct from a purely Yiscous body is
0L? rif h Posscsses a flow limit; that is to say, a shear stress exists below
which flow will not take place, and the relation between stress and flow
velocity could be expressed by an equation of the type: s= sa+ U(v)
I have esamined the data ghren in Table V carefully on the assumption that

* Professor of Meehanical Engineering, Unireraity of London (King’s College).
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this eguation holds, and that s - sa= cv". In this form it is an® abJ®
logarithmic plotting, although somewhat troublcsome because sO bas to bo

feUTho'resuhis shown in Fig. E. It will bo secn that a senes of .parallel
straight lines pass almost identically tlirough the points, a nfw
interesting to note tliat the slope of these straight lines showsthattheinde?
of vin all cases is exaetly I. | liave heard it saidthatnaturo abhoisanythm
except very simple indices, and when | see vanables related in tins way 1 ieel
that there must be something more in it than a mere empirical relation.
With regard to tho plastic limit which seems to exist; in each case | am
in a difficulty, because Mr. Pearson has pointed out that flow waslobscawed
at stresses as low as 20 Ib./in.*. The lowest yalue of sOm the above cciuation
was 64 Ib./in.2. It would be most mterestmg, | think, to have more data

28 3-0 3-2 3-*
LOG (S-Saq)
Pig. E.

with regard to tho flow under very low stresses._ There must bo some sort of
limit, or the metal would flow under its own weight like pitch, and | presume
that that does not occur.

As to tho physical significance of the square root, I am not preparcu at
tho moment to give an opinion, but it does show definitely that the Yiscosity
is not of the same type as that of a liguid. If this law is the right one, the
coefficient ¢ in this eguation must have the dimensions ML- 2-4, and |
havc not discovered any satisfactory way of correlating that with such
properties of tho materiat as are likely to have any effect. It would be most
interesting to know whether this law would hotd for other types of stressmg,
say in torsion, and whether fluid pressure might affect it. Such pressure, we
know, has practieally no effect on plastic flow in solids; in tho case of soit
copper, for instance, a fluid pressure as high as 2500 atmospheres has only a
slight effect in impeding tho plastic flow. We know, howeyer, that high
pressure does inerease notably the viscosity of liguids, and it would bo ot
interest to know whether this type of yiscosity is susceptible to the same
effect.
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Mr. F. Haroreaves,* A.R.S.M., D.I.C. (Member): Tho real ouestion
wineh concerns us with regard to the matter dealt with in theso two papers
is this : do soft eutectics behave differently, in any fundamenta! rcspect,
from pure metals and solid solutions ? A superficial survey suggests tliat they
do, and m certam ways, particularly with regard to reerystallization after
cold-work, they show a great difference. | suggested some years ago that
there was a great difference between soft eutectics and pure metals or solid
solutions in the duration of the phenomena observed, but neither my own
tests nor those of Mr. Pearson touch that particular point. After heaw
working these soft eutectics undergo such rapid changes that tbe Brinell test
cannot follow them, and the tensile test certainly eannot. It seems to me,
therefore, that to get Information on this point testing must bo carried out
at the same time as the working of tho alloys; in other words, no time should
be allowed to elapse between aetual working and testing. That can be done
by means of an extrusion press. For investigating the lead-tin eutectic tho
materials rcquircd would be solid solutions of tin and lead, each saturated
with regard to the other at air temperature, and tin-lead eutectic in equi-
librium at air temperature. The crystal structure and mode of deformation
oi the latter in the cast State aro quite different from those in the worked and
tests recrystallized alloy, and this would have to be considered in such

The testing of each of theso materials in the extrusion press at different
rates of extrusion, with observations of the pressure, should provide Informa-
tion on the effect of inter-phaso boundaries. Different rates of extrusion
would represent the different rates of working. Other conditions, of eourse,
would nave to be standardized.

There is evidently a difference of opinion as to the meaning of some of the

:°r “ Stance, in Table V. | notice, incidentally, that a Brinell
hardness of about 1 has been obtained by this method of working. That is
smaller than any ralue wliich | obtained in the case of hammering. With
S i f f testrecorded m Table IV, itis to be remembered that the actual
process of stigching softens the alloy. In one case herc it has been estended
rather more than 100 per cent. m an hour, and | submit, therefore, that tho
test-piece was m quite a different state at the end of the test from that which

al?d one would not expect any simple law to hotd.
In the case of Table V, there isnot enough experimental detail'given to enablo
ono to form any opmion about the degree of softening which must take ptaco

on extcnsions under stress. | suggest that some of the departure from a
testll aS Do out Dr- is due t(>softening during the
A gard to inter-phaso boundaries, it is not right, I think, to

=, r
say that th%re is no eyidence that flow is rcadiest there, as iS stated by Mr.
rearson. The deyelopment of the eutectic structure by straining is well
Jtnown, and in my investigation on strain methods it was“freely used. It is
of eourse, rcahzed that the extruded structure is a very different structure’
Irom that of the cast alloy.

I do not agree with the suggestion that the rato of flow and tho pressuro

int . i i i A,

tions. -Irt'vﬂmlggtbee% dféar ymsjhodwﬁ(,)é ggﬁrsstet,htﬁtatlstﬁgréglrs]%r%&nrﬁgé?i%% %%?Wegn
them, but at the same time | do not think that one is the cause of the other
it is moro nearly tnie to say that they are both results of the same cause. It
has been shown m some of my previous work that it is possible to inerease the
rato of flow under pressure without any smali grain formation. In the
average lead-tin eutectic sample the tin crystals aro relatively very big. Of

* Chemist, Southern Railway, Eastleigh.
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course on recrystallization they are very smali, as sliown by Mr. Pearson,
but it is very difficult to make a fine-grained eutectic recrystallize completely.
If it is hammered to the extcnt of reducing it 75 per cent.,_anncaling at within
8° C. of the melting point will often fail to recrystallize it completely.

W ith regard to Dr. EelTs paper and tho factors s and c, he points out that
the product of these would bo a better representation of the flow phenomena.
He has plotted ¢ and it corresponds somewhat to Mr. Pearsons * ; but
in working eutectics the s factor always increases whilst as in tho ease of tho
sflver-tin eutectic, log ¢ may decrease.

Professor B. P. Haigh, M.B.E., D.Sc. (Member): This paper
illustrates elearly how complex is tho problem of plastic strain m metals, at
any rate in some cases and probably generally. We can recogmze, | believe,
four distinct actions producing strain in metals, the first of these being the
elastic action that affords such a yaluablo basis for theoretical study. Putting
that aside, there appear to be at least three other actions that produce plastic
strain. There is the process which, involving slip-bands, work-hardens the
metal; and there is tho action about which
Mr. Pearson has spoken so interestingly,
recrystallization, whieb must have many oifects,
espccially when the recrystallization product is
smaller than the amorphous or other matter
from which it forms. Lastly, there is the
effect of yiscosity. | have sometimes been
inclined to doubt whether there is such a thing
as yiscosity in solid hodies, or whether the
apparent efleet is not simply a combination of
slip and recrystallization; and yet it is Yery
difficult to belieye that, especially in the light
of such considerations as Professor Cook has
just put forward.

I should like to show by means of a Fig. F.
diagram how measurements may be taken to
illustrate the kind of efEect that is attributed to yiscosity. We will think
of an ordinary tensile test, where the force which is applied to the test-
piece is shown vertically and the inerease of length, | I, horizontally. lhe
simplest type of diagram, obtained with a constant rate of straining, is as
sketched in Fig. F; but if the rate of straining is inereased, we get a step
as in Fig. G, and can return to the original graph at A by returnmg to the
initial rato of straining. The eonsistent manner in which the graph returns
is very difficult to explain unless we assume that there is something which
may fairly be deseribed by the name of yiscosity.

W ith tho alloys such as tho author has deseribed and with many others,
e.g. tin alloys, this may be dono repeatedly, and several intermediatc rates of
straining may be used to draw intermediatc graplis, beeause the long lange
of extension available before fracture is amply sufficicnt to enable the ehanges
to be made repeatedly. Tlius tho efleet of yiscosity can be ascertamed by
tests on a single test-piece. .

If that is franslated into terms of the diagram winch | put before you a
year ago, in which one plots not the applied force, but the force divided by
tho reduced area of the piece on a base representing the reduced area a changmg
from the initial value A down to zero, interesting results are obtained which
esplain why some of the pieces elongate so tremendously and others only very
much less. Great elongation is found to depend—not necessarily on abnorm-

* Professor of Applied Mechanics, Royal Naval College, Greenwicli.
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ally eyident viscosity—but rather, on tlio work-hardening properties of the
metal, being obtained \vlienever the graph G rises gradually to approach the
hyperbolie profile represented by tho dotted line H. As faster rates of
loading tend to raise the graph without grcatly ehanging its profile, the
modified graph O runs tangent to a higher hyperbola Il at an earlior stage,
giying less distributed elonga-
tion before necking leads
eventually to fracture.

Dr. N. P. Arten,* M.Met.
(Member): Mr. Pearson’s very
interesting ,piece of work has
demonstrated some very re-
markable phenomena. The
most remarkablo feature is the
great uniformity of the rato of
exten.sion in the alloys. In the
ordinary way, yiscous flow in
any metal or alloy becomes
uniform with time eyentually,
but there is a “ qualifying ”
period in most eases character-
ized by an abnormal rate of
flow beforeuniform flowbegins.
. o That is seen_in the easo of
steel at high temperaturo, where tho rato of extension is at first rela-
tively rapid and yaries with time, and afterwards becomes uniform. In
Mr. | earson s previous paper he showed the same sort of thing occurring in
the case of extrusion, in which with some metals there was an initial slower
rate of deformation, and in others an initial faster rate of deformation, but
eyentually a condifcion which was reproducible with constant rates of flow
was established. The presentalloys are immediately in a condition to undergo
umform flow with time. Mr. Pearson seems to relate that diiference to tho
veiy smali gram size in these
to the moyement of the crystals
overeach other. In thateonnection
I should like to raise two points
which do not appear to bereferred
to in the paper. The first is
whether he noticed any diiference
in size between the grains as
they appeared in the alloy at the
beginning of the deformation and
their appearance at the end, and
whether ho established by any
cxperiments that tlie grains seen
at the beginning of his tests
were the same indiyiduals as the
grains seen at the end of his test; that is to say, whether lio has established
that it is not possible that tho grains which were seen at first have broken
down, recrystallized and been replaeed during the progress of the experiment
by another coniplete set.
Even if the grains at the end of the test are established to be the same
ones as existed at the beginning, | think that it is doubtful whether we ought

* Leeturer in Metallurgy, The Uniyersity, Birmingham.
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to conclude that in all cases of yiseous flow tho movement is duo to translation
at tho crystal boundary. | romcniber that in some experiments | was carrying
out on somo zino-base dic-castings | found yiseous deformation oceurrmg in
alloys in tho cast State; and wliereas it is quite easy to yisualize the grains
moying ovor each other when there aro an esceedingly large number of
uniform grains, it is not guite so easy to visualize that movement when the
grains are comparatively large and dendritic in form, so that they interlock
with each other and would apparently be prevented by their shape from any
movement relatiyely to each other, like the yarious pieces in a jigsaw puzzle.

Another point which bears on that cucstion is the fact established by
Professor Hanson and Mr. Wheeler that viscous flow can occur in a single
grain. Although Mr. Pearson has' placed it beyond doubt that the size of
the grain is a Tery important faotor, yet, in view of the fact that yiseous
flow is such a generat phenomenon in metals, and of the generat similarities
that metals of all kinds show in their behayiour, | think that it is time we
recognized that the capaeity for yiseous flow is a property of the metallic
crystal and, jnst as the crystal is able to flow in a plastic manner, it is also
capable of undergoing a difierent kind of deformation which we cali for the
present yiseous flow, although it certainly seems not to be tho same thmg
as the viscous flow which occurs in liguids.

Professor T. Turner,» M.Sc.,, A.R.S.M. (Past-President): | hayo been
very interested in the unexpected flow of these eutectic alloys. It is remark-
able to sce the very great diilerence between the materiat which has been
allowed to stand for a short time, to age, and that which has been tested
immediately after being extruded. If the author sobjectin these exporimeiits
were theoretical it was natura! for him to proceed as he has done with tho
purest materials, to obtain a eutectic, and to study it. If that were the
object, tho present research is only the first step towards a further series of
experiments. There are metals at either end of a series, the eutectic in the
middle, and interrening solid solutions. Haying shown the unexpected
properties of the eutectic, it would be interesting to see whether they difier
from those of the solid solutions. That would be a very interesting mquiry,
but it would be a wide one. ) tt .

Prom the morepractical pointofview, these alloys arereferredtoas eutectic
solders ”; they are extroded on a fairly considerable scale, | believe, and are
artieles of commeree; but the eutectic solder which would be employed m
tlie ordinary way would contain some antimony, amounting to something
like one-fiftieth part of its weight. The alloys studied were of antimony-free
materiat. One wonders why in smali rods and tubes the antimony is omitted.
Is it because the materiat flows more readily during the process of extrusion,
oris it because the alloys are used for electrical purposes and that the antimony
makes a difference to the conductiyity 1 Another guestion arising from the
practical point of view is : why is it that in the smaller sizes of rods of solder
no antimony is added or permitted, wliilst in the case of ordinary solders the
presence of some antimony is definitely beneficial ? In practice tlie mixture
generally contains sufRcient antimony, so that it is not necessary to make any
addition.

Mr. E. H. BucKNAT.T..t M.Sc. (Member): | am particularly interested in
the ageing beliaviour of tho alloys, particularly in that 5 lirs.” annealing at
100° C. has more effectthan 7 days at room temperature but less than 37 days

* Leatherhead. ) ..
f Junior Scientific Officer, Department of Metallurgy and MetaUurgical
Chemistry, National Physical Laboratory, Teddington.
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at room temperaturo in deereasing tlie rate of flow, whiilst 2 hrs. at 175° C.
has niore effect than even 37 days at room temperature.

The results given in Table V for tlie lead-tin eutectic aged at room tem-
peraturo after estrusion aro plotted in Fig. | below.

I he experimental points fali on a series of curves which might woli eonyerge
at some point on the time-scale between 1000 and 10,000 hrs. It would be
\ ery interesting if the autlior, should ho continue the work, would inyestigate
the rato of creep after ageing for such periods.

Fic. I.

Dr. O. H. Desch,* F.R.S. (Vice-President) : | have followed with very
great interest tho work which Mr. Pearson has carried out on these extruded
metals on account of the novel methods which he haa adopted. | should like
to refer here to the work of Andrade, which has been strangely overlooked by
so many writers on deformation, but which is aetually fundamental. Although
many people had carried out experiments on the stretoh of spccimcns under
constant load, Andrade was the first to use constant stress, which he achieved
by using a hyperbolic weight immersed in water. Mr. Pearson has adopted
tho very similar plan of using a hyperbolic drum over which his cord is wound.

W ith regard to the mechanism of the flow, we are dealing here with soft
substanccs, made soft by tho process of extrusion, and, although it has been
pointed out that the bismuth-tin eutectic is brittle in the cast eondition, yet

* Superintcndent, Department of Metallurgy and Metallurgical Chomistry,
National Physical Laboratory, Tcddington.
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when it is extruded thero is this extraordinary amount of ductility. Itisyery
interesting to compare a substanoe of that Idnd, which is cvidently cjuite
different from a hard metal at the ordiiiary temperature, witha soft substance
of crystalline structure, but yet showing no crystal grains. Tho substance to
which | am referring is baker’s dougk. In some recent papers by Dra.
Schofield * and Blair, of Rothamsted, tho mechamcal properties of bakers
dourh haye been very carefully studied; and when you find that the work-
hardening curves are just like those of metals, and tho hysteresis loops
are much the same in form, you begin to think that you must be caretui
about constructing theories of deformation of metals which depend o1 slip
layers, beeause in baker’s dough, altliough the materiat is crystalline, the
crystals are in the nature of yery long fibres, entangled and holding a network
of starcli crystals between them. |f we are to get a theory of plastic viscous
flow, we shall have to take into aceount those materials as wellas tho metals

theAndrade’s distinction between that flow, which he calls tho Bflow, which
comes to rest after a short time, and the viscous flow, which continues with
time, is extremely important and sometimes overlooked. One would not
expect, of course, to get perfect agreement with a formuta for yiscous flow in
the ease of metals, beeause of the recrystallization which oceurs; so one must
not be too disappointed if a mathematical formuta when applied fails to lit
all the results; but the work that has been done by the author, and some ot
the things which haye come out in the discussion have, | think, helpcci
enormously in the study of this particular problem.

Mr.pPearsok (inreply) mTimo will not permitme to deal with all tho points
which haye been raised; | will merely try to indieate the replies to some of
the main ones, and deal with other points in writing. Referring first of all to
Professor Turner’s query regarding the objcct of this work, it arose really in
following up work by Dr. Smytho and myself on the extrusion of pure metals.
During some experiments on tho extrusion of eutectics | camo aeross this
remarkable flow property, and the deformation occurring bemg not of tho
usual type, it appeared to be worth investigating.®

he auestion of an initial flow has been mentioned. | should point out
that the total elongations are yery great, and the cathetometer used did not
record yery smali ehanges in length; but | think that it is true, probably,
that thero is a yery smali initial flow in some cases.

Tuming to ‘Andrade’s work, in addition to work on pure metals, he did
some experiments on solder wire, which might be taken to haye been extruded,
although that is not dofinitely indicated, and found a very high degree of
yiscous flow and a yery smali initial p flow; and that seems to agree with
what | have observed. ) . ., )

With regard to the auestion of size of gram at beginnmg and end of a giyen
stretching experiment, so far as it was possible to tell, tho indmdual gragms
were the same at the beginning and the end of the process, although | nave
not actually made any tests with marked grains. The size is certamly the
same, | wiU not say from the beginning, beeause they are not yisible until a
eertain amount of elongation has occurred, but they remam the same throug i
the wholo of the stretching so far as one can tell, and | think that they are the
same individuals; that is to say, there is no continuous recrystallization and
reformation. That would certainly be indicated by a change m the gram-
size. Itispossible, for esample, to take a pieee of rod which has been anneated
at 100° C., and which has therefore reached a eertain gram-size and is com-
paratiyely frec from ageing effect, and to determme the rato of flow during

* Proc. Boy. Soc.t 1932, [A], 138, 707; 1933, [A], 141, 1=
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40 per cent. or so elongation, and tlicn to subject that sijccimen to a further
annealing for some hours at 100° C. and again tako the rato of flow, which is
found to be almost the same. There is a very smali variation in rato soine-
times a little more and sometimes a little less. Tho grain-size is unchanged:
in fact, the gram structure developed by the first stretching goes on deyeloping.
I tmnk that ]s elear eyidenee that there is no recrystallization.

CORRESPONDENCE

, .,D® FfL]; (m reply): Concerning Professor Gilbert Cook’s welcomo con-
tnbution to the diseussion, it is my opinion that further experimental observa-
tions, withrn and without tho range of stress given in Table V of Mr. Pearson’s
paper, are necessary before the nature of anyeonnection between the indiyidual

k (CS)

DAYS AFTER WOPK/NO

Fig. J.—Lead-Tin Eutectic. Comparison of the Constants k and (cs), makin<*
use of the Results in Fig. 1, p. 128.

esperimental observations may be understood. Thus the purpose in pre-
sentmg Fig. 2 {p. 129) was to suggest that a change occurs in the modo of
flow of the metal m the rango of stress given in Table V ; this was supported
by the fact that tho curves were not linear : the curves are not of the simplest
lorin. At present, it seems this is all that can be said concerning any chance
If it exists. On pp. 128 and 129, the curves in Fig. 2 were assumed, for
purposes of illustration, to consist each of two straight portions, and in Fig. D
Frofcssor Cook has considered a straight portion corresponding with an upper
range of stress. Both the latter method and my own seem admissible, and
aceordmg to Fig. D, the linear portion for the upper range of stress eeases to
lit the points of espenmental observation at a lower value of the stress than
as m the method adopted in Fig. 2. It is not elear how an indication of the
existence of plasticity as well as viscosity may occur as a result of the deviation
at the lower values of the stress, and not at the upper, as mentioned by Pro-
fessor Cook, bccause all the experimental observations of Table V, from
which Figs. 2 and D are prepared, represent flow of the metal according to
the formuata | = 10el”.
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In conneetion witKk Mr. Hargreaves’s referenees to my paper, the curve
for (cs), prepared from the results of Kg- 1, p. 128, is shown in Kg. J,
including the eurvo for X for purposo of eomparison, and tho same generat
slope of these two euryes will he seen.

The eonstants ¢ and s have in themselves no striet physical meaning, they
merely form part of formuta (1) on p. 125, and in that way serve a useful
purpose. Refercnce may be made to Figs. 4 and 5 of Mr. Hargreaves’s paper
“ The Ball-Hardness and the Cold-Working of Soft Metals and Eutectics,” *

5 0-020

0-070

25 50 75
REDUCTION,PER CENT
Fio. K.

where it will be seen that as the reduetion per cent. of the lead-tin and ead-
mium-tin eutectics inereases, the yalue of cappears to deerease to a minimum,
and then inereases, whilst the value for s eontinually inereases; this is mterest-
ing. The presence of this minimum may suggest a smaller diameter of the
impression near the start of the test than occurs in the case of the neighbouring
reduetions given in the two Figures, although it would appear impossible to be
more precise, since the yalues of the diameters of tho impressions whent = 1,
and for some scconds after, are lacking.

As a further examplc of the (cs) method of plotting, the minima in the
values for c, indieated in Figs. 4 and 5, become removed on multiplying

*J. Imt. Metals, 1928, 39, 310, 316.
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the yaluc of c by tho corresponding value of s, which in the case of Fig. 4 (for
lead-tin eutectic) is shown in Fig. K. This figuro rcveals a correspondence
between tho curve for Brinell hardness (30 seconds duration of loading) and
tho curye for (es); the yariation of c and s is shown in tho figuro by curyes in
the form of broken lines. The eurve for (cs) shows a point of inflesion, and
the causo of this is probably related to the greater slope and uneyenness (oecur-
ring between 0 and roughly 40 per cent. reduetion, and during which tho
original eutectic structure is being remoyed) inthe curves for logc, s, and Brinell
hardness in Figs. 4 and 5. Tiius the flow of the metal may be more affected
by the original structure for the smaller reductions only, and as the reductions
become greater, that type of yiseous behayiour may be approaclied, which
forms tho subject of Mr. Pearson’s paper and of my own.

Mr. pearson (in further reply to the discussion at the meeting) : The dis-
cussion has provoked some interesting views on the yiseous flow of these
worked eutectic alloys under moderate loads. Mr. Chadwiek regards it as
arising in an amorphous phaso generated during the preyious working of the
metal, so that as rccrystallization occurs o11 ageing the yiseous effect deereases.
Both chemical etehing and strain etching, howeyer, show that the alloys when
examined half an hour after extrusion are already completely recrystallized,
although the grain-sizo is excessively smali. Ageing or annealing leads to an
inerease in gi'ain-size, which continues to be relatiyely smali. It is this
recrystallized materiat which exhibits the marked yiseous flow. Incidentally,
Mr. Chadwiek’s criticism of the preliminaiy produetion of the worked eon-
dition by estrusion is not justified, sineo the extrusions were carried out in
the cold at a low rate, insuffieient to causo heating at the die entry.

Dr. Allen suggests that the condition of yiseous flow may possibly be
simulated by a process of slip and reerystallization going on continuously.
The fact that a definite rate of flow occurs and is maintained for a particular
initial grain-size is eyidence against this view, as also is the continuous deyelop-
ment of a single set of granular boundaries on the surface during straining,
If one adopts the view that yiseous flow occurs in these alloys by intergranular
displacement, ono is met by the fact, as Dr. Allen points out, that there is
some eyidence that yiseous flow is not solely a boundary phenomenon, haying
been obseryed in single crystals, in which, howeyer, tho eilect is estremely
smali. In generat, it is reeognized that worked metals of smali grain-size flow
more readily under ereep conditions than do cast, eoarsely crystalline metals.

Mr. Chadwiek’s comparison of tho properties of the present alloys with
his own careful examination of rolled zinc is very welcome, and | agree that
the phenomena obseryed in the two cases are the same. The yiseous” effect
is more eyident in the eutectic alloys, due, | consider, to the smali grain-size
in the latter owing to obstruction to grain growth offered by the presence of
two closely intermingled phases. It would be of greatimportance if a limiting
stress for flow, as suggested by Professor Cook’s examination of the data,
could be established. A.tpresent | can only affirm that flow is continuous at
stresses below 64 Ib./in.2 which he has deduced as a possible limit. Dr.
Desch’s reference to the similarity in the behayiour of baker’s dough and
metals is of great interest, and seryes to remind ono that many difiieulties
haye yet to be overcome in proyiding a complete explanation which must
coyer the process of deformation of such diyerse substances.
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THE MALLEABILITY OF NICKEL AND OF
MONEL METAL.*

By OWEN W. ELLIS, M.Sc.,t Member.

Synopsis.
> Am 11 HIE A i

The paper concludes with a deseription of expenments: (i) on tne eneci
of annealing normal samples of tho 1-in. materiat on Ita malleabihty at
800°, 900°, and 1000° 0., and (2) on tho malleabihty of Monel metal.

l.—Introduction.

The effects of temperature on the mechanical properties of mckel and
of Monel metal have been the subject of considerable investigation.
As Crawford and Worthingtonl have so completely covered the
literature in their recent paper, “ Niekel and Niekel Alloys other than
the Nickel-Chromium-Iron Group,” it is unnecessary to review it here.
Some reference, however, should be made to papers by Sauerwald2
on the dependence on temperature of the drop-hardness of niekel, and
by Robin 3 on the resistance of steels to plastic deformation, which are
both missing from the bibliography given by Crawford and Worthington
at the end of their paper, and which are both of importance to those
interested in the malleability of niekel, if not of Monel metal. Attention
should also be directed to the recent work of Ransley and Smithells.4

SauerwahTs paper, which dealt with the work of Frischnich and
Neuendorfi on the drop-hardness of pure niekel (Reinnickel), may well
be referred to first. The niekel employed in their experiments was of
unstated composition. 1t had a Brinell hardness number of 87 (applied
load not mentioned) and had been rolled and fully annealed. The

* Manuscript received August 3. Prcsentod at the Annual General Meeting,

London, Marcli 8, 1934 . .
f Director of Metallurgical Research, Ontario Research Foundation, Toronto,

Canada,
VOL. LIV.
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samples used in the drop hardness test were cylinders 13 mm. high and
13 mm. in diameter. They were heated indmdually, together with a
smali anvil, in a furnaee placed near the testing machine. "When sample
and anvil had reached a desired temperature, they were removed
together from the furnaee and placed in the machine, where the sample
was tested for hardness by means of a 10-mm. bali integral with a tup
which, together with the bali, weighed 1377 kg. Tup and bali were
allowed to fali through a height of 444-445 mm. The results of the
Frischnich and Neueiulorfl tests are given in Table I. From these

Table |.—Drop-Hardness of Nickel at Yarious Temperatures.
(Sauerwald, loc. cii.)

Temperature, ° 0. Drop-Hardness. Temperature, ° O. Drop-Hardncss.

20 202 449 218
113 250 529 208
201 250 GIO 203
289 245 711 170
329 220 812 175
388 204 914 143

Sauerwald concluded that tlie sharp fali in the hardness of nickel
between 300° and 400° C. was due to the magnetic transformation,
whilst the maiimum at 450° C. was a phenomenon similar to the blue
brittleness of iron. The cause of the increase in hardness at 812° C,,
Sauerwald considered, was uncertain.

Eansley and Smithells, in their work on the tensile strength of nickel
wires of various compositions at different temperatures, found that, no
matter what was the composition of the nickel, the tensile strength-
temperature curve showed an inflection at 300°-450° C. The inflection
was much less pronounced in the curve for some nickel of exceptional
purity, which they had prepared. In their paper they suggest that the
inversion is practically absent from this curve, although careful esamina-
tion of the curve itself makes it difficult to accept their view. In none
of their curves do inversions appear corresponding with those reported
by Sauerwald as occurring at 812° C.

Robin’s erperiments were carried out on normal samples * cut from
15-mm. (0-591-in.) bars. These samples were forged under a hammer
which fell from a height of 2 m. (6-56 ft.). By interpolation Robin
estimated the amount of energy required to reduce the sample by
20 per cent. of its initial height. The results of his tests on three types
of nickel (rcferred to respectively as “ forgeable nickel,” “ commercial
nickel worked,” and “ commercial nickel annealed ”) are given in

* Samples of which the heights and diameters are equal.
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Table Il. It will be seen tbat Robin’s experiments were relatively few;
nevertlieless, there is sufficient evidence to show that an inversion occurs
in the malleability-temperature relationship of nickel in the region
300°-450° C.

Tabte |Il.— Malleability of NicJcel of Various Types.

(Samples tested, 15 mm. x 15 mm.)
(Robin, loc. cit))

Energy of Blow in Ft.-Ib. Rcquired to Produee a 20 Per

Forging Cent. Iteduction in fieight of Samplc.
Tempféature,
' A B. 0.

15 290 234

20 500
100 257
200 234 21G 445
300 210 209 432
500 198 187 335
700 158 189
900 144 130

A. Forgeable nickel.
B. Commercial nickel annealed.
C. Commercial nickel worked.

The maximum temperature used by Robin in his experiments was
900° C., a temperature somewhat below that ordinarily employed in
the forging of nickel, hence, the author considered that it might be of
interest to determine the malleability of nickel at somewhat higher
temperatures than those used by Robin, and for this purpose i-in. and
1-in. rods of cold-drawn nickel were obtained, which were tested by
methods described in some detail later in this paper. Chemical analyses,
made by Mr. J. R. Gordon, of the Ontario Research Foundation, showed
the composition of these rods to be as follows :

J-In. Bar 1-In. Bar,

Per Cent. Per Cent.
Cobalt . . . . . 0-46 0'44
Manganeso . . . . 0-20 0-12
Carbon . . . . . 0-16 0-1G
Trnn 0_18
Copper . . . . . 002 003
Silicon . . . 0-0i 0-01
Nickel. e, difference difference

Il.—E ffect of Ankealing Temperature on Hardness of Cold-
Drawn Nickel Rod.

To determine the effect of annealing on the hardness of the cold-

drawn nickel rod used in the malleability experiments, normal samples
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were cut from tlie ~-in. and 1-in. bars. #he t-in. samples were heated

to, and held at, the yarious annealing temperatures during periods of
10 minutes, at tlie end of wliich they were quenched in water at abont

Table Il1l1.— Yickers Hardness Numbers of Annealed Samples of \-in.
Diameter Cold-Draum Nickel Rod.
(Original Hardness Number, 235.)

Annealing Yicters Harflness Annealing Yickers Hardness
Temperature, ° 0. Numbor. Temperaturo, ° 0. Kumber,

263 244 803 150
326 241 822 138

232 842 137
523 229 87S 128
603 228 904 122
629 219 936 123
654 226 946 126
666 227 972 122
705 219 1000 120
728 208 1019 118
750 204 1048 122
772 198 1075 116
790 194 1094 111

(Time of anneal, 10 minutes.)

Table 1Y.—Brinell Hardness Numbers of Annealed Samples of 1-in.
Diameter Cold-Drawn Nickel Rod.
(Original Hardness Number, 215.)

Annealing Brinell ITardnesa
Temperature, ° 0. Kumber.
265 224
358 226
412 216
505 214
541 198
577 206
668 206
692 e 202
800 163
900 113
1000 108

(Time of anneal, 30 minutes.)

22° C. The 1-in. samples were similarly treated after a 30-minute
anneal (30 minutes from the time of introduction into the furnace
to the time of quenching). The |-in. samples were treated simul-
taneously with those of the same dimensions used in the forging tests;
the 1-in. samples were treated independently. After the samples had
been annealed, they were tested for hardness. The tests on the |-in.
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samples were made in a Yickers machine, a load of 50 kg. and a 136°
diamond pyramid being used. Those on the 1-in. samples were carried
out in a Brinell machine, using a load of 3000 kg. and a 10-mm.
Carboloy bali. The results of the hardness tests are given in Tables |11
and IV and are shown graphically in Fig. 1.
260
~in

240

1120 ii \

Sss

200 400 600 800 1000 1200
TEMPERA TURE,°C.

Fig. 1.

Under the conditions imposed in these experiments, the temperature
range of softening was much the same for both sizes of bar, the upper
limit of the range being about 860° C., both for the |-in. bar (initial
hardness, 235; annealing time, 10 minutes) and for the 1-in. bar
(initial hardness, 215; annealing time, 30 minutes). The upper limit
of the range was, if anything, slightly higher for the 1-in. bar.

I1l.— M alleability of Cold-Drawn Nickel Bod at Various

Temoperatures.

The malleability experiments were carried out on J-in. and 1-in.
normal samples. In most cases, the tests on the t-in. samples were
made simultaneously with the guenching operation deseribed in
Section Il.  To make this possible the following procedure was adopted :
the samples were heated for forging and guenching in a horizontal
Globar tube furnace fltted with a 1'5-in. 1.D. silica tube closed at one
end. They were supported, side by side, on the diametrical section of a
1-in. hemicylindrical Monel metal btock, which fitted snugly and was
firmly secured to one end of a length of stainless steel of semi-annular
cross section (a 1-in. I.D. tube bisected along its axis). The other end
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of thc half-tube of stainlcss steel, supported o011 a stand outside the
furnace, was so arranged that thc furnace conld be moved baekwards and
forwards parallel to the axis of the Monel metal btock on which the
samples were placed with their axes at right angles to that of the
furnace.

The temperature of the furnace was regulated by a controller con-
nected to a platinum-platinum/rhodium tliermocouple placed in a
protection tube that almost made contact with one of the four Globars
by which the furnace was heated. The temperature of the samples
was taken as that recorded by a Chromel-Alumel thermocouple inserted,
when required, in a hole drilled parallel to the axis of the btock on
which the samples were placed. The drilled hole was so located that
the thermocouple was within in. of the bases of the samples when they
were placed on the btock.

The furnace having been moved so that the btock was at its middle,
the controller was adjusted and the furnace allowed to reach a constant
temperature. This temperature was determined by means of the
thermocouple in the Monel metal btock. About 10 minutes after the
desired temperature (or one in its immediate vicinity) had been reached,
the furnace was pushed back and two i-in. samples were placed on the
btock, and the furnace returned to its former position as quickly as
possible. Ten minutes later, it was pushed back once more, and, while
ono operator quenched one of the samples, another at the same time
forged the second sample under the drop hammer. The height of the
drop in the experiments on the t-in. samples was 8] in., the energy of
the blow being 80 ft.-Ib.

For the 1-in. samples, a 1-in. normal Monel metal cylinder was drilled
axially to a depth of I in., and was so secured to the stainless steel half-
tube already described that the sample to be heated for annealing or
forging could be dropped into the space formerly occupied by the hemi-
cylindrical Monel metal btock used to support the |-in. samples. In
the hole in the Monel metal cylinder was placed, when required, the
Chromel-Alumel tkermocouple used for determining the temperature
of the sample, one end of which was within about -Jin. of the cylinder
containing the thermocouple. The axis of the sample was, of course,
in line with that of the cylinder. Provision was made for the smali
tongs used in lifting the sample from the furnace to the anvil to grip it
without difficulty when heated.

The sequence of operations for the 1-in. samples was as follows :
(1) the controller was set to the desired temperature; (2) the furnace
was allowed to reach the desired temperature and held there for 10
minutes; (3) the furnace was pushed back as rapidly as possible;
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(4) tlie sample was placed in position next to the Monel metal cylinder
containing the recording thermocouple; (5) the furnace was pnshed
forward as rapidly as possible until the sample was at the centre of the
furnace; (6) after 30 minutes, the furnace was pushed baclc, the sample
guickly removed, and quenched or forged; (7) when the sample had
cooled, its height was measured.

The results of the forging experiments on the i-in, and 1-in. samples
are given in Tables V and VI, respectively. The malleability-tem-

Table V.— Malleability of \-in. Normal Samples Cul from Cold-Drawn
Nickel Rod.
(Malleability of Rod as Received, 5-4 per Cent.)

Forging Reduetion in Forging Iteduction in
Temperature, © 0. Height, Per Cent. Temperaturo, ° 0. Height, Per Cent.

263 6-2 822 17-0
326 6-8 836 17-6
459 7-2 842 17'0
523 8-0 868 17'6
603 8-4 878 17-2
629 8-4 896 1S-2
654 9-0 904 190
666 9-2 936 19-8
705 9-6 946 200
728 10-6 972 20-4
750 11-4 1000 210
772 12-0 1019 21-6
790 12-C 1045 22-0
803 13-4 1075 23-2
821 15-6 1094 23-8

Table VI.— Malleability of 1-in. Normal Samples Cutfrom Cold-Drawn

Nickel Rod.
Forging Reduction in
Temperature, 0C. Height, Per Cent.

633 7-0
666 7-1
690 7-6
718 8-2
744 8-7
764 9-3
792 10-4
817 13-4
842 15-2
S67 15-8
903 16-6
963 18-5
993 19-0
1050 209

1106 22-4
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perature lelationstiips for botli series are shown in Kg. 2. Probably
the most interesting features of the curyes in Kg. 2 are the sharp
infiections which correspond closely with the upper limits of the tem-
perature ranges of softening for both sizes of bar under the conditions
imposed on them in these experiments.

Less definite is the lower limit of the temperature range of what
might be termed “ rapid softening ” for the |-in. bar. This is at about
500° C., where the linear and curved parts of the graph meet.

The esperiments carried out within the range 20°--6000 C. were

—
=
(6,1

=
o

OFE@>E U1 039X T
ov

400 600 800 1000 1200
TEMPERATURE OF FOROINC, °C
Fig. 2.

insufficient to determine the effect of the 300°-450° C. inversion in
mechanical properties on the malleability of the metal, which, however,
for all practical purposes may be assumed to inerease in direct proportion
to temperature from 20° to 600° C., as shown in Kg. 2.

IV.—Relationship between Energy of Blow and Percentage
Reduction in Height of Samfle at Various Temperatures.

A series of experiments was carried out, at six differenttemperatures,

onnormal samples cut from the §-in.rod. These sampleswere subjected

to blows of different energy content, the energy being yaried by altering
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the keight of fali of tlie hammer. Tlie results of tliese experiments are
given in Table VII and are shown grapliically in Fig. 3.

Table V II.— Relation between Energy of Blow and Percenlage Reduction
in Heiglit of \-in. Nornial Samples of Cold-Drawn Nickel Rod
Forged at Different Temperatures.

Perccntage Reduction in Hcight of Samplo.

Tem g‘edatu re,
. 80 Ft.-1b. 193 Ft.-1b. 30G Ft.-1b. 419 Ft.-1b. 532 Ft.-1b.

44-4

603 8-4 20-2 30-0 36-8
705 9-6 22-8 33-6 41-8 49-2
790 12-6 27-2 39-2 48-0 556
904 19-0 34-6 4G-6 550 61—72
1000 210 38-4 51-2 58-4 6572
1094 23-8 42-8 55-2 64-2 69-2

Fia. 3.

The author has up to now been unable to fmd a satisfactory eguation
for the graphs in Kg. 3—such, for example, as he found to apply to a
somewhat similar series of curves for straight carbon steels.5 There
is a distinct difierence, however, between the slopes of the curves for
the samples forged (a) at temperatures below, and (b) at temperatures
above, the softening range.

According to Tresca’s theorem, the energy required to reduce the
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height of a 1-in. normal sample by a definite percentage at a given
temperature should be eight times that required to deform a i-in.
normal sample under the same conditions. That this is true of tlie
samples investigated by the author ean be shown by comparing values
presented in Figs. 2 and 3. To produce, for example, a 22 per cent.
reduction in the height of a 1-in. normal sample at a temperature of
approsimately 1095° C. rcquires 532 ft.-Ib. (see Eg. 2). To produce
the same reduction in the height of a f-in. normal sample should require,
according to Tresca, 532/8 = 66£ ft.-Ib. Eeference to Fig. 3 will show
that 68 ft.-lb., a|>proximately, were required to reduce a |-in. normal
sample by 22 per cent. in height at 1094° C. One is led to assume, then,
that nickel obeys Tresca’s law, viz., the energy required to deform
similarly-shaped bodies by a certain percentage yaries as the volumes
of the bodies concerned.

V.—E ffect of Initial Hardness on Malleability of Nickel
Forged at 750° C.

The -+-in. normal samples which had been used in the annealing
experiments referred to in Section Il of this paper were employed in a
series of malleability tests at 750° C., which is within the softening range
for this materiat. The object of these tests was to determine the effect
of the previous annealing treatment on the malleability of the materiat
at this temperature, and the results are given in Table VIII and are
shown graphically in Fig. 4.

Tabte VIII.— Effect of Initial Hardness on Malleability of \-in. Normal
NicJcel Samples Forged at 750° C.

Annealing Tickers lleduction Annealing Yiekers Reduction

Temperature, Hardness in Height, Temperature, nardness in Height,

°C. Number. Per Cent. “0. Number. Ter Cent.
c03 228 9-8 842 137 156
629 219 10-8 878 128 156
654 226 10-8 911 122 156
666 227 108 936 123 158
696 219 108 946 126 158
728 208 110 972 122 16-0
750 204 11-2 1000 120 16-1
772 198 11-6 1019 11S 16-0
790 194 120 1048 122 16-2
803 150 139 1075 116 16-4
S22 138 16-2 1094 111 16-4

(Time of heating to and holding at 750° C. prior to forging, 10 minutes.)

It appears that the annealing of i-in. normal samples for 10 minutes
(cf. section Il) at temperatures below 750° C. (the forging temperature)
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has little or no effect on the malleability of the metal at 750° C. When
the annealing temperature is raised above 750° C., the malleability of the
metal at 750° C. is profoundly affected; it becomesincreasingly malleable
as the annealing temperature is increased from about 750° C. to about
820° C. Thistemperature (820° C.) isabout 40° C. below the upper limit
of the softening range. It is the temperature at which the precipitous
change in hardness due to annealing (represented by the almost vertical
portions of the hardness-temperature curves in Fig. 1) is complcted.

Annealing at temperatures between 820° and 860° C. increases the
resistance of the metal to plastic deformation at 750° C., so that samples
which have been annealed at 860° C. are more resistant to deformation
at 750° C. than samples which have been annealed at temperatures
between 820° and 860° C.

TEMPERATURE TO WHICHMATERIAL WASHEATED BEFORE BEING
FORGED aT 750°C.

Percentage Deformation ofsample forgedat
750°C. without previous treatment{cfFig.2.)
Fig. 4.

Since the temperature of 750° C. is within, and not above, the soften-
ing range of the materiat, the forging of samples at this temperature has
an effect on their structure similar to, but not so profound as, that of
forging at temperatures below the softening range (cold-work). The
structure of samples annealed within the range 750°-820° C. changes
apparently with increasing annealing temperature in such a way that
hardening due to cold-work during forging at 750° C. does not
affect the continuity of the malleability-annealing temperature curve
within this range. The structure of samples annealed within the range
820°-860° C., however, changes relatively so little with increasing
temperature that hardening of such samples due to cold-work during
forging at 750° C. reduces their malleability below what might be
expected, and gives rise, therefore, to the sharp inversion in the
malleability-annealing temperature curve at 820° C.
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VI.—Effect of Annealing Cold-Drawn Nickel on its
Malleability at Various Temperatures.

Samples out from tlie 1-in. rod were annealed for i hr. at 800° C,,
900° C., and 1000° C., respeetively, and were afterwards forged at a
series of temperatures. The results of the tests on these samples are
given in Tables IX, X, and XI, and are shown graphically in Fig. 5.

Tabte IX.— Malleability of 1-in. Normal Samples of Nickel Annealed
at 800° O.
(Time of Annealing, 30 minutes.)

Forging Reduction in Height,
Temperature, "O. Per Cent.
667 9-3
70S 9-5
701 10-4
798 11-4
817 13-0

Tabte X .— Malleability of 1-in. Normal Samples of Nickel Annealed
at 900° G.
(Time of Annealing, 30 minutes.)

Forging Reduction in Height,
Temperature, °O. Per Cent.
667 13-7
692 14-0
722 14-4
749 14-7
778 14-9
806 15-2
838 15-8
868 16-1
902 16-S
919 17-4

Tabte X|— Malleability of 1-in. Normal Samples of Nickel Annealed
at 1000° G.
(Tirns of Annealing, 30 minutes.)

Forging Reduction in Height,
Temperature, « C. Per Cent.
676 14-7
724 149
774 154
826 160
S65 16-7
922 179

971 1S7
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In Fig. 5, tlie continuous, heavy black line is tlie malleability-
temperature relationship for the cold-drawn rod (cf. Fig. 2). Tlie results
of the forging tests are indicated by closed and open circles.

It will be noticed from Fig. 5 that annealing at 800° C. for ®hr.
increases the malleability of the metal at all temperatures up to about
800° C., above which the malleability-temperature relationship for
both the cold-drawn and tbe annealed materials is the same. Annealing
at 900° C. for i hr. increases the malleability of the materiat at all
temperatures up to about 900° C., above which the malleability-tem-

Fio. 5.

perature relationship for both the cold-drawn and the annealed materials
is the same. Annealing of the metal at 1000° C. for i hr. is generally
similar in its efiects to annealing at lower temperatures.

It appears that annealing at any temperature above the lower limit
of the softcning range increases the malleability of the metal at all
forging temperatures up to the temperature of annealing, beyond which
the malleability-temperature relationship for both the cold-drawn and
the annealed materials is the same.

VIl.—Malleability of Monel Metal.

The forging experiments on the Monel metal were made on 1-in.
round samples of cold-drawn stock, having a Brinell hardness number
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of 231. The methods of heating, forging, &c., were those adopted for
the 1-in. nickel samples. The materiatwas ofthe following composition :

Per Cent.
N TC K € | 67-59
Manganese . . . . . . 1-26
Iron . . . . . . . 1-05
S TTIC O N e 0-05
Copper . . . . . difference
Table XII.—Malleability and Hardness after Forging of 1-in. Normal

Samples of Cold-Drawn Monel Metal Rod.

Forging Beduetion Brinell Forging Beduetion Brinell

Tempegraturo, in Heiglit, Hardness Temperature, in Height, Hardness
0. Per Cent. Number. HO. Per Cent. Number.

648 8G 181 818 141 155

670 8-6 181 848 14-5 152

690 9-3 173 850 140 152

723 109 171 865 14-8 157

745 11-8 169 880 15-0 153

753 12-7 101 890 15-2 152

758 131 103 909 151 151

701 12-6 163 942 16-2 152

708 13-2 13 979 17-0 140

772 135 IGI 993 17-6 146

785 13-5 155 1038 1S8 137

791 13-8 160 1076 20-0 134

802 13-9 157 1087 20-2 130

Table XIIl.—Malleability and Hardness after Forging of 1-in. Samples

of Monel Metal Annealed at 900° C.
(Time of Annealing, 30 minutes.)

Forging Temperature, Eeduetion in Height, Brinell Hardness
°C. Per Cent. Number.
652 12-5 171
702 12-7 138
730 133 160
753 134 156
778 130 163
801 139 162
812 14-1 164
845 14-8 13
853 14-9 154
S92 156 161
921 15S 161
945 16-0 151
967 1G5 161
993 17-2 146

1046 18-S 147
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Tho results of the malleability tests are given in Table X I, together
with the Brinell hardness numbers of the samples after forging at various
temperatures. The author is not satisfied that these hardness numbers
can be considered as representing the hardness of the samples as a whole,
but the values are given for what they are worth.

Table X 111 shows the results of the malleability and hardness tests
on samples which had been annealed at 900° C. for i hr. before forging.

All these results are shown graphically in Fig. 6, in which the con-
tinuous curves are the malleability-temperature and hardness-after-

700 800 90
TEMPERATURE OF FORGING,
Fig. 0.

forging-temperature relationships for the alloy, whilst the closed and
open circles represent the individual results of the malleability and
hardness tests on samples which had been annealed at 900° C. before
forging.

The upper limit of tlie softening range is as clearly defined in the
malleability-temperature curve for Monel metal as in that for com-
mercial nickel, the point being somewliat higher for the Monel metal.

It is of interest to note that the malleability of cold-drawn nickel
over the range 600°-825° C. is somewliat less than that of cold-drawn
Monel metal, but is appreciably greater than that of Monel metal at
temperatures above the upper limit of the softening range for the
relatiyely pure materiat.

BRINELL HARDNESS NUMBERS
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SUMMARY.

1. The malleability of samples cut from two cold-drawn nickel rods
has been determined over the temperature range 600°-1100° C.

2. The malleability-temperature relationship for the cold-drawn
-?2-in. materiat was found to consist of three portions : (a) a practically
linear relationship over the temperature range 20°-500° C.; (6) a
curved relationship over the temperature range 500°-840° C.; (c) a
linear relationship over the range 840°-1100° C.

3. The points of intersection of the linear portions of the malleability-
temperature curves with the eurved portions appear to coincide with
the temperatures at which “ rapid softening ” of the cold-drawn materiat
commences (500° C.) and ends (840° C.). These temperatures may be
referred to as the upper and lower limits, respectively, of the softening
range.

4. Curves showing the relationship between energy of blow and
percentage reduction in height of sample at various temperatures have
been prepared, but no simple relationship between energy of blow and
percentage reduction in height has yet been discovered.

5. The effect of initial hardness on the malleability of nickel forged
at 750° C. has been determined.

6. The effect of annealing cold-drawn nickel at yarious temperatures,
before forging at various temperatures, has been investigated. It
appears that annealing at any temperature above the lower limit of the
softening range increases the malleability of the metal at all forging
temperatures up to the temperature of annealing, beyond which the
malleability-temperature relationship for both cold-drawn and annealed
materials is the same.

7. The malleability-temperature relationship for Monel metal has
been determined, and it has been shown that malleability-temperature
curves exist of the same type as those found for nickel.
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ALLOYS OF SILVER AND BERYLLIUM.*

By H. A. SLOMAN,f MAA,, Member.

Synopsis.

The constitution of the whole range of alloys in the silver-beryllium
system has been redetermined by thermal and micrographic analyses, and
the results are reeorded. Modifications and amplifications of Oesterheld’s
original eonstitutional diagram are proposed.

A description is given of new tarnish-resisting silver alloys obtained
by the addition to silyer and to some “ standard ” silvers of very smali
guantities of beryllium.

Intkoduction.

An investigation of the effects of tlie addition of beryllium to silver
and its alloys was undertaken in the Metallurgy Department of the
National Physical Laboratory as part of the work on beryllium and its
alloys which has been carried out for the Minor Metals Committee of
the Metallurgy Eesearch Board, Department of Scientific and Industrial
Research. The investigation was to include the addition of beryllium
to high- and low-grade silver alloys, partieularly those containing
copper.

The results of the work on high-grade alloys are described in Part I1
of the present paper.

In- the case of low-grade silver alloys containing copper, no
advantages were found by the introduction of beryllium, but it was
observed that within certain ranges of composition separation into two
liguid layers occurred. This immiscibility disappeared on the addition
of nickel.

These observations, which are collected in Table I, led to an inves-
tigation of the constitution of the silver-beryllium system, the results
being described in Part | of the present paper.

* Mauuscript received Oetober 26, 1933. Presentcd at the Annual General
Meetirég,_ London, March 8, 1934. . )

t Scientific Officer, Department of Metallurgy and Metallurgical Chemistry,
National Physical Laboratory, Teddington.
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Table |.
Composition, by Weight.
Numbcr of Alloy. Colour.
Ag.0 Cu. Be Ni.
ABCI . 50-07 4891 098 Yellow
ABC2 . 49-83 4862 150 ngiht yellow
rTop layer 33-03 0450 251 Yellow (about same
fABC3 1 as ABCI)
[Bottom laycr 01-20 37-91  0-92 Pale yellow
. 1 Top layer 19-63 7500 5-33 Dark yellow
1AHO04 {lottom Jayer 70-52 2281 0-72 Very pale yellow
ABCN4 49-63 4242 160 6-29 it -
ABCN7 . 49-88 4128  2-57 6-31 o i

* AU alloys were made up to contain approximately 50 per cent. by woight
silver.

t la ABC3 the Yolumes of the two layers were approsimately equal. In
ABCI tho Yolume of tho top layer was approximately twice that of the bottom
layer,
y Yarious attempts were made to obtain horuogeneous castings from ABC3 and
ABG4, but without suecess. The sharpness of demarcation between the two layers
is iliustrated in Fig. 4 (Plate V1), which shows a typical “ meniseus.”

Part |.— The Constitution of the Siher-Beryllium System.

The unexpected immiscibility found in the ease of eertain of the
ternary alloys of silver, copper, and beryllium led to a critical examina-
tion of the constitutions of the three binary systems, silver-copper,
copper-berylhum, and silver-beryllium. The following cjuestion
naturally presented itself. Does this immiscibility occur in one or
other of the binary systems, or is it confined to a range of compositions
in the ternary series?

The constitution of the silver-copper system has been investigated
and confirmed by many workers, whilst Masing and Dahll have
recently re-determined the constitution of the copper-beryllium series,
particularly in the copper-ricli range. Their proposed ecjuilibrium
diagram differs from that given by Oesterheld,2 but the evidence is
undoubtedly in favour of the later work of Masing and Dahl,

With regard to the silyer-beryllium system, it will be noticed that,
in the ternary alloys shown in Table I which exhibited immiscibility,
the beryllium content in the silver-rich layers was always very smali,
suggesting that a pecuharity might exist in the silver-beryllium series.
The only availablc information about this system was contained in
the paper by Oesterheld, referred to above, whose work was carried
outin 1916 on very smali specimens, owing to the scarcity of beryllium
at that time. Ocstcrheld's diagram is reproduced in Kg. 1.

In the region 40-70 atomie per cent. beryllium, the liguidus is



Sloman : Alloys of Silver and Beryllium 163

eomparatively fiat. It appeared possible tliat in tliis region the true
liguidus might be as suggested in Fig. 2, indicating immiscibility in
the liquid state, which might persist in the presence of a third metal.
Moreover, a more accurate knowledge of the silver-rich alloys of the
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series was desirable in view of the investigation described in Part Il
of the present paper.

The constitution of the whole system was accordingly investigated
by thermal and micrographic analyses. Owing to the enormous
diiference in the atomie weights of the two metals (silver, 108;
beryllium, 9), all percentages are given as atomie, as these give a
much clearer idea of the true composition of a particular alloy than do
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the weight pereentages. The following formuta; are included to
facilitate eonversion of one to the other.

y 127,  wherey = atomie per cent. beryllium.
1— 12 —0-11y’ y 1+ O0-lla; andx — weightper cent.beryllium.

Preparation oj tlie Alloys.

The materials employed were
fine silver (99-99 per cent. purity)
and berylhum, prepared by the
author,3 of the following com-

position :
Per Cent.
Beryllium 99-7
Oxygen 0-2
Iron . 0-01
BCRYLUUH, AT{fftS PER CENT Carbon 0-05
Fic. 2. Nitrogen 0-005

Silicon and aluminium tracc

Three “ master” alloys, having the compositions silver 90,
beryllium 10; silver 40, berylbum 60; and silver 10, berylhum 90 per
cent., were prepared by melting together the two metals in berylhum
oxide crucibles in vacuo, using a high-frequency induetion furnaee.
After cooling, in silu, esamination revealed considerable differences in
composition between various parts of the same ingot, owing to the
large difierence in the densities of the two metals (silver, 10-5; berylhum,
1-8). This is a direct contradiction of the fmdings of Oesterheld, who
reported that no segregation oceurred in any of his alloys despite the
fact that stirring was not employed during either the preparation or
the subsequent thermal analysis of the alloys. This may have been
due to the very smali size of his specimens (10 grm. for alloys containing
from 0to 70 atomie per cent. beryllium and 2-5 grm. for those containing
70-90 atomie per cent. beryllium).

In the present case, the following method was adopted to overcome
segregation. The “ master ” alloys were remelted, stirred, and cast into
cold moulds, the alloy containing 10 atomie per cent. berylhum being
held in a graphite crucible under graphite, whilst tbe other two alloys
were contained in beryllia crucibles under a sodium fluoride-beryllium
fluoride £Lux. The diffieulty was, in this way, almost completely over-
come, chemical analysis revealing only negligible differences in
composition in different parts of individual castings,

The above procedure was adopted for the preparation from the
master ” alloys of a series eovering the whole composition range, the
silver-rich alloys being melted in graphite crucibles under graphite,
whilst beryllia crucibles and the flux were employed for those rich in

I



Sloman : Alloys of Sifoer and Beryllium 165

beryllium. The alloys were cast in the form of cylinders about 2 cm.
in diameter and 2 cm. in height, the weights varying from about 80 grm.
(silver-rich) to about 10 grm. (berylhum-rich).

Thermal Analysis of Alloys.

In general, the relationships in the system are simple. The addition
of beryllium to silver causes a very marked depression of the freezing
point, the liguidus curve falling steeply until a beryllium content of
1049 atomie per cent. isreached. Thisisthe composition of the eutectic
alloy, and its melting point is 881° C. W ith inereasing beryllium, the
liguidus first rises very sharply, then flattens out, and afterwards again
rises rapidly to the melting point of beryllium.

The eutectic horizontal (solidus) at 881° C. can be traced on the
beryllium side to about 85 atomie per cent. beryllium, where the arrest
becomes very feeble and occurs at a lower temperature. It disappears
altogether above 90 atomie per cent. beryllium. On the silver side, it
was followed down to a beryllium content of about 3 atomie per cent.,
below which the arrest becomes ill-defined and occurs at a higher
temperature.

An interesting observation noted by Oesterheld was confirmed.
This is the occurrence in the beryllium-rich alloys of an arrest point
at a temperature of 750° C. As one proceeds towards the silver end of
the system, this point becomes more and more feeble, and cannot be
found experimentally, in spite of many attempts, in alloys eontaining
less than 50 atomie per cent. beryllium (Oesterheld traced it down to
65 atomie per cent. beryllium). In alloys in the range 92-98 atomie
per cent. beryllium, this arrest occurs at lower temperatures. It is
undoubtedly due to a solid transformation, and will be discussed later.

Attention may be direeted to the practical difficulties which were
encountered. These were entirely due to the serious effects of segrega-
tion. The actual analyses were carried out in vacuo, and in most cases
it was impossible to obtain consistent results for the liguidus tem-
peratures after the alloys had been twice melted. A very sharp arrest
was always given by the first heating curve, and a somewhat diffuse
one by the first cooling and second heating curves. By this time
segregation had had sufficient opportunity to occur, and the results
of the second cooling curve were quite inconsistent. Usually two
arrests merging into each other occurred, which corresponded more or
less with the true liguidus points of two alloys the compositions of which
were one on each side of the particular alloy under consideration. The
liguidus temperatures were therefore based on the results given by the
first heating and cooling curves. In most cases confirmation was
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Prlate VII.

Fig. 6.—AB 3 (2-45 atomic-% Be). x 100. Fig. 7.—AB 5 (3-47 atomic-% Bc). x 100.

Fig. 8.—AD 10 (10-49 atomic-% Be). X 50. Fig. 9.—AB 10 (10-49 atomic-% Be). X 75



Plate VIII.

ig. 10.—AB 13 (19-94 atomic-% Bc). X 75. Fig. 11.—AB 19 (65-97 atomic-% Be). x 75.

ig. 12—AB 21 (75-26 atomic-% Bc). X 75. Fic. 13.—AB 24 (86-79 atomic-% Be). X 75.



Plate IX.

-Ic. 14—AB 27 (93-37 atomic-% Be). X 75. Fic. 15—AB 3 (2-45 atomic-% Be). Anneale<
at 810°C. Quenched. x 100.
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obtained by using other specimens of the same composition with which
thermal analysis had not up to that time been carried out.

In order to ensure that the incipient segregation, which occurs even
on once melting, should not stultify the subsequcnt chemical analyses,
the specimens were sectioned vertically through the centre, and millings
were taken from the whole surfacc thus cxposed.

Table Il gives the compositions of the alloys investigated, together
with the temperatures at which thermal arrests occur. Fig. 3 shows
the proposed constitutional diagram.

Micrographic Analysis in tlie Solid State.

The silver-rich alloys containing less than 10 atomie per cent.
beryllium were examined in order to determine the limit of solid solu-

Table II.
Percentage, by Weiglit. Temperaturo of
Kumber percantage
ol Alloy. Be. Primary Eutectic Solid
Ag. Bc. Solidiflcation, Solidification, Transfartna-
"0. "0. tion, 00.
AB 1 100-00 0-00 0-00 961

2 99-83 0-13 1-53 955

3 99-76 0-21 2-45 948

4 99-72 0-24 2-80 946 890

5 99-68 0-30 3-47 941 882

G 99-43 0-54 6-10 922 883

7 99-32 0-63 7-05 914 8381

8 99-20 0-77 8-49 900 881

9 99-01 0-93 10-09 886 882*
10 98-99 0-97 10-49 881
1 98-96 1-02 10-97 899 882
12 98-47 1-49 15-32 971 881
13 97-93 2-04 19-94 1003 880
14 97-39 2-59 24-13 1017 8381
15 95-90 4-07 33-66 1025 881
16 94-34 5-65 41-73 1028 883
17 92-06 791 50-67 1033 881 750
18 88-94 11-03 59-72 1040 880 750
19 86-03 13-95 65-97 1050 880 751
20 83-21 16-76 70-66 1061 882 750
21 79-68 20-28 75-26 1076 880 752
22 78-60 21-37 76-47 1081 881 750
23 68-51 31-47 84-60 1128 880 750
24 64-52 35-46 S6-79 1145 878 751
25 60-71 39-26 88-55 1160 873 750
26 51-97 48-00 91-69 1189 750
27 45-92 54-06 93-37 1206 736
28 26-95 73-03 97-00 1246 696
29 24-18 75-80 97-40 1251 690
30 0-00 100-00 100-00 1282

* This point was somewhat vague, oyerlapping with the initial thermal arrest.
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bility of beryllium in silver at various temperatures. The specimens
were held at 875° C. for 24 hrs. The temperature was then altered to
that required, and maintained for 24 or 48 hrs., after which the speci-
mens were quenehed. The maximum solid solubility was then estab-
lished by micrographic analysis to be 3-5 atomie per cent. beryllium at
the temperature of the freezing point of the eutectic. The solubility

SILVER

~ 900
kT

K 800

700 1 1
0 5 10 5
BERYLLIUM, ATOMS5 PER CENT.
Fig. 5.

decreases slowly with decreasing temperature, which was confirmed by
slight age-hardening whieh could be obtained by suitable heat-treatment
‘of these alloys. Investigation of the limit of solubility was not carried
out at temperatures below 750° C.

Fig. 5 shows this portion of the diagram on a larger scale, whilst
Table |11 gives the results on which Fig. 5 is based. The a-phase is a
saturated solid solution of beryllium in silver and the p-phase is a
corresponding solution of silver in beryllium.
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At the berylhum end of the series,
the relationships in the sohd state
were not so exhaustively investi-
gated, as it was considered that such
alloys were unlikely to possess other
than a purely academic interest. It
was found, however, that in alloys
containing more than 90 atomie per
cent. berylhum, heat-treatment at
temperatures up to 900° C. followed
by quenching led to the production
of a single-phase alloy ((i), and in
the absence of other evidence it is
suggested that the solidus curve in
this portion of the constitutional
diagram is as indicated by the dotted
line in Fig. 3.

There still remains, however, the
consideration of the arrest point
found at 750° C. during the thermal
analysis of certain alloys in the
series. In spite of several attempts,
no micrographic, X-ray, or other
evidence could be found to confirm
or disprove its existence. The author
is forced to conclude, with Oesterheld,
that it is due to a polymorphio
change in the p-phase, and sifce the
thermal effect of the heat of trans-
formation is smali, it cannot be
deteeted in the silver-rich alloys of
the series containing this phase.

If this explanation be accepted,
the logical conseguence is that pure
beryllium itself must possess a change
point occurring at a temperature
below 750° C. (In view of the fact
that the thermal arrests occur below
750° C. in the range 92-98 atomie per
cent. beryllium, it is reasonable to
suppose that the transformation tem -
perature in pure beryllium is below
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and not above 750° C.) This consideration again raises the question
of allotropy in pure beryllium, a question which has already been dis-
cussed in a previous publication,4 in which it was pointed out that
although the author and other investigators had found considerable
evidence in favour of the existencc of allotropy in beryllium, no con-
firmation could be obtained over the temperature range in question
by the use of the most sensitive form of thermal analysis of the pure
metal, using a differential thermo-couple. It was stated that “an
allotropic change might be more readily found in beryllium-rich alloys
than in the pure metal.” The present investigation strongly suggests
that allotropy does existin beryllium, but that it is of the type which is
largely inhibited in the pure metal, and can thus be detected only by
methods which are more sensitive than thermal analysis, and that it is
only in the presence of another metal that tho transformation proceeds
to completion and permits of its ready detection.

The simplest constitution which accords with the ascertained facts
is shown in Fig. 3 by the dotted lines which continue at both ends of
the horizontal continuous line at 750° C. Allotropy in beryllium is
accepted. This is supported by the most recent work of Jaeger,5who
gives the transition temperaturo as between 600° and 700° C.

Structure of Alloys.

Except for special purposes, the microstructures of the alloys are
quite clearly visible witliout etching. Figs. 6-14 (Plates VII-1X)
illustrate the structure of alloys representative of the whole series. The
eutectic alloy, Figs. 8 and 9 (Plate V1) is of interest, as it contains only
10-49 atomie per cent. beryllium, and its structure is typical of eutectics
with a large preponderance of one metal over the other.

Figs. 6 (Plate VII) and 15 (Plate 1X) are typical of the structures
obtained during the determination of the limit of solid solubility of
beryllium in silver.

Onthe beryllium side of the eutectic, it will be seen (Fig. 12, Plate V I11)
that the ground mass consists largely, not of the eutectic, but of the
pure a-phase. This impoverishment of the eutectic of one of its
components is not uncommon. Again, the primary beryllium solid
solution (p-phasc) is quite different in appearance, depending on the
temperature of initial solidification and on the solidification range. In
Fig. 10 (Plate V111), which shows the structure of the alloy in which
solidification begins at 1003° C., the crystal boundaries are straight-
lined polyhedra. At higher temperatures the surfaces begin to round
off as shown in Fig. 11, wliilst Fig. 12 illustrates the complete
rounding.
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The hardness of the alloys increases with the beryllium content,
whilst the colour ranges from the white of pure silver to the steel grey
of beryllium.

CONCLUSIONS.

In the liguid state, all the alloys of the series are completely miscible,
so that the immiscibility noted in the introduetion above in eertain
ternary silver-copper-beryllium alloys cannot be definitely accounted
for by peculiarities in any one of the three binary systems involved. It
appears probable, liowever, that the almost horizontal central portion
of the liquidus curvo in the silver-berylhum series is an indication that,
in these alloys, the maximum temperature at which liquid immiscibility
can exist is only slightly lower than the temperature at which they
become solid; that is to say, were it possible to supercool them, liquid
immiscibility would occur. This cannot be achieved direetly, but its
effects can be obtained by the addition of a third metal which lowers
the solidification temperature to an extent such that they remain liquid
below the maximum temperature at which immiscibility can exist;
thus the addition of copper leads to the phenomenon noted above.
Similar reasoning explains why the addition of a fourth metal, nickel,
which raises the solidification temperaturo again, results in the
reappearance of homogeneous alloys.*

In generat, the constitutional diagram proposed by Oesterheld was
confirmed and amplified except in the following particulars :

(@) There is a definite solid solubility of beryllium in silver, which
reaehes a maximum of 3-5 atomie per cent. at the temperature
of the freezing point of the eutectic alloy.

(b) The composition of the eutectic alloy is 1049 atomie per cent.
and not 15-3 atomie per cent. beryllium.

(c) The freezing point of the eutectic alloy is 881° C., and not
878° C.

The latter two differences may be accounted for by the use in the
present work of purer materials and larger specimens.

The constitutional diagram has been completcd except for the alloys
containing more than 90 atomie per cent. beryllium, on which further
work is desirable in order to determine tho exact shape of the solidus
curve and transformation in this region.

* A ease analogous to tho above is cited by Roozeboom : * Dio heterogenen
Gleichgewichte,” Vol. 3, Part 2, pp. 6 and 12, in connection with tho com-
ponents, water-phenol-acetone. Below 68° C. water and phenol are only partly
miscible. Above G8° C. they aro miscible in all proportions. The systema acetone-

phenol and acetone-water are_cqm_i)_letely miscible at all temperatures. In the
ternary system, howeyer, immiscibility occurs at temperatures well aboye 68° C.
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Part 2.—Tarnish-Resisting Siher-Beryllium Alloys.*

The tarnish-resisting properties of beryllium which are due to the
formation of a very tenacious self-healing surface oxide film had already
led some previous workers to consider the possibility of its application
to silver and its alloys in order to render them stainless. The available
data were, however, very contradictory. Jordan and his collaborators,6
who investigatea the effects of the additions of various metals to silver,
stated that beryllium actually seems to decrease the tarnish resistance
of silver. Eay and Baker 7 found that “ beryllium made silver alloys
containing more than 90 per cent. by weight of silver hard and brittle,
and decreased the tarnish resistance.” Cooper,8on the contrary, found
that alloys containing more than 90 per cent. by weight of silver and
from 3 to 5 per cent. by weight of beryllium were immune to the action
of sulphur and its compounds. Such alloys were said to be brittle in
the chill-cast state, but, by suitable heat-treatment, could be rendered
almost as ductile as silver itself.

The chief application of tarnish-resisting silver alloys is to the silver-
ware industry, in which at present the alloy chiefly in use is standard
or “ hall-marked ” silver containing 92-5 per cent. by weight silver and
7-5 per cent. by weight copper. Investigation was accordingly confined
to those alloys which contain 90-100 per cent. by weight silver, and
particularly to those containing 92-5 per cent. by weight silver. The
chief considerations which had to bo borne in mind were that if tarnish-
resisting alloys could be produced by the introduction of beryllium,
such alloys should differ as little as possible in melting and casting
temperatures, in working properties, and in appearance, from the
materials already in use and for which a well-established technique has
arisen.

Preliminary examination of the alloys advocated by Cooper
confirmed his results, but the alloys were unsatisfactory owing to
the comparatively high beryllium content. They were not only brittle,
but were also very diiferent from pure or “ standard ™ silyer in appear-
ance. Reference to Fig. 3 will show that in these alloys the primary
constituent is a hard beryllium solid solution. If the surface of such
an alloy be polished, this hard primary stands in relief and gives the
surface an almost macro-etched structure, which is very undesirable
in most polished silver-ware. This istrue not only in the binary silvcr-
beryllium alloys, but also in ternary alloys containing more than 90 per
cent. by weight silver, 3-5 per cent. by weight beryllium, the remainder
being copper, in which the limit of solid solubility of the beryllium and

193; The alloys describcd below form the subicet of British Patent, No. 399,261,



Sloman : Alloys of Silver and Beryllium 173

the pereentage above which beryllium or a beryllium-rieh solid solution
begins to separate as a primary constituent are not materially different
from the values found in the binary system silver-beryllium. Moreover,
these alloys have a very long solidification range, which leads to serious
inhomogeneity and to a coarse structure.

These considerations imposed a further limitation to the useful
range which could be inyestigated, and the beryllium content was
accordingly kept below 1-2 per cent. by weight throughout. It soon
became apparent that considerably less than the 3 per cent. by weight
beryllium advocated by Cooper was recjuired to produce immunity to
the action of sulphur compounds.

The first alloy prepared had an approsimate composition silver
92-5, copper G5, and beryllium 1*0 per cent. A comparison was made
between the effect of sulphur compounds on this alloy and on stan-
dard ” silver. A very remarkable difierence was found. Whereas the
“standard ” silyer specimen became coated with a dark violet tarnish
film, the new alloy was practically unchanged in colour.

The actual test used throughout this work was as follows: The
specimens were rolled and cut to a standard size, 1 in. square and
0-02 in. thick. After being annealed, they were polished, weighed, and
suspended, for periods up to 72 hrs., in an air thermostat maintained
at 25° C., in an atmosphere of purified air containing a constant concen-
tration of hydrogen sulphide and moisture. In difierent experiments
the hydrogen sulphide content and humidity of the atmosphere could
be varied within wide limits. The increases in weight of the specimens
were noted together with the colours of the tarnish films.

A series of alloys ranging in composition from 90 to 100 per cent.
silver, 0 to 1-2 per cent. beryllium, and 0 to 10 per cent. copper was
then subjected to this test. Examination of the results revealed that
two opposing factors were in operation. Inerease in the beryllium
content led to more completc immunity, whilst decreasing the silyer or,
rather, inereasing the copper, led to less complete protection. In all
cases the maximum immunity was obtained when the beryllium content
had reached about 04 per cent. by weight. Further additions of
beryllium seemed to have very little effect. It is to be noted that the
solid solubility of beryllium in alloys of this type is approximately
04 per cent. by weight, and it appears that once the alloy is saturated
with beryllium in the form of a solid solution, that is to say, once the
beryllium is uniformly and finely dispersed throughout the whole mass,
any excess, present either in the eutectic ground mass or as a primary
constituent, has no further influence on the tarnish-resisting properties
of the alloy.
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Three alloys of the series were finally selected for more exhaustive
tests. Their compositions are given in Table IV, and a comparison
of their behaviours under the above test conditions, in Table V. Yalues
for “ standard ” silver specimens are also included.

Table IV.

Percentage, by Weight.
Number of Alloy.

Silvor. Copper. Beryllium.
SAB1 . 94-41 5-05 0-52
. 2 92-52 6-56 0-90
. 3 . 92-46 7-10 0-41
“ Standard "/SS 1 . 92-5 7-5 0-0
silver \SS 2 . 92-5 7-5 0-0

It will be seen that under the conditions of the experiments these
alloys are practically completely immune to the tarnishing effects of
sulphur compounds.

A point of some interest is raised by a consideration of the increases
in weight of the various specimens. It will be seen from the figures
that'the inerease in weight is somewhat larger than might be expected
to correspond with the very smali colour changes assoeiated with the
films. It issuggested that the increases in weight are largely due to the
formation of a colourless beryllium oxide film which protects the whole
surface from sulphur tarnish.

The alloys were then subjeeted to the action of vinegar, fruit juices,
and vegetable ticpiors. Whilst not completely resistant, the new alloys
withstood these conditions more satisfactorily than did specimens of
“ standard ” silver.

In appearance and colour, the new alloys are almostindistinguishable
from pure or from “ standard ” silver. In melting temperature, casting,
and generat working properties they resemble “ standard ” silver very
closely. Smali age-hardening efiects can be obtained by suitable heat-
treatments. Morcover, control of composition, at any rate on the scale
of the present experiments, presents no additional difficulties, whilst
scrap metal can be readily remelted.

A suggested method of preparation is as follows. A beryllium-
copper alloy containing the correct proportions as required in the finat
ternary alloy is prepared direetty by electrolytic deposition of beryllium
on to a molten copper cathode. This alloy is then melted with the
correct weight of silver. It has been found that graphite crucibles
and graphite protection for the surface of the melt are satisfactory for
the production of sound castings. This method does not necessitate
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Table V.
Period Weigh Incre-
of Ex* Number ments, Mg.
Atmosphere. posure, Appearance after Erposure.

Hours. Alloy.
Ezpt.l. Expt. 2.

0*005% Hydrogcn 24 SAB 1  0*004 0*004 Practically unaltered.
sulphide. 2 0-017 0*022 u i
40% Relative buraidity 3 0*022 0*018 ii u
temperaturo 25° O. Ss 1 0*101 0*109 Steel-blue film with purple edge

about 2 mm. wide.

i i» i t»

2 0*095 0*123

72 SAB 1  0*028 Practically unaltered—pale yel-
low edge about 3 mm. wide.

0 0*039 Pale yellow film eitending
nearly lialfway from edge to
centre.

3 0*046 Pale yellow film.

SS 1 0*133 Purplo film.
0+143 w0
0*005% Hydrogcn 24 SAB 1  0*020 0*019 Practically unaltered—sJight
sulphide. yellow edge about 1 mm.
75% Relative humidity wide.
temperature 25° O. 2 0*022 0*026 . i i .

3 0*036 0-030 Pale yellow film eitending
nearly half-way from edge
to centre.

SS 1 0-112 0*111 Purple film with steel-blue
centre.

0 o*11  0*113 i u . .
increasing the temperature of the silver very much above its own melting
point, as the binary copper-beryllium alloys which are used have com-
paratively low melting points (between 950° and 1000° C.).9 This
greatly facilitates control of composition and prevents loss of silver by
volatilization.

Very little trouble due to gassing is experienced, owing to the
deoxidizing action of the beryllium. The beryllium oxide so formed
rises to the surface. Prom the point of view of control of composition,
it is desirable that as little oxygen as possible should come in contact
with, or be contained in, tho molten alloys, in order to avoid loss of a
portion of the beryllium as oxide.

The question of inhomogeneity in different portions of a casting
was examined, and it was found that, provided the melt was stirred
just before pouring, segregation was negligible under the best con-
ditions. The following analyses of the top and bottom of a smali
casting 1 in. square by 6 in. high are typical:

Top, Bottom,

Per Eent. Per Cent.
Silver 92-25 92-27
Copper . ) 6-82 6-80

Beryllium 0-90 0-89
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Ifcis hoped that, at this stage of their development, these alloys may
be investigated under production conditions, so as to bring to light
difficulties which, so far, have not been found, but which may occur in
their manipulation on a large scale.
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DISCUSSION.

Professor R. S. Hutton,* D.Sc., M.A. (Member of Council): No doubt
the first part of thia paper is the more important, and wo all trust that the
splendid and sustained work carried out at the National Physical Laboratory
on beryllium will finally be crowned with success. On the second part of the
paper, howeyer, | feel thatl must be rather critical, and express a warning
against too much optimism. The subject of the tarnish-resistance of silver is
of immense importance to the world. Many attempts have been mado to
proyide non-tarnishing silyer alloys, and so far all have proved very costly and

disappointing. | feel that these earlier proposals and the present one suffer
from lack of a sufficiently thorough study of the properties of tho alloys pro-
posed.

The requirements for a tamish-resisting silver destined to replace ordinary
sterling silver are very many, and one has to remember that they liavo to be
satisfied in a manner which will enable a branch of industry lamentably poorly
eguipped with scientifle metallurgical knowlcdge to apply them. It is not
simply a guestion of finding some alloy constituentwhich will confer a superior-

* Professor of Metallurgy, The University, Cambridge.
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ity ovor cxisting materials so far as resistance to attack by sulphuretted
hydrogen is concorned.

The first requirement which has to be met is the rather intangible sesthetic
one of tlie appearance of the silver, on which anyone connected witli silver and
tho silver trade or who is an amateur lover of sityer will lay enormous stress.
Tlie exact tono and eolour of the silver are of prime importance, and it seoms
to me that ono of the first things that it is necessary to know about a new
materiat of this sort is its refleetivity in relation to the whole rango of the
visible spectrum, in eomparison with ordinary sterling silyer and other tamisli-
resisting sityers which liave preeeded it.

There are also many data on the workability of silver on which Information
is rcquired before it can be recommended for use. The silversmith has®to
perform some difficult operations in shaping and in finishing his* materiat.
I refer, for instance, to the proeesses of raising, chasing and spinning metal,
which are operations requiring a very special quality of workability in the
metal which is not easy to satisfy. Many of tho predeeessors of this alloy
have failed beeause of little difficulties of that sort. Adgain, the whole story
of tho subseguent behayiour of the work-hardened metal at different tempera-
tures of annealing will play an important part in the possibility of its accept-
anee by the silversmith’s trade.

Other properties which are almost equally important aro those con-
corned with the finishing and polishing of tho metal, the capability of readily
producing at an eeonomie cost a sufficiently fine surface finish to satisfy the
severe critical assessment of the experts, and, of course, all the questions
eonnected with the jointing of the metal, soldering and brazing, aro again
important—not simply whether the metal will tako a brazing alloy, but the
effect on tho joint itself and on neighbouring parts.

| havo still to come, in these critical remarks, to the supreme importance of
this question of tarnish-resistance, and | think that there the silyer trade
might naturally demand a very completo investigation before they are asked
to do wliat | take it they are asked to do here, to proceed to test the materiat
under production conditions. A great deal lias been done and a vast amount
of money has been expcnded on previous alloys, riglit up to and past tho stago
of production, and then, on exposuro to ordinary conditions of life, those
materials have been rejected beeause of a slight but obyious inferiority to tho
ideat which the silver trade would like to seo aehieyed. The silver trade, it
must be remembered, is in rather a difficult position in regard to adopting
new alloys, and although eagerly awaiting the adyent of the ideat non-tarnish-
ing silyer, cannot afford to speculate on a series of tialf measures of aehieye-
ment. There must be very high values of finished articles in the workshops
and in the retail establishments of this country and other countries, made of
the ordinary standard sterling silyer, and the moment a new acceptable alloy
arriyes it renders tho whole of tliat very valuable stock, if not absolutely
obsolete, at any rate a back number. Itisnotmerely a matter of the value of
the metal, which is high, but of the still higher value of the workmanship put
into those articles which makes ttiis particular problem a very difficult one for
the trade to face. That being so, | feel that we ouglit to have a yery much
more thorough study of this materiatin tho laboratory from ttie point of yicw
of tarnish-resistance. Silver is a particularly difficult metal to assess in this
way, beeause it is quite possible to endow ordinary sterling silver with a sort
of passivity which makes it behave in a superior way to the product in its nor-
mal condition, but this passivity is, of course, of rather a temporary value.

We haveinTableVsome comparative data of tarnishingnodoubtthoroughly
reliable, and obtained under the conditions specified, but we aro only given
weight inerements, and in one single sentence the appearance after exposuro.
One misses any scientific measurement of the departure froni tho reflectiyity

VOL. LIY. M
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of the original materiat as esposed. It is quitc possiblc—Dr. Vernon did it
in sonie of his own early work—to nieasure tho progress of tarnishing by the
loss of reflectivity of the metal, and here, if ever, is surely a case where that
ouglitto bo done. Perhaps | know a little more of the other side of tho picture
than the author does, because | haye spent so much of my life among silyer
teapots; but | know that it is a very hard thing to get any materiat of this
sort even tried out on a production scale until a reallystrong case, in comparison
with other materials, has been put before the trade.

There is one question which | should like to ask the author. As | under-
stand it, these now silvcr-beryllium alloys are covered by a British patent, and
on the other hand there is a previous British patent by Cooper, who found that
3-5 per cent. by weight of beryllium rendered the silver immune to tho aetion
of sulphur and its compounds. | am sorry that | have not had an opportunity
of seeing the claims of this new British patent, but I take it that tlie essential
point is to achieve the object required with a much smaller addition of beryl-
lium than is eoyered by Cooper’s patent. If so, it is an adyance which, from
that point of view, will be highly welcome, consklering that beryllium is by 110
means a cheap eonstituent.

I am sony to have been so critical, but | feel that this is an immensely im-
portant subject to the scientific side of metallurgy, and particularly to our
depressed silver industry, and that people are looking so eagerly for the solu-
tion of this problem that it is rather hard to put any new discovery before
them with such tantalizingly limited data on which to base their further work.

CaptainR. H. Atkinson *(Member): For some years | have been inyestigat-
ing the palladium and rhodium plating of silver, and | find, as Professor Hutton
has already stated, that the silver manufacturers are yery conservative. In
tho matter of tho eolour of silver, their attitude may be appreciated when |
say that some of them describe platinum as “ black ” when it is put on silyer.
Very careful measurement of tho whiteness of silver, therefore, is a matter of
some importance. Ono of the difficulties wliich | have encountered is that
the silyer manufacturers feel tliat a non-tarnishing standard silyer is due to bo
discoyered. They have at the back of their minds, of course, tlie success of
stainless steel, and they think that sooner or later somebody is going to deyelop
a really non-tarnishing silyer, so that there will bo no need for them to consider
the use of a plate of a platinum metal.

| congratulate the author on his yaluable work, but I do not think the
finish of the silver-beryllium alloys would satisfy the manufaeturing silyer-
smith. Of course, | realize that these are yery early days in this research.

The hard eonstituent present in Mr, Sloman’s specimens would, in my

opi_nLon, make it impoasible to produce a finish which would satisfy the silver-
smith.

Dr. 0. J. smitherts f (Member): We were asked recently to design a
furnace for the bright-annealing of silyer, and | was surprised to learn that
silyer tarnished when annealed in air. One is apt to think of pure silyer, but
standard silyer contains so much copper that it goes quite black, and it is a
yery difficult matter to aimeal silver so that it remains bright. | have won-
dered whether tlie beryllium-silver is better from that point of view and
whether, for esample, it can bo annealed in air witliout tarnishing, and that
tho problem of bright-annealing is going to bo simplified.

Professor Hutton made one remark o1t which | feel I must comment when
he suggested that the existence of large stocks of any commodity might really
preyent the introduction of an improyement. That is, of course, the attitude

* Assistant Works Manager, Acton Refinery, Monel Nickel Co., Ltd., London.
f Research Laboratories, General Electric Co., Ltd., Werabley.
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of a few peoplo in industry as a rule, but | do not think that it is a serious
bar to tho introduetion of something which is positivcly an improvement, and
in any ease these new things are taken up so slowly—there are always poople
who prefer to sec other manufaeturers bum their fingers firstt—that I think that
existing stocks would bo sold long before all tho silversmiths had taken up
Mr. Sloman’s Eroduction.

| should like to eongratulate Mr. Sloman not only of his paper, but on all
the work that he has carricd out on beryllium. Members may remember
previous work of his, when the National Physical Laboratory tried to produoe
duetile beryllium, unfortunately without suecess. He has gone through all
the spadowork in that eonneetion, and shown exaetly how the problem ean be
solved, and he has been very generous in plaeing all that information at our

disposal.

Professor Htjtton : | should like to give an esplanation of one point to
which Dr. Smithells has referred. | do not think that tho attitude of the
silver trado is neeessarily so subject to criticism as might appear from his
remarks. The position is that the silver trade is not so baekward that it will
not aecept a new thing—I think that it is eagerly looking for the solution of
this problem—but that it appreciates that it is yery important that it should
not put its money on the wrong horse. To vary the metaphor, it cannot
afford to take two bites at tho cherry; it must bo guite sure that the materiat
it adopts to replace the present silyer, and which would, | think, very rapidly
supplant sterling sitver and add enormously to tlie output of the silver trade,
is capable of doing all that is reguired of it, and is not itself going to be re-
placed in a brief period by something which will be yery materially better.
In other words, it wants this work of inyestigation to bo yery tliorough before
replacement commences. Anyone who knows the trade will bo able to under-
stand tho real reason for the attitude that it adopts, namely the very high
fashioning costs of the finished article in the silversmith’s store.

Dr. W. H. J. VernOn * (Member): As both Mr. Sloman and Professor
Hutton liave spoken of the few tests which | was able to carry out at Mr.
Sloman’s recjuest, perhaps | may refer briefly to several points arising there-
from.

W ith regard to surface condition, Mr. Sloman’s specimens were, | belieye,
prepared by the usual metallographic methods; hence, wliilst not possessing
high polish, they were at all events guite smooth and represented a standard
and reproducible surface. The size of tho specimens precluded reflectivity
measurements, with tho apparatus available, but the deseription of their
behayiour under tarnishing conditions appeared to meet the reguirements of
a preliminary inyestigation.

I should like to take the opportunity to emphasize the importance, in
matters relating to comparison of tarnish-resistance, of taking into account
the influence of surface condition. Perhaps | may iliustrate this by referring
to work published some years ago, in which we were comparing the tarnish-
resistance of fino silyer with that of standard silver and standard silyer con-
taining a smali amount, 1-75 per cent., of cadmium. We were measuring loss
of reflectiyity, the tarnishing atmosphere being that of a domestie kitehen,
ehosen for tlie purpose, so to speak, of obtaining “ local colour.” If we took
specimens which had been brightly polished in an industrial operation, giving
the usual mirror finish by the ordinary mopping proccss, we had estraordinarily
marked differences, represented by extremely divergent curves when loss of

* Chemical Research Laboratory, Department of Scientific and Industrial
Research, Teddington.
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rcflectivifcy was plotted against time.* The fine silyer was aetually a dccp
purple colour whilst tho spocial standard silyer was scarcely affected. If,
howcver, we used emeried surface, there was notliing to ehoose between the
results; they fell on overlapping euryes wliich, within the limits of experi-
mental error, could be replaced by one common curve.

I mention this to emphasize the cnormous importance of surfaee conditions.
It means this, that two sets of workers on tho same materiat might report in
tho one case no difference, whereas in the other they might reporta tremendous
diiference, depending simply on tho condition of the surface. This should bo
borne in mind by those who seek to rcproduce the results of any work in tho
field of tamish-resistance.

There is one further point which arises. The effects described must un-
doubtedly be connected with guestions of surfaee flow. Now, cadmium,
which we were using, has the effect of inereasing tarnisli-resistance, but it also
has tho eileet of inereasing the hardness. In Mr. Sloman’s work, the beryl-
lium has the effect of inereasing tamish-resistance to a much greater extent,
apparently, than cadmium, and also of inereasing tho hardness to a much
greater extent. This is significant, because both effeets are probably aeting
in the same direction, and tho argument that applies here almost certainly
applies in the case of tho author’s specimens.

| hopo that Mr. Sloman will bo encouraged to go on with this very important
work. It is doubtless a fact that beryllium does eonfer stainless properties,
using the term in its conyentional senso as meaning “ less stain.”

Dr. C.H. DF,scn,t F.R.S. (Vice-President): | understand that the eriticism
we have heard was directed to the fact that comparatively little work had been
done in the later stages of this researeh. The research was conducted under
the auspiees of a special committee of the Metallurgy Research Board. The
work on beryllium has now been going on for a good many years, and the
results have not giyen very great satisfaction from a technical point of yiew;
they aro interesting scientifically, but the technical results have been smali.
We know' that in Germany vast sums of money have been spent on the develop-
ment of beryllium with extremely smali results; in fact, | belieye that the work
is now being abandoned there also. The Metallurgy Research Board did not
feel justified in continuing further work on this metal, but this last develop-
ment of stain-resisting silver seemed to have eonsiderable interest, and my
suggestion is that if the silyer trade really takes suffioient interest in tho pro-
duction of stain-resisting materiat, it is for them to eontribute towards tlie
cost of tho investigation. That is the view taken, | think, by the Research
Board. The preliminary tests are, | submit, guitc sufficiently satisfactory to
indicate that work undertaken on behalf of the industry might repay itself,
but it is not for the National Physical Laboratory, without support from
industry, to pursue the matter further.

Dr. Marie L. V. cay1er f (Member): There is one smali point which |
wish to criticize : | do so with diffidence, because I havo not seen the actual
alloys in guestion. At the bottom of p. 170 the author refers to Pig. 10,
in which the crystal boundaries of the primary separation aro straight-lined
polyhedra, and then he says as shown in Figs. 11and 12, at higher temperatures
the surfaces begin to round off. By that | presumo is meantthat tho separation

* First Report to Atmospheric Corrosion Research Committee (British Non-
Ferrous Metals Research Association), Trans. Faraday Soc., 1924, 19, 8%4-.
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from the liguid atato takes place in polyhedral form which becomes rounded as
the temperature of the melt dcereases. In the case of the eompouiid Mg2Si,
the crystallino form of which appears very similar to that shown in Fig. 10,
as the temperature of primary crystallization was increased no indication of
rounding was observed, and | would suggest that in the authors case two
phases may possibly oxist. | say that with diffidence, because | have not
seen the specimens, and assume that these alloys have not been lieat-treated..
Fi". 3 sliows that the liguidus surface tends to fiatten from somewhere over
20°atomic per cent. of beryllium, which is approximately tlie composition of
the alloy shown in Fig. 10, whilst the composition of the others are iii
tho region of GO per cent., and | suggest it is possible that an intermediato
pliase may exist. | have never seenprimary crystals with a definite crystallmo
structure change their form as their temperature of crystallization is inereased.

The Author (in reply): | anticipated Professor Hutton s remarks, and
that the criticisms ho raiscd would be levelled at this work. | fcel, however,
that Dr. Desch has explaincd the situation much better than I could hayc done.
The work was definitely discontinued at a place where it was incomplete, and
nothing further could bo done but to publish tho results alrcady obtained.®

W ith regard to tho refleetivity of tho specimens, wo were not in a position
to carry out tests at tho time, because the specimens available were not large
enou>Th. Later, however, | produeed some more specimens of rather larger
size, and these are at present being examined. | do not yet know the results,
but | hopo that it may be possible to give them later in the written reply to
tho discussion.

Professor Hutton suggests that the patent was taken out m order to show
that one could produce a much higher rcsistanco to tarnish with a yery much
lower percentage of beryllium than was givcn in the provious patent of a few
years before. As | said when introdueing this paper, if the beryllium content
is increased beyond 1 per cent. it is present as a primary, and one can neyer
hopo to get a mirror finish, which we all know is so desirable.

W ith regard to Dr. Smithells’ guestions, | cannot tell him oflhand whether
beryllium-silvcr can be annealed in air. All the heat-treatments in tho
binary system were carried out in vacuo. W.ith regard to the ternary alloys,
i.e. standard silyers containing beryllium, | do not thmk they can be annealed
in air and remain completely untarnished.

Dr. Gayler’s remarks bore on something on which | spent a long time,
namely tho guestion of the rounding of the primary crystals. She may bo
correct in suggesting that there is a second phase, but | do not think so,
because as one erosses tho diagram there is a gradual transition from polyhedra
to completely rounded crystals.

The Atjtuor (infurther reply): | much regret that tho reflectivity tests to
which | referred in my reply to the discussion are not yet complete. It is not
possible, therefore, to include them hero as | had lioped. As was pointed out
by several contributors to tho discussion, the results of these tests are very
important in assessing the probable yalue of the new alloys to the silver trade.
I hope, therefore, to be given the opportunity of presenting them in the form
of a short note at a subseguent meeting of the Institute.
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THE DIFFUSION OF ZINC AND IRON AT
TEMPERATURES BELOW THE MELTING
POINT OF ZINC.*

By GILBERT RIGG,f Member.

Synopsis.

W lien clean rolled zinc sheet is heated in elose contaet with clean iron
diffusion commecnces at below 300° C. and is fairly rapid at aboye 380 O.;
it procecds by the formation of cones of difTusion products which spread
out from isolated points where the eontact between the metals is most
perfect, and gradually penetratc into the zinc and across its surface. Jno
progress of the diffusion is governed to a large extent by tho nature and
smoothness of the iron surface, and does not scem to be dependent on the
vapour pressure oftho zinc. Two well-defincd layers of diflusion products
are formed, a tliinlayerof constantthickness {about 0-08 mm.) contammg
about 17 per cent. iron being next to the iron, and a thicker laycr con-
tainine 0-11 per cent. iron outsidc this. On contmued heating, the thin
laycr moves towards tho zinc, being continuously convcrted into the zinc-
rich laver « this would seem to indicate that the prmcipal diffusing con-
stituent is tho iron. The rate of penctration depends on time and
temperature, and is independent of the grade of zinc, but the thickness
of the zinc-rich layer is less with elcctrolytic than witli pure zinc. The
mechanism of the diffusion process is discussed.

Some preliminary cxperiments carried out about eighteen years ago
sliowcd that when pieces of zinc and low carbon steel with smooth
surfaces were clamped together and heated to a temperature somewhat
below the melting point of zinc for about 48 hrs., the two metals became
strongly adherent to one another. During the last twelve months the
present author has studied the matter in considerable detail in order
to elucidate this action, the object of the present investigation being
to study the diflusion of zinc and iron at such temperatures with
special reference to the structure and composition of the product of
diffusion.

In all these experiments the surfaces of the two metals, more or
less polished, were brought together cold, and, with few exceptions,
were kept in contact with a clamp. The heating was carried out in

* Manuscript received September 9, 1933. Prcscntcd at the Annual General

Meeting, London, Mareh 7, 1934.
t Metallurgical Engineer, Melbourne, Australia,



184 Rigg: The Diffusion of Zinc and lron at

an electrically-heated oven, tlie temperature of which was controlled
to + 10° C. The temperatures used varied from 390° to 300° C. At
the latter temperature, whicli is 119° C. below the melting point of
zinc, the diffusion was smali in amount and slow, but quite recognizable.

The zinc used was niostly in the form of rolled sheet. With cast
zinc the action was usually, but not invariably, imperfect, and soon
stopped, the same being true of electrolytic zinc cathode, although
rolled electrolytic zinc worked well. The thickness of the zinc sheet
varied from 0-01 to 0-1in., and the area from 1 to 1-5in.2. The steel
generally used had a carbon content of not more than 0-04 per cent.

Various degrees of polishing were tried on the steel, ranging from
grinding wet with emery (0-01 in. diameter grains) to a metallographic
polish. The degree of smoothness had a marked effect on the structure
of the layer of diffusion product. In generat, a surface obtained by
grinding wet with fine emery (Wellington knife polish) gave good results.
The zinc was cleaned by rubbing with whitening and water. The
surface acquired during rolling was smooth enough for the purpose.

In order to obtain adhesion it is essential that the metals should
be in perfect contact with one another, either over the entire surface
or else at points sufficiently close together to start an action which can
spread laterally and so become confluent.

When adhesion starts from a number of isolated points, cones of
diffusion product begin to form at each eentre from which growth
continucs from the steel into the zinc and radially along the surface of
the steel. Fig. 1 (Plate X), taken from a specimen in which the action
has just begun, shows a large number of smali rough cones of diffusion
product. The background is the surface of the steel plate which was
ground with fine emery and water. The scratclies due to grinding
and generat roughness of the surface are easily seen in the photograph.
It will be noticed that the cones have a tendency to develop along
scratches in the steel. As these scratches would be raised at the edges,
the contact with the zinc would be good. The zinc surface showed
pits corresponding with the cones on the steel.

Fig. 2 shows the result of an esperiment in which the development
of the cones has progressed considerably further. |In this case a
Belgian common spelter, rolled to 0-025 in., was used. The steel was
of the same quality as used in the preceding experiment, and the
surface of the metals was prepared in the same way. The zinc plate
was sandwiched between two steel plates and the whole placed m a
clamp and heated at an average temperature of 388° C. for 24 hrs. A
corner was sawn off by two cuts at right angles and the sawn surface
polished and etched with 5 per cent. concentrated nitric acid in water.



(POLITECHNIKI] Prate X.

Fig. 1—Steel Plate Hcated for a Sliort Time at ~ P10>2.—Rolled Zinc. Belgian Common Spelter,
m380° C. in Contact with Zinc. Zinc Platg Heated for 24 hrs. at 388° C.. between Steel
Removed.  x 28, Oblique lllumination. Plates. X 30, Yertical Illumination. Etched

with 5% HNOj in Water.

Fic. 3.—As Fig. 2. Anothcr Part of the Same Fic. 4.-Zinc Sheet between Polished Steel
Speeimcn. Plates. Heated for 71 hrs. at 354 C. X 21

fToface p. 181.
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This reagent was generally used with all polished specimens. The
metals were strongly adherent and showcd no signs of separating under
the stress of sawing. The white areas at the sides of thc photograph
are the steel, and the dark area in the middle is the zinc. At the top
of the photograph the zinc has not been attackcd at all. On the left-
hand side is a row of cones, sharply marked ofi from the steel on the
one hand and from the zinc on the other. It will be noticed that the
bases of the cones show a curve convex to the steel. On the riglit-hand
side the action is less marked and more irregular, probably owing to
the contact being less perfect than on the left.

Kg. 3 shows another part of the same specimen, where the action
has progressed much further than that exliibited in Fig. 2. The contact
between the difiusion product and the steel is a straight line, which is
clearly seen on the left side and is somewhat broken on the right. The
difiusion product nowconsistsof two layers separated by a nearly straight
line, the inner one, which isin contact with the zinc, showing a tendency
to cone formation, partieularly on the riglit-hand side of the specimen.

This formation of cones on the contact between the inner layer and
the zinc is not by any means of generat occurrcnce. Fig. 4 shows a
specimen similar in most respects to that in Fig. 3, but the steel plates
received a metallographic polish and the specimen was heated for
71 hrs. at a temperature of 354° C. This photograph shows a remark-
able regularity in the development of the two layers. The paraltelism
of the layers of difiusion product and of the residual zinc is very marked.

In Fig. 5 (Plate X1) there is the absolute reverse of this eondition.
The same grades of steel and zinc were used and the heating was carried
outat 388° C.for 91 hrs. The preparation of the steel surfaces, however,
was done by grinding wet with coarse emery (0-01 in. diameter grains).
The difiusion had taken place very irregularly, the rough irregular cones
penetrating the zinc from opposite sides and leaving unattacked zinc
between them. This result doubtless follows from the rough surface
of the steel.

It has already been remarked that complete metal-to-metal contact
is essential to the difiusion process. Apparently in these esperiments
this contact does not occur near the edges of the sheets. There is always
a selvage of unattacked zinc surrounding the area of difiusion product.
Inside this is a zone of more or less isolated cones, and inside this again
a continuous layer of the product.

This reduced activity at the margin of the metal plates may be due
to a slight bevelling of the steel plates during grinding and polishing,
or to oxidation of the surfaces owing to penetration of air, or to both.
In some cases, again, difiusion may take place almost entirely from one
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steel plate, the zinc being subseguently attacked from one side only.
In these circumstances, indmdual marginal cones may grow to such a
size as to pass almost through the zinc plate. This is shown in Figs. 6
and 7 (Plate XI).

A possible explanation of these structures is as follows:

Diffusion begins at a number of points of eontact between zinc
and steel which are more perfect than in the areas between. As
the iron diffuses into the zinc a depression is formed in the steel
surface, the diffusion product remaining adherent to it and drawing
down with it the zinc to which it also adheres, so that as the process
continues the surface of the zinc surrounding the original projecting
point comes into contact with the steel, and the iron begins to difluse
into it. The depression, conseguently, inereases in area, but is always
deeper at the centre, as the process of diffusion has been going on longer
at the centre than at the periphery.

In Fig. 8 two cones are shown in vertical section, photographed from
the same speeimen as in Fig. 2 (Plate X). The magnification is 140
diameters. It will be noticed that at the base of the cone there is a
curved depression in the steel, so that the coneis standing on the surface
of the segment of a sphere. In all specimens examined this condition
is present.

When two adjaccnt depressions have come into contact, the ridge
between them will soon be eaten away, and the finat result will be a
fiat depressed surface which gives the straight line of contact seen in
the cross section (Figs. 3 and 4, Plate X).

Zinc vapour does not apparently play any partin this action between
the metals. A thin piece of paper laid between the steel and the zinc
plates completely inhibits it, although the paper is reduced to a charred
condition by the heat.

The structure of the layers at higher magnifications is illustrated
in Figs. 9and 10 (Plate X11). In both of these photographs the different
structures of the two layers is well shown, and in Fig. 9 the dark band
of separation between the two layers is seen to have a granular structure.
The onter layer shows a columnar structure oriented at right angles to
the steel surface, and the inner layer a finer and less regularly oriented
one. In Fig. 10, magnified 80 diameters, the columnar structure of the
outer layer (here very thick relatively to the inner one) is well defined.
In this speeimen there is an additional thin layer present between the
outer layer and the steel. This is not always shown, probably owing
to imperfect preparation of the polished and etched surface (see Fig. 5).

The dark band between the outer and inner layer of diffusion product
is probably due to the effect of diffcrence in hardness of the two layers



Temperatures Below the Melting Point of Zinc 187

affecting tlio polishing and etching. These differcnces are accentuated
by the etching, owing to the difference in solubility of the various
layers in the etching reagent.

In the photographs of cross-sections the relative thickness of the
two layers of difiusion product shows great variability. In Fig. 9, for
example, the inner layer is slightly thicker than the outer, whilst in
Fig. 10 the inner layer is only about one-fifth the thickness of the outer.
If, however, the actual thickness of the inner layer in different specimens
be compared, a considerable degree of uniformity is found, as is shown
in Table I, which shows that in spite of large differences in the thickness

Table |I.
Tllickncss, mm. - ; )
Fig. No. Time, nrs. em%eg ure,  Gradc of Zinc.
Outer. Inucr.

3 0-15 0-07 24 388 Common.

4 0-19 0-07 71 354 Common.
9 0-07 0-08 40 340 Pure eleetro.

10 0-31 0-06 310 382 Common.

of the outer layer, in the time and temperature of the heat-treatment,
and in the quality of the zinc used, the thickness of the inner layer varies
but little.

In order to obtain some light on the cause of this double layer and
the difference in structure between the outer and inner layers, it was
decided to make a series of extractions with dilute hydrochloric acid
and compare the iron :zinc ratio in the series of solutions so obtained.

For this purpose the specimen shown in Fig. 11 Plate X 11 (X 44
diameters) was chosen. In this esperiment six slieets of common zinc
foil were used, sandwiched between two low carbon steel plates. The
aggregate thickness of the zinc sheets was 1-16 mm. The arrangement
is shown in Fig. 12, where the action has not made much progress.
The specimen was held in a clamp. Fig. 11 shows the condition of the
specimen which was used in the extraction experiment. The aggregate
thickness of the layers of diffusion product was 0-61 mm. The specimen
was removed from the clamp and the plates were pulled apart at a
surface of contact between two unattacked zinc foils. The unattacked
zinc foils were peeled off the surface of the diffusion product, and the
steel was painted with acid-proof enamel, the enamel covering the thin
layer of diffusion product and isolated cones round the periphery of
the area of diffusion product.

Five estractions were made, the acid used being cold dilute hydro-
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chloric acid, 5 c.c. of concentratcd acid in 50 c.c. of watcr. Both sides
of the specimen were used, the first to work out a technigue and the
second for the finat result. After the fifth extraction the layer had
become so thin that there was a risk of iron being dissolved from the
steel. The sixth extraction was made, therefore, by chipping, the
chips being treated with a magnetto remove the steel. The thin bottom
layer coating the steel was not removable.

Tlie specimen was exposed to the cold acid for 10 minutes on the
first extraction and for 15 minutes on the four succeeding ones. The
results obtained are shown in Table Il, from which it will be seen that

Table II.
Fraction. Iron, mg. Zinc, mg. Iron, Per Cent. Zinc, Per Cent.
1 2-1 44-5 4-5 95-5
2 10-5 118-0 8-2 91-8
3 10-5 102-5 9-3 90-7
4 9-8 S2-5 10-6 89-4
5 . 17-8 83-0 17-7 82-3
6 (chips) 8-0 42-5 15-8 84-2
58-7 473-0 110 89-0

there is a steady inerease in the iron content of the difiusion product
except- in the last item. This variation is probably due to thc dissolu-
tion of the enamel before the chipping was done, thus exposing some of
the low iron product round the margin, some of which no doubt got
into the finat sample. There was no sign, under the microscope, of
free zinc on the original surface of the difiusion product.

In order to test the possibility of the fractions being contaminated
by iron from the steel, a specimen of the latter, having a total surface
area of 1in.2, was prepared and cleaned with a file free from grease.
After exposure to the cold 5 per cent. hydrochloric acid for 15 minutes,
only 3 mg. of iron were dissolved. As this area is vastly greater than
any area of exposed steel which could have been present during the
extractions (none was visible under the microscope), contamination
from this source would appear to be negligible.

The surface exposed by the first extraction was of a difierent
character from that shown in the later ones. It had a silvery-white
appearance, and under the microscope the white materiat showed as
an irregularly-corroded surface with here and there a smooth grey
surface showing through from below. After the second extraction the
white materiat was in very smali amount. Its appearance, however,
was quite distinct from the underlying layer, which maintained a
uniform appearance throughout the subseguent extractions.
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Bearing in mind the fact that tho thickness of tho inner layer was
only one-fifth that of the outer, it would appear that the white materiat
corresponded with the inner layer.

In order to obtain a figure for the composition of the layers as a
whole, four specimens were chipped and their iron contents determined.
The results were as follows —-e

Iron, Per Cent.

Specimen A 85
” B . 8-6

G e 91

, D 11-5

These figures are of the same order as those found in the fractions.
The differences shown probably depend on the relative proportions of the
outer and inner layers, wliich vary with different specimens, the inner
layer being lower in iron than the outer, as shown by tlie extraction test.

So long as the iron content remains above a certain critical figure
the structure is that of the outer layer; below it, of the inner layer.
As long as the diffusion continues, the boundary line between the two
continually advances towards the zinc, the inner being progressively
eonverted into the outer.

It is possible that there is some diffusion of the zinc into tho inner
layer, but the constancy of the thickness of this layer suggests that the
principal diffusing constituent is the iron.

For the grade of steel used, the rate of penetration depends on time
and temperature. The grade of zinc, whether of high purity as the
electrolytic, or impure as the common spelter, seems to have little if
any effect.

Following Arnemann,l the alloys of iron and zinc fali into three
groups —

(a) 0-0-7-3 per cent. iron. Two structural elements: (1) Solid
solutions of FezZn7 and zinc, containing a masimum of 7-3 per cent.
iron; (2) Pure zinc.

(b) 7-3-11-0 per cent. iron. Homogeneous alloys (one structural
element) consisting entirely of the solid solution of FeZn, and zinc.

(c) 11-22 per cent. iron. Two structural elements: (1) FeZn3,
(2) FezZn7,

In composition the inner layer of diffusion product corresponds
with “ a” in the above classification; the inner part of the outer layer
up to 11 per cent. iron would correspond with “ b," whilst the outer
part (17 per cent. iron) would correspond with “ ¢” ; whether, however,
FezZn3is actually present seems doubtful.

Tammann and Rocha 2 carried out experiments on the diffusion

of electrolytic iron and zinc. In this case, however, the iron plates
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were dipped into molten zinc at temperatures up to 535° C., and after
a fbced time tlie specimens were guickly cooled, cut tlirougli at right
angles to tlie surface, and etched with. alcoholic picric acid. They
describe two examples prepared in this way. In the first the iron plate
was kept in the molten zinc for 5 minutes at 450° C. Next to the zinc
they found a layer of mixed crystals FeZn7 and zinc, and next to that
a further layer which they ascribe to the alloy FeZn3. Between this
latter and the iron there was a third layer much thinner than the other
two and of unknown composition. In the second example the duration
of the immersion was 10 minutes and the temperature 535° C. The
seguence was similar to the first.

The experimental conditions herc, however, aro very different from
those obtaining in the present authors experiments. In the latter
the diffusion took place in the solid metals at temperatures never
exceeding 400° C., and in some cases at 350° C. or less. From Arne-
mann’s diagram it seems scarcely likely that FeZns could form at such
low temperatures, and there is no change in structure in the outer layer
recognizable under the microscope from 8 per cent. iron to 17 per cent.
iron. On the other hand, in the figures yielded by the fractional
extractions tliere is a sudden break in the continuity of the percentages
of iron between fractions 4 and 5, the figures being 10-6 and 17-7 per cent.
This certainly suggests that two distinct compounds are present in the
outer layer of diffusion product.

Further work on a larger scale is now being commenced in order to
elear up this question.

It has been already stated that there is no evidence of the zinc
diffusing into the iron under the conditions of the author’s experiments.
In this connection a recent paper by G. von Hevesy and W. Seith,3 on
the diffusion of metals in the solid state, may be mentioned. The
authors compare, for example, the rate of diffusion of gold into lead
and mce versa, the diffusion constant of gold into lead being given as
4 x 10-3cm.2per day at 150° C., and that of lead into gold as only
3 x 10-11 cm.2 per day at 141° C. They say further: “ When we
substitute in lead alloys other metals than gold, whose properties
approximate more and more to those of lead, tlien these elements show
a continuously diminishing diffusion rate. The interral between the
rate of diffusion of these elements and that of lead becomes, therefore,
less and less and the one-way diffusion becomes less and less marked.”
It would appear, therefore, that with solid iron and zinc one-way
diSusion takes place at the iron-zinc and iron-diffusion product contact,
but with the inner layer in contact with the zinc, and low in iron, zinc
may diffuse into it.
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In this connection the curved bascs of the individual cones become
of interest. If the explanation of cone formation which has been put
forward earlier in this paper is correct, then the volume of tlie circular
depression in the steel (see Fig. 8) is equal to the volume of the iron
which has diffused into the zinc, and the volume of the cone above is
that of the zinc into which it has diilused. By multiplying these
Yolumcs by the specific gravities of iron and zinc, respectively, the
proportions by weight of the two metals can be obtained.

The results are, of course, only approximate, as neither cone nor
segment is mathematically perfect, but they are nevertlieless sufficiently
close to be of interest. Three coneswere taken atrandom and measured,
with the following result

Per cent. Cone A. Cone . Cone C.
Fe 10-6 131 135
Zn 89-4 SG9 86-5

These figures are well within the limits obtained in the various
analyses already quoted. As the inner laycr of difTusion product which
is low in zinc is at the apcx of tlie cone, and therefore smali in amount,
the percentage of iron in the cone would be expected to be on the
high side.

In the conditions existing during these experiments the zinc plates
show recrystallization, and where several are clamped together they
become mutually adherent and show, when pulled apart, bright streaks
where welding has taken place.

These experiments are now being extended to include liigh-carbon
steels and alloy steels, and various classes of cast iron and also to
zinc-bearing alloys.

References.

1P. T. Arnpmann, Melallurgie, 1910, 7, 204.
2 G. Tammaiin and H. J. Rocha, Z. anorg. Cliem., 1931, 199, 299-301.
3 G. von Hevcsy and W. Scith, Z. Eleklrockem., 1931, 37, 528-531.

CORRESPONDENCE.

Dr. W. D.Jones,» B.Eng. : This work must liave come as a surprise to
many people. It was searcely to be espeeted that reaetion products of iron
and zinc could bc produced in such large guantities at temperatures below the
melting point of zinc. Tho author is to bc eongratulated in bringing tho
matter to light.

There appears to bc some doubt whether tho phases produced aro solid

* Sir John Cass Tcchnieal Institute, London.
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solutions or intormetallic compounds. TJndoubtcdly tli©lack ofan irrcproach-
ablc iron-zino eguilibrium diagram is a handicap in tho intcrprotation of the
results, but wen so there is littlo doubt that if tho author had given rather
more attention to the polishing and etching of his seotions and had osamined
them under considerably higher magnifications, a moro precise identification
of the various phases would have been possible.

Tho work of Humo-Kothery * appears to indicate that intermetallic com-
pounds of an invariablc composition do not permit of diffusion. It is more
than likely then that in this particular case we aro dealing oither with simplo
solid solutions or compound solid solutions. So far aa can bo distinguished
from the photomicrographs, there are three such phases, each soparated by a
diffusion boundary. Now the author assumes that because the zinc-rich phase
remains ofa moro or less constant thickness, wliilst the intermediato and iron-
rich phases inerease in width, tho iron must bo tho principal diffusing eon-
stituent: this deduction is by no means elear. Surely a littlo consideration
will show that an exactly opposite explanation is also possible. We aro
dealing with roactions that are balanced. Tho thickness of each layer will
depend not only ontime and temperature, but also on tho relative quantities of
iron and zinc neeessary to form each layer, on the rates of diffusion of both
iron and zinc through tho phases, and on the rate at which the diffusion ofeach
ofthese metals diminishes with thickness in each phasc.  In view of the number
oi these yariables, it is not possible to make such a simplo deduction as that
which the author has attempted. Tho fact that the pits in the zinc are much
larger than those in tho iron is merely an indication that the phases produeed
are in the main rich in zinc.

There aro two minor points about which some explanation from the author
would be welcome. Fig. 8 shows eones of reaction product at a magnification
of 140 diameters. Why do these eones notexhibit two or possibly three phases
as is so elearly revcaled in Fig. 4 at a magnification of only 21 diameters ?
tinally, it is stated that with cast zinc tho diffusion was imperfect and soon
eeased. Is this duo merely to tho irregular surface of tho casting, or is it
intended to infer that some specific quality of tho cast materiat is responsible
for the effeet ?

* J. Insi. Metals, 1920, 35, 295; 1927, 38, 127.
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A STUDY OF THE INFLUENCE OF THE
INTERCRYSTALLINE BOUNDARY ON
FATIGUE CHARACTERISTICS.*

By H. J. GOUGH,t D.So., Ph.D., F.E.S., Member, H. L. COX,J
B.A., and D. C. SOPWITH,t B.So.Tech.

SYNorsis.

With the object of studying tho process of fatiguo in rolation to
crystalline boundaries, tosts under alternating toraional stresses liave
been made on three spoeimens of aluminium each consisting of two
crystals. In one spocimen tho intercrystallino boundar?/ was mainly
transverse to the axis of torsion; in anothor it was mainly longitudinal
through that axis, wliilst in tho third tho boundary had no spocial form,
but the two constituent crystals woro in mutual twin oriontation.

The deformation oecurring during test has beon studied by obsorra-
tion of tho slip bands produced, and particular attention has bcon paid
to tho naarkings in tho immediate noighbourhood of tho intorcrystalline
boundaries. The distribution of slip bands showed that tho effect of tho
boundaries on the distribution of stress was extromely slight, oach crystal
of cach specimen bchaving as if it alone composed tho wholo spocimen;
whilst tho closo approach of the goneral systems of slip to tho boundary and
the very smali amount of anomalous slip in that region showed that oven
locally tho boundary had a vory limitod fiold of influenco. Although
major differonces of bohaviour of tho threo specimens wero not obsorvod,
tho deformation of tho spocimon with tho longitudinal boundary and of
tho twin specimen, in which tho boundary was irregular, did appear to
occur with rather loss oase than in the ease of tho spocimon with tho
transverse boundary; and although the present tests wero not sufficient to
establish defmito differences of fatigue strength, they showed that tho
oriontation of tho boundary had a considerablo effect at loast on tho
endurance at anY given range of stress. The presence of tho boundarios
appeared scarcely to affect tho formation and propagation of cracks.
In each spocimon cracks wero formod in a normal mannor in regions of
provious heavy slip, and in their developmont showod no tendency oither
to avoid the boundary or, on tho other hand, to seek it out. In ono or
two cases, cracks commenced to propagato along the boundary, but
proceeded tlius for only a short distance before deviating entirely into ono
or othor of the crystals.

It appears that tho prosonco of intorcrystalline boundaries may con-
siderably strengthen tho constituent crystals against fatigue; but that
tho effect of the boundaries on the distribution or even on the amount of
slip is very smali. It is probable that tho major effect of the boundary
may lie in somorcstriction of strain that it imposes.  Furthor investigation
of this aspect of the problem will bo undertaken.

* Manuscript rcceived Juno 0, 3033. Presented at the Annual General
Meeting, March 7, 1934,
o Superintcndent, Department of Engineering, National Physical Laboratory,
Teddington.
1 Assistant, Department of Engineering, National Physical Laboratory, Ted-
dington.
YOli. LXV. N
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I. Introduotion.

The researeh in progress at the National Physical Laboratory on the
fundamental aspects of fatigue failure has been conducted up to the
present mainly by tests on specimens consisting of only one crystal.
This method of attack was adopted because expericnce of the fatigue
failure of crystalline aggregates had shown that failure normally
commenced within one or more of the constituent grains, the craeks
formed within the crystals being afterwards propagated across the
intercrystalline boundaries into the adjacent grains. Tests on speci-
mens consisting of a single crystal appeared, therefore, to afford oppor-
tunities for studying in a fundamental manner the primary formation
of fatigue cracks under known conditions of stress and strain. Having
determined these characteristics, the eSect of the intercrystalline
boundary could then be approached by a study of specimens containing
various numbers of large crystals.

The first tests on single crystal specimens were made on specimens
of aluminium, and the results of tests under a wide range of stress
conditions soon rendered possible the formulation for this materiat
of one generat law of deformation and the development of a descrip-
tive theory of the process of fatigue. Attention was next devoted to
other materials, experiments being made to determine whether the
same generat law of deformation and the same process of fatigue were
applieable to all metals. With this objeet, tests were carried out on
single crystals of iron, zinc, antimony, silver, and bismuth.

Meanwliile, the problem of the effect of the boundary was not
entirely neglected. At an early stage, a test* under alternating
torsional stresses on a specimen of aluminium consisting of three
crystals was carried out, and the generat characteristics of deformation
were compared with those of single crystals of the same materiat.

The present paper describes the results of tests under alternating
torsional stresses on three specimens of aluminium, each consisting of
two crystals. In one specimen the boundary between tbe constituent
crystals was mainly transverse to the axis of torsion; in another tho
boundary was mainly longitudinal through that axis, whilst in the
third the boundary was irregular but the two constituent crystals
were in mutual twin orientation. The orientation of the constituent
crystals in each specimeu was determined before test by X-ray analysis,
and the processes of deformation and failure were studied in relation
to the structure of the crystals and to the distribution of resolved
stresses on the slip planes.

* Aeronaut. liejt. Ctlee. Ji. and M. No. 1025, 1926.
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Il. Choice and Preparation of Specimens : Stressing

System.

The specimens used in the present tests were maehined from bars
of aluminium that had been subjected to the same process (Carpenter
and Elam) of strain and heat-treatment used for the production of
single crystals; these bars, in fact, represented a partial failure of the
normal procedure to achieve its object. Partial failures of this type
are a not uncommon result of attempts to grow single crystals, and
from the available stock of such bars, two were chosen from which
cylindrical specimens having boundaries approximately transverse and
parallel, respectively, to their axes could be maehined. This choice
was made in the expectation that, under alternating torsional stresses
these orientations would represent an approach to the two extreme
cases of the influence of a single boundary. It was not possible to
make any particular selection of the orientations of the eonstituent
crystals in either of these specimens, but from the results of tests on
a number of single crystal specimens of aluminium of widely different
orientations and from the generat law of deformation under fatigue to
which these results conformed, the independent behaviour of each
eonstituent crystal (apart from any effect due to the boundary) could
be regarded as generally predicable. The third speeimen was chosen
in view of the special type of the relative orientation of tlie eonstituent
crystals, the structures of the two crystals being mirror images of one
another in an octahedral piane that was thus common to both crystals.*
Particular interest was attached to the behaviour at the boundary in
regions where this common piane was the operative slip piane in one
crystal but not in the other. In generat also, it was thought that the
boundary between two crystals in twin relationship might represent a
special case of the generat problem.

Details of all three specimens in their finat maehined forms are

given in Table I. In each case the test portion, of which the dimen-
Table |I.
Speeimen - Test Portion.
lleference Dcscription.

Diameter (Inch). Length (Inch).

AL5A Transverso Boundary. 0-335 0-7
CHJ4G2 Longitudinal Boundary. 0-33S 0-5
AL1B Twin Spocimen. 0-497 0'6

* Twins of this * spinel ” typo havo beon only rarely obseryed in aluminium
(sec Elam, Proc. Boy. Soc., 1928, [A], 121, 237). The present speeimen is probably
tho largest twin that has over been obsorved in aluminium.
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sions aro given, was joincd to tlie enlarged ends, by which the specimen
was gripped in the testing machine, by fillets of large radius. For the
purpose of measurement of twist, referenee marks were scribed on the
enlarged ends of each specimen.

— +-——- UPPER CRYSTAL
-O-------LOWER CRYSTAL

Fio. 1.—Spocimen AL5A. Steroographio Projeetion of Principal Planes.

Fig. 2—Specimen CHJ4G2. Stcrcograpliic Projcction of Principal Planes.

The orientations, relative to the axis and to one of the referenee
marks on the enlarged ends, of the principal planes and directions of
the two crystals of each specimen.are shown in Figs. 1, 2, and 3; whilst
the dispositions of the boundaries on the developed surfaces of the
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specimens are shown in Figs. 4, 5, and 6. In these diagrams, as else-
where, the two crystals of the specimen ALS5A are distinguished by
the terms “ top ” and “ bottom of the specimen CHJ4G2 by the
terms “ front” and “ baek ”; and of the specimen AL1B by the
letters A and B. In order to ensure that the effect of the transverse
boundary would not bc inftuenced by the proximity of the enlarged
ends, the specimen AL5A was so machincd that the boundary between
the two crystals lay approximately midway between the enlarged ends

+ AND O REFER RESPECTIVELY TO PLANES OF CRYSTAI A
ANO CRYSTAI B

® REPRESENT PLANES OF THE SAME TYPE WHICH ARL
COMMON TO BOTH CRYSTALS. THE NOTATION ENCLOSEQ
IN BRACKETS REFERS TO CRYSTAL B

THE OCTAHEDRAL PLANE. Ifl.IS THE TWINNING PLANE

Fig.3.—Specimen AL1B. Stereographic Diagram Showing Principal Planes
of Both Crystals.

(Fig. 4); for the same reason, the test portion of this specimen was
made rather longer than normal. It will be seen (Fig. 5) that in the
specimen CHJ4G2, the two intersections of the intercrystalline boundary
with the cylindrieal surface of the specimen were approximately
parallel to the axis and almost diametrically opposite one another.
In the specimen AL1B, practically the whole of the trace of the boundary
on the surface was included in the parallel length (Fig. 6).

All three specimens were tested under alternating torsional stresses,
because normally under this type of stress very little overall deformation
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occurs, and thus tLe study of tlie gradual process of fatigue in relation
to the structure is facihtated.

Ill. Stress Analyses.

Up to the present time, no method has been developed for the
theoretical determination of the distribution of stress set up by any
applied loading system in a specimen consisting of moro than one
crystal. If the material (in the single crystal form) is elastically

MIL LIMETRES

Fig. 4—Dovoloped Surface of Specimen AL5A.

isotropic, and so long as the elastic range is not exceeded in any of
the constituent crystals, the distribution of stress is entirely inde-
pendentofthe boundaries; biiteven in the ease of an isotropic materiat,
this distribution must be altered as soon as plastic deformation occurs
in any crystal.

For the purpose of the present experiments, the stresses set up in
each individual crystal of each specimen have been calculated on the
assumption that the boundary has no effect, i.e. that each crystal
behaves as if it alone composed the whole specimen. Whilst this
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assumption is certainly not justified, comparison of tlie actual distri-
bution of slip bands with the distribution predicted by this analysis
of stress was expected to indicate the extent of the influence of the
boundary and to yield information as to its nature. The constants
in the equations to the shear stresses (as thus defined) on the slip
planes in the slip directions were evaluated for both crystals of each
spccimen, using the consistent co-ordinates (corrected from the X-ray

MILLIMETRES

Fig. 5.—Deyeloped Surface of Specimen CHJ4G2.

readings) shown in the stereographic diagrams Figa. 1, 2, and 3. The
ratio of the “resolved shear stress” Sr at any point to the nominat
maximum shear stress (S= 2T[-rz, where T is the applied torquc
and r is the radius of the specimen) is given by the formuta
SrpS = A cos (X—a),* where A and a depend only on the orien-
tations of the slip piane and direction considered, and where X is
the angle between the axial planes through the point in question
and through the referenee mark on the end of the specimen. The

* J. Insi, Melals, 1926, 36, 185.
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values of these constants together with the nomenclature of the principal
crystallograpliic planes and directions are recorded in Table II.

Table Il.—Constanls in Resohed Shear Stress Equations.
Specimen AL5A. Specimen CHJ4G-2, Specimen AL1B.
Piane. Direction. Top Crystal. Front Crystal. Crystal A.
A. a°. A. <. A. a’.
01 0-963 162-7  0-764 3052 0-784 62-9
0(111) 02 0-952  280-7 0-678 1495 0531 95-1
03 0-985 221-1 0-315 2429 0439 22-6
12 0-830 247-5  0-468 275-0  0-292 O-i
mii) 13 0724 848  0-516 348-9 0680 126-8
10 0-256 190-3  0-593 21S-3  0-885 142-1
23 0-680 3539  0-525 1337 0-713 90-2
2(111) 20 0-304  252-3 0-188 210-8  0-3S9 1737
21 0-799 1958  0-596 1515  0-773 60-2
30 0-481 44-3 0-778 36-5  0-590 1219
3(111) 31 0-526 106-7  0-351 76-3  0-039 1355
32 0-523 341-2 0557 12-7 0-62S 122-7
Bottom Crystal. Back Crystal. Crystal B.
A. a®, A. a°. A. a’.
01 0-620 i-0 0-762 1582 0-784 62-9
0(111) 02 0-804 107-5 0-199 982 0531 95-1
03 0-S64 64-0 0877 146-8  0-439 22-6
12 0-499 219-1 0-509 127-2 0-765 176-4
1(111) 13 0-748 2565  0-491 692 0177  169-4
10 0-469 119-3  0-486 63 0-940 175-2
23 0-234 102 0-908 178-7  0-596 13-3
2(111) 20 0-594 314-4  0-955 61-0 0470 41-2
21 0-709 291-2  0-965 1175 0-283 142-6
30 0-185 176-7  0-781 91-5  0-701 146-2
3{11l) 31 0-925 150-5 0-629 65-4 0-882 81-4
32 0-761 3246  0-351 143-7 0-S63 339

In Figs, 7, 8, and 9 the values of Sr/S have been plotted against X
for the twelve possible slip systems of both crystals of each specimen.
In order to avoid complication in the case of the specimen CHJ4G2,
each set of curves has been drawn only over that region in which it
is operative at the surface of the specimen (cf. Fig. 5); whilst in the
case of the specimens AL5A and AL1B separate diagrams have been
drawn.
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The normal stresses on the slip planes were also evaluated, but
since it did not prove necessary to take these normal stresses into
account, their consideration has been omitted from the present paper.

100
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FIG 161 |
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160 i

260 - 5

FIG 19

-5 0 5

MILLIMETR ES

Fics. 6.—Derelopcd Surface of Spceimcn AL1B.

IV.— Traces of Planes.

The slopes of the traces of the slip planes of both crystals of each
specimen were calculated and the slopes of the slip bands observed
were correlated with the calculated yalues.
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Fia. 7.—Specimen AL5A. Curvos of Shoar Stress and Record of Slip Bands
Observed. A —After Test la, 25,000 rovcrsals of £0'7 ton/in.2 |1—After
Test le, 025 X 108reversals of +0'7 ton/in.= C.—After Test 2b, 3’50 X 10°
reversals of iO-O ton/in.2 Fuli Circlos Indioato General Systems of Slip,
Opon Circlca Indicate Occasional Bands.
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Fia. 8.—Speeimen AL1B. Curves of Resélved Shear Stress and Record of Slip
Banda Obseryed. A —After Testla, 012 x 10e revorsals of +005 ton/in.-
B.—After Test 3a, G000 reversals of + |‘0;ton/in.2 C.—After Test 3b and
fracture, 0°6-i X 106reyersals of £1'G ton/in.a Fali Cirelea Indicate General
Svstems of Slio. Ocen Circles Indicate Occa3ional Banda.
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O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 3CO 320 340 360
FRONT CRYSTAL BACH CRYSTAL

FRONT CRYSTAL BACK CRYSTAL

Fig. 9—Specimen CHJ4G2. Ourves of Eesolved Shear Stress and Record of Slip
Bands Obserred. .(—After Test la, 25,000 reversals of +0'7 ton/in.2 B.—
After Test Ib, 029 X 108reversals of +0-7 ton/in.2 C.—After Test 3a, 0-26 X
10“ royersals of +1-1 ton/in.2 D. After Test 4a, 0-27 X 106 reversals of

+1-3 ton/in.2 _ Fuli _Circlcs Indicate General Systems of Slip, Opon Cireles
Indicate Occasional Bands.
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V.—Details of Tests.

A complete list of all tlie tests to which each specimen was sub-
jected is given in Tables Il1l, IV, and V. It was originally intended
to subject each specimen to a series of short runs at a safe range of
stress (x 0-7 ton/in.2), and after each run to examine the slip pro-
duced, particularly in relation to the boundary. This process was to
be continued until slip under this range was exhausted, when the
applied stresses were to be inereased beyond the probable safe range

(. 0-9 ton/in.2) and the same procedure was to be followed in
order to watch the process of failure in relation to the effect of the
boundaries.

In the case of the specimen ALSA, this programme was followed
throughout, and failure of the specimen occurred after a total of
5-27 X 106 revcrsals of £ 0-9 ton/in.2 nominat resolved shear stress.
In the case of the specimen CHJ4G2, however, the programme had to
be amended, because, after a total of 12-15 x 106 reversals of + 0-9
ton/in.2 nominat resolved shear stress, not only were there no signs of
imminent failure, but the production of new slip bands had entirely
ceased. Acoordingly, it was decided to inerease the stress range
applied to the specimen CHJ4G2. After 6-20 X 10® reversals of
+ 1-1 ton/in.2, the production of new slip bands had again practically
ceased, and it was therefore decided still further to inerease the stress
range. After 2-24 X 106 reversals of + +'3 ton/in.2, the rate of pro-
duction of slip bands had again become very slow; whilst even after
1-26 X 10® reversals of + 1-5 ton/in.2 practically no slip could be
observed. Accordingly, the applied range was still further inereased
to £+ 1-75ton/in.2, when cracking commenced almost immediately (after
about 2000 reversals); complete failure of the specimen occurred after
63,500 reversals of this range of stress. It is probable that the true
fatigue range of the specimen CHJ4G2 (i.e., the fatigue range dcveloped
after the understressing described) was actually about + 1'5 ton/in.2.
It is possible that this true range was less than i 1-5 ton/in.-, but it
is regarded as unlikely that itwas below ~ 1-3 ton/in.2. Some caution,
however, is necessary in this surmise, in view of the results obtained
from a previous specimen.* This specimen consisted of three crystals
(of unknown orientation) subjected to reversed torsional stresses. It
fractured after the following history : (a) 5-07 X 106 cycles of + 0-64
ton/in 2 (nominat shear); (6) 13-27 X 10® cycles of += 0-75 ton/in.2,
and (c) 30-79 X 10® cycles of + 1-0 ton/in.2. Thus the fatigue limit
of this specimen, which contained two longitudinal boundaries, was
certainly less than + 1-0 ton/in.2resolved shear stress.

* Loc. cii.
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No. of

Test.

la
Ib
lo
Id
2a

2b

2c

2d
3a

3b
3e

4a
4b

6b

Table
Rango of
Nominat
Shear Reversals.
Stress,
Ton/inA
+0-7 25,000
+ 0-7 0-25 X 106
+0-7 0-25 X 10°
+ 07 1-00 X 106
+ 09 1-00 X 106
+ 09 350 X 10®
+ 09 0*77 X 10°
Table |V .—Details
Range of
Nominat
Shear Reversals.
Stress,
Ton/in."
+ 0-7 25,000
+ 0-7 0-29 x 106
+ 0-7 027 x 106
+ 0-7 0-90 x 108
+ 09 1-00 x 108
+ 09 3-05 x 10°
+ 09 2-30 x 108
+ 09 5S0O x 108
+ 11 0-26 x 108
+ M 2-78 x 108
+ M 31G x 108
+ 13 0-27 x 108
+ 13 1-97 x 108
+ 15 1-26 x 108
+ 1-75 2000 approx.

I+

1-75

I1l.—Detaih of Tests of Specimen ALS5A.

63,500

Total
Iteversal9 at
Same Rango

of Stress.

25,000

of Tesls of

Total
Eeversals at
Samo Range

of Stress.

25,000
0-31 x 108
0-5S x 108
1-54 x 108
1-00 x 108

4-05 x 108

6-35 x

12-15 x
0-26 x

3-04 x
6-20 x

0-27 x
2-24 x

108

108
108

108
108

108
10G

1-26 x 108
2000 approx.
65,600

Remarka.

Fairly generat
slip.

H ii

Vory littlo slip.
Genoral  slip;
heavy m
plaocs.
Samo as 2a,
with number
of cracks.

Largo crack
developcd.

Treatment
Prior to
Next Test.

Ropolished.

Etcbed and
ropolisbed.
Ropolished.
Repolished.
Repolished.

Repolished.

Specimen O11J+02.

Ecmarks.

Very littlo slip.

Fairly generat

slip.
No slip.

General slip:
fairly heavy.
Heavior slip;
but not gen-
oral.

Fairly goneral
slip.

No slip.
Fairly generat
light slip.
Very little slip.
Praétically no
further slip.
Fairly generat
light Sllf).
Very littlo slip
but fairly
heavy.
Praetically no
slip.

Number of
cracks.

Largo  crack
developed.

Treatment
Prior to
Next Test.

Etched and
polislied.

None.
Repolished
None.
Repolished
Nono.
Ropolished.
None.

Repolished.
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Table V.—Delails of Tests of Specimen AL1B.

Range of Total

No. of Nominat Reversals at Remarks. TLeraignr\ ?gt
Teat. Sstr:sir' Iteveraals. Sf)rf“gt'r‘easgge whnorto
Ton/in.1
1 + 0-75 025 x 10« 0-25 X 10° Noslip visiblo. Repolished.
2a + 095 o0-12 x 106 0-12 X 10° General slip.
2b + 09 025 x 10° 0-37 X 10° Fresh slip. Nono.
2c + 095 063 x 10« 1-00 X 106 ]
2d + 0-95 1-78 X 10 2-78 X 10° No fresh inF. Repolished.
3a + 1'60 6000 G000 Heavy  slip; Nono.
2-7° twist.
3b + 130 04X 106 064 X 100 Large crack;
6'2° twist.

t

In tlie case of tlie specimen AL1B, no slip occurred under a stress
range of £ 0-75 ton/in.2 nominat sliear stress, whilst under a range
of £ 0-95 ton/in.2, slip was eshausted after about one million reversals.
The stress was accordingly increased to £ 1-6 ton/in.2, when fracture
resulted after 0-64 X 10® reversals of this range of stress. For this
specimen also, it is unsafe to attempt a close estimate of the actual
fatigue strength. The fatigue limit was probably greater than i 0-95
ton/in.2 and certainly loss than i 1-6 ton/in.2 nominat shear stress.
At the present stage, careful study of the characteristics of deformation
appears to be of greater value than the accurate determination of
fatigue limits. At a later stage it is hoped to obtain quantitative data
by a series of tests in which each specimen is tested throughout at one
range of stress.

VI.—E xperimental Observations.

(a) Method of Presentation.

The measurements and records made of the deformation of the
three specimens tested were very extensive, and adequate presentation
of the results constitutes a problem of some difficulty. It appears
advantageous to divide the discussion of the changes of microstructure
occurring during the tests into two paTts, describing in the first part
the generat behaviour in regions remote from the boundary, and in
the second the special features observed close to the boundary.

(b) Microstructure in Regions Remote from the Boundary.

In all three specimens, thc generat appearance of the slip bands
in regions remote from the boundary was, throughout the tests, entirely
similar to that of slip bands produced by similar tests on single crystals;
moreover, apart from some anomalous slip occurring in the early stages
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of test (and this again is characteristic of the single crystal), the distri-
bution of the bands was in every ease in good agreement with the
distribution anticipated on the basis of calculatcd shear stresses. This
result is a elear indication of the very smali effect of the boundary on
the generat stress distribution and, coupled with the facts that the
regular systems normally approached very close to and often inter-
sected the boundary, and that very little anomalous slip near the
boundary was observed, it suggests that the major effect of the boundary
is limited to a very smali region in its vicinity. Typical diagrams
illustrating the generat distribution of slip bands at various stages of
the tests are shown in Figs. 7, 8, and 9, in which fuli circles indicate
generat slip on the piane indicated by the stress curve on which the
circle is placed at the value of X given by the abscissa, whilst open
circles indicate localized slip which in most cases was confined to the
neighbourhood of the boundary. Photomicrographs illustrating the
appearance of slip bands in regions remote from the boundary are
shown in Figs. 11-16 (Plates X IIl and XIV).

The generat manner in which slip bands were formed at each range
of load is shown in Tables Ill, 1V, and V, but for effective comparison
of the behaviour of the specimens some further remarks are necessary.

The behaviour of the specimen ALS5A was throughout entirely
similar to that of the single crystal. The range of nominat shear stress
of £+ 0*7 ton/in.2at first produced fairly generat slip in good agreement
with the distribution of resolved shear stress (Figs. 7A, B), and this
slip was exhausted after about one million cycles. The inereased
range of ~ 0-9 ton/in.2then again produced generat slip, which finally
culminated in heavy slip (Fig. 7 C) and failure.

Although the first test of the specimen CHJ4G2 at a stress range
of + 0-7 ton/in.2 produced a system of slip not in accordance with the
resolved shear stress distribution (Fig. 9 A), the normal slip distribution
resulted from a further test at the same range (Fig. 9 B), but slip at this
range was always light and was exhausted after about 250,000 re-
versals. Thereafter a stress range of £ 0-9 ton/in.2 produced generat
slip that continued for at least five million reversals and then ceased
completely, no further slip being produced during a further run of
six million reversals. Stress ranges of + 1‘1 ton/in.2 (Fig. 9 C) and
1-3 ton/in,2 (Fig. 9 D) both in turn produced slip that was at first fairly
generat but which showed no tendency to develop into heavy bands,
but rather to grow lighter and less generat, and finally to cease alto-
gether, whilst a stress range of i 1-5 ton/in.2 produced no discernible
slip whatsoever. The rapidity of failure at db 175 ton/in.2 suggests
that slip would have occurred at £1-5 ton/in.2 if sufficient reversals
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Fic. 11—Specimen AL5A. A= CHJG2. A= 291°

After test Ic. X 100. X 100.
Fic. 13.—Specimen AL1B. A= 140°. Fic. 14—Specimen ALSA. A- w .
After test 2a. x 100. After test 2b. X 330.

A} figures rcduced by + in reproduction.
[Toface p. 20S.
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had been. imposed, but throughout the tests slip appeared to occur
only with difficulty ancl to be very guickly exhausted at any one range
of stress.

The first test of the speeimen AL1B at a stress rango of £ 0-75
ton/in.2 produced no slip at all, whilst slip under a stress range of
i 0-95 ton/in.2was fairly generat (Fig. 8 A) but grew lighter as the test
proceeded, and finally, after about one million reversals, ceased alto-
gether. A smali amount of anomalous slip occurred, but the ealeulated
range of stress on the piane concerned was only very slightly less than
the actual mazimum, so that this anomaly is probably unimportant.
Thereafter the stress range of i |-6 ton/in.2 resulted in generat slip
(Figs. 8 B and C) and fairly rapid failure; but the number of cycles of
this range that the speeimen endured suggests that the behaviour at
intermediate ranges might have been very similarto that of the speeimen
CHJ4G2.

Reviewing the generat behaviour of the specimens in relation to
their structure, it is inevitably concluded that the differences of bc-
haviour must be related ehiefly to strain restrictions imposed by the
boundaries, for no correlation can be exhibitcd between these diflcrcnces
and the orientations of the individual crystals, whilst purely stress
efEects due to the boundaries are ex¢luded by the excellent agreement of
the slip band system with the distribution of resolved shear stress. llie
essential nature of the difierences of behaviour and the manner in which
they may be ascribed to the boundaries will be discusscd in detail later.

Two further features of the generat distribution of slip bands are
perhaps wortliy of comment. In certain regions (rcmote from the
boundary) the slip bands formed on the surface of the front crystal of
the speeimen CHJ4G2 showed a tendency to group along fairly definite
lines approximately at right angles, these directions being nearly, but
not exactly, parallel and perpendicular to the direction of the con-
stituent slip bands themsclves. Such grouping has previously been
observed in tests on single crystals, although the effect has not been
so pronounced. It probably represents differences of hardness, the
cause of these is not known.

In the last two tests on the speeimen AL1B a system of double slip
in “ herring-bone ” formation was produced (Fig. 16, Plate XIV). The
double slip system corresponds with deformation on two octahcdral
planes, one of which is that subjected to the maximum resolved shear
stress at the point, whilst the second is subjected to the next greatest
stress value; moreover, the stress difference is smali. It is easy to
understand that in a position near the boundary, where strain conditions
are probably complex, this process of slip on the two planes of higliest

VOL. LIV. 0
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stress intensity affords a suitable mcans of adjustment of total strain.
Slip on two plancs was also obscrvcd after fracture in crystal A in the
region X= 60°-90°, the systems being S0l and on which the stresses
are almost equal. This “ herring-bone ” type of slip was also obserred
on some occasions in previous tests on single crystals; in all cases the
two planes concerned were those subjected to the two highest values of
sliear stress.

(c) Microstructure in Regions Adjacent to the Boundary.

It is not possible to give any concise and detailed description, either
diagrammatically or otherwise, of the distribution of slip bands in
the immediate neighbourhood of the boundary. From tbe recorded
observations it would have been possible to show the complete dis-
tribution of slip after each test on diagrams of the developed surface
(Figs. 4, 5, and 6), but it would have been impracticable in sucli dia-
grammatic representations to reeord the actual appearance of the slip
bands, for which purpose only complete photographic panoramas
would have been satisfactory.

Photographic methods, including tlie preparation of panoramie
diagrams, were used freely during the course of tlie tests, but in this
paper the presentation must be restricted to a generat description
supplemented by a few representative photomicrographs.

In all the tests (except those that culminated in fracture) the
structural differences between areas close to and remote from the
boundary lay almost entirely in the size, number, spacing, and generat
appearance of the slip bands. Only in one or two isolated spots was a
system of slip bands observed different from or additional to that
observed at the same value of Xin regions remote from the boundary,
and in every case these anomalous bands were faint and few in number.
In the majority of cases these bands were produced in regions where the
intersection of the boundary with the surface of the specimen was
rapidly changing direction, and it was obvious that they owed their
origin to the restrictions imposed by this cause.

Apart from these smali areas of anomalous slip, the generat system
of slip produced in regions remote from the boundary continued right
into the region adjacent to the boundary without any marked change.
In some cases slip continued right up to the boundary * on both sides
(Fig. 17,Plato X1V), in some it appeared to stop short on one side (Fig. 18,

* The expression “ right up to the boundary” must not bo intorpreted too
literally mwithout reference to the expcriracntal technique. Although tho resolving
power of the 4 mm. apochromat objective used for the examinations was very high,

et in terms of atom spacing tho smallest distance that could be resolved was very
arge, and in all cases it is ﬁossible that slip may not havo approached to within one
tbousand or so atoms of the truo boundary.
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Plato X1V), whilst in others tlie slij) did not intersect the boundary on
either side. There seemed to be no eorrelation between the behaviour
of the specimens in this respect and the stress and strain conditions.
Thus in Fig. 17 (Plate X1V), where close and fairly heavy systems of slip
are shown approaching the boundary closely on both sides, it might
have been anticipated that the very considerable curvature of the
boundary would have produced a marked sliielding effect, whilst in
other places there appeared to be no adequate reason why the slip
bands should stop short. In generat, it may perhaps be said that
systems of heavy slip tended to continue riglit up to the boundary,
whilst sparser systems tended to stop short, but this statement is true
only in a generat sense, and several exceptions were noted. Although
in many cases the intersection of a slip band in one crystal with the
boundary appeared to be the point of origin of a band in the other
crystal, this was in generat not the case, the two sets of slip normally
appearing diseonnected (Fig. 17).

Although so much of the evidence regarding the effect of the bound-
ary on the process of slip is inconclusive, one definite plienomenon was
observed. In regions of heavy slip, where the shear movement close
to the boundary had clearly been considerable, the slip band spacing
decreased as the boundary was approaclicd. This effect was most
noticeable in the case of slip bands nearly perpendieular to the boundary,
when a number of short subsidiary slip lines were formed in between
the main bands (Fig. 17), but tho effect was also observed in cases where
the slip bands were nearly parallel to the boundary (also Fig. 17). In
generat, however, the amount of the decrease in the spacing of the bands
was greater with greater angle between the boundary and tlie direction
of the slip' bands.

In the specimen AL1B the intercrystalline boundary was very
irregular in form and, owing to the twin relationship of the component
crystals, there were regions on the surface of the specimen where its
course could not be determined with certainty.* The true course of
tlie boundary in cases of doubt was revealed, however, by the slip
distribution in its neighbourhood, and, in particular, the occurrence of
slip revealed several smali outerops of one crystal in the other. The
distribution of slip in and around such islands proved of special interest,
for slip continued right up to the boundary in every case, both intematly
and esternally, and in both areas occurred on the piane predicted by
shear stress analysis; in other words, both the island and the matrix

* Tho boundaries of all three specimens were of coarso recorded from observa-
tions of the ctched surfaces; but in tho case of the specimen AL1B the symmetry
of tho twin precluded diiTerential etching eflects at certain orientations of the
surfaee relativo to the crystal structure.
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in which thc island was imbcdded bchaved as if they each severally
composed thc wholc crystal. Whilst it must not be forgotten that
these outcrops were joined presumably to the parent crystal below thc
surface of the specimen, and eannot be regarded thercfore as completely
independent crystals, it should also be remarked that the more strongly
the island was connected to the parent crystal the more the part of the
other crystal lying between tlie island and the true boundary would be
relieved of the dominating influence of its own parent crystal. It
appears, therefore, that the effect of the boundary on the stress distribution
is cxtremely slight.

In the case of the specimen AL1B, particuiar interest was attached
to the occurrencc of slip on thc common (twinning) piane. This piane
was not an “ operative ” slip piane—by reasons of resolved stress—
at any point in crystal B, but at about X= 54° and 234° the resolved
stress intensity on the piane was only about 3 per cent. below the
calculated maximum at this point. At corresponding positions in
crystal A, piane 0 was the operative slip piane, and it would appear
probable that slip on this piane in crystal A would have continued into
crystal B. This was not the case after test No. 2a, however, when
thc slip occurring on the common piane in crystal A ceased at thc
boundary. After tests Nos. 2b and 2c no slip occurred on the twinning
piane, although after test No. 2c it occurred on A21* at X= 75° at which
point the stress on this piane is slightly lower than that on A0l This
was not a boundary effect, and was probably due to the restricting
effect of the enlarged end on slip nearly parallel to thc axis ; that on A2l
was nearly perpendicular to the axis, and so less restricted.

After test No. 3a, at the higher stress, slip on the O piane in crystal
A continued for some distance into crystal B, as shown in Fig. 23 (Plate
XV1), although in B the stress on B0l was considcrably lessthan that on
B31l. It should be noted, however, that very heavy distortion occurred
during this test, and that the occurrencc of slip on B0OL may liave been
largely affected by the presence of the crack which would be expected
entirely to alter the local stress distribution. In generatl, it may be
said therefore that at stress ranges which produced slip but not marked
“ mass distortion ” or cracks, the slip occurring on the common
octahedral piane was controlled by resolved shear stress considerations
only.

(d) Fracture.
(i) Specimen ALSA.

It has been recorded already that the distribution and appearance

of tlie slip bands produced on the surface of the specimen AL5A at

* A2l indicates slip in crystal A, on piano 2, in direction 21.
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points remote from the boundary were entirely characteristic of a single
crystal. The development of these bands in the latter stages of test
was also exactly similar to the process as it occurs in the single crystal.
The effect of the unsafe range of stress was (i) to produce lieavy slip
ofthe type shown in Fig. 14 (Plate X I11); (ii) to cause the formation of a
number of fine cracks on the site of previous heavy slip; and (iii) to
result in fractiire by the development of one or more of the fine cracks.
The stage of actual failure was rcached only in the upper crystal, almost
complete fracture of this crystal occurring before any independent
cracks of appreciable size had been formed in the lower crystal. Al-
though the actual maximum resolvcd shear stresses for the two crystals
were not very different (Fig. 7), this difEerence in behaviour can be
attributed to the greater uniformity of resolved shear stress in the upper
crystal, and to the fact that the deformation of this crystal occurred
entirely by slip on the one slip piane * that was almost perpendicular to
the axis of torsion (Fig. 1) and parallel to the boundary.

In addition to the main crack, which could be said to constitute
the primary cause of failure, a number of smaller cracks was also formed
inthe upper crystal. The positions of all the cracks observed have been
recorded on the diagram of the developed surface (Fig. 4). It will be
scen that the main crack approachcd the boundary closely, but that it
did not intersect nor run along the boundary. The portion of the
boundary close to the end of this main crack had obviously suffered
very considerable distortion, but there was no sign of any cleavage
along the boundary, nor did any of the numerous heavy slip bands in
this region show any sign of development into cracks.

Several of the subsidiary cracks did, however, intersect the boundary
in several places. One of these cracks originated in the upper crystal,
probably on the site of previous heavy slip in the region X= 20°; it
then extended upwards to the boundary where its development was
temporarily arrested, passed through a portion of the lower crystal
back into the upper crystal, intersected the boundary again in several
places, and finally continued into the upper crystal. At the lower end
the crack appeared to have continued through the upper crystal until
it met the boundary, when it passed into the lower crystal. Although
the process of cracking in this ease almost certainly started along the
site of prcvious slip bands, it should be noticed that the crack was
propagated into the lower crystal along a piane parallel to which very
little slip had previously occurred. Development along this piane
ratlier than along the slip piane actually operative at this point (in

* The particular and interesting orientation of this crystal is unique among
those hitherto tested at the National Physical Laboratory.
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the lower crystal, Fig. 7) was clearly decided by the preference of the
crack to develop without serious deviation from the circumferential
direction rather than to extend axially into the lower crystal. The
portion of the crack that tends to run along tlie boundary (Fig. 4 and
Fig. 20, Plate XV) is also of interest in this connection. At several
points the crack has started to develop axially into the lower crystal,
but has penetrated only a short distancc before returning to the cir-
cumferential direction. 1d view of the fact that the axial slip bands
previously formed in the lower crystal themselves showed definite signs
at this stage of developing into cracks, this behaviour is an excellent
illustration of the strong tcndcncy (often previously observed) for a
crack formed in a crystal subjected to torsional fatigue to propagate in
the circumferential direction.

(ii) Specimen CINJIG'2.

At no stage of the tests on tlie specimen CHJ4G2 were there observed
any heavy bands of the type that usually presage failure and in the
test immediately prior to tliat in which cracking commenced no slip
at all occurred. Fracture eventually commenced under a stress range
0f j_ 1.75 ton/in.2, one or two fine cracks being produced after a few
thousand reversals of this range. These smali cracks were formed in
the region X= 300° parallel to piane 2 of the back crystal. Subse-
(juently, after about 60,000 further reversals of £ 1-75 ton/in.2 one of
these cracks developed to such an extent as to constitute complete
failure. This main crack finally extended from X — 238° to X= 40°,
intersecting one edge of the intercrystalline boundary at about X = 355°.
Although this main crack stopped woli short of the other edge of the
boundary (at about X — 208°), considerable disturbance of the surface
was obscrved in this region, and it is probable that the failure of the
crack to cross the boundary was due only to the cut-out of the machine
operating before the crack was propagated so far. The positions of all
the cracks observed on the surface of the specimen after failure are
shown in Fig. 5.

The curves shown in Fig. 9 show that in the region X= 300°, the
piane 2 of the back crystal was Tery higlily stressed. In addition,
although in test No. 5 (immediately preceding the test in which failure
commenced) praetically no slip occurred in this or in any other region,
in all the preceding tests, in which any slip at all occurred, well-marked
bands parallel to the piane 2 of the back crystal were always observed
in thisregion. Theinitiation of a fatigue crack in this area was therefore
to be anticipated.

Fig. 21 (Plate XV) shows the appearance of slip bands in the neigh-
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bourhood of the fracture after test No. sa. It will be seen that many of
the bands show signs of developing into cracks.

(iii) Specimen AIAB.

Failure of the specimen was presaged by the appearance in test
No. 3a (6000 reversals at + 1-5 ton/sq. in.) of considerable permanent
twist, with the formation of a “ corrugated ” surface and of altcrnating
slip systems occurring on different planes (Fig. 16, Plate XI1V).

Failure occurred after a further 635,700 reversals at the same range
of stress by the formation of a roughly circumferential crack, confined
almost entirely to crystal B. The eourse of the crack, together with

Fig 10 —Specimen ALIB. Map of Cross-Scction of Specimen after Fracture
(Showing Crack and Boundary).

that of the boundary, on the surface of the specimen is shown in Fig. s .
The specimen was found to have sufiered a permanent twist of about
6-2° about 1° of this being distributed over the length of the specimen,
andthe remainder being due to the two parts of the specimen (separated
by the crack) having rotated relatively to each other about the rcmammg
comparatively smali sound area.

The specimen after fracture was cross-sectioned longitudmally
along the piane containing the axis and X= 70° and 250°. The section
was polished and etched, and the crack and boundary mapped (see

°The crack followed in generat the tracc of the 3 piane (crystal B)
for a large portion of its length. The piane of maximum resolved
stress in the whole specimen was the 1 piane, but as this piane very
neurly contained the axis of the specimen, the constraint imposed by the
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enlarged end and tlie boundary probably prevented the crack from
developing along this piane. It is at least possible, however, that the
crack started at x= 165°, for the following reasons —

(1) Thisisnearthe point of masimum stressin the whole speeimen;

(2) The crack is here parallel to the piane (1) of maximum stress;

(3) The crack is here open to the widest extent, and this is also
about the middle of the crack.

Piane 3 was the next most highly stressed and was also the most
favourably placed piane for crack propagation, i.e., that most nearly
perpendieular to the axis. The crack has consequently propagated
along this piane, with occasional deviations, probably required to
maintain the generat circumferential direction. These deviations
sometimes follow crystallographic planes and sometimes do not.
General expcrience of fatigue failure of crystals indicates that, although
the fatigue cracks are always initiated at positions of maximum shear
stress of the opcrative slip planes and in directions parallel to the
traces of these planes, yct tho generat path of failure frequently
proceeds in other directions, often following roughly the piane of maxi-
mum nominat shear stress and exhibiting a preference to avoid the
restraining influence of the enlarged ends of the speeimen.

Profuse slip band markings were visible after the finattest (Fig. s C).
These can be summarized generally by the statement that their dis-
tribution was in extremely good agreement with the resolved shear
stress law; this applied not only to the main areas of the crystal, but
also to regions adjacentto the crystal boundaries, with the exception of
smali areas where a few signs of slip on other planes were observed
(see Fig. 23, Plate XVI). The only other regions where more than one
system of slip was observed were in fairly close proximity to large cracks
and were those where the two planes concerned were subjected to
ranges of stress which did not differ greatly in intensity.

It was difficult to trace the exact course of the fracture relative to
the boundary at points where it crossed the boundary, but there appears
to be only a very slight tcndency for the crack to proceed along the
boundary; in generat, the crack was approximately perpendieular to
the boundary.

V II.—SUMMARY OF RESULTS AND CONCLUSION.

(a) Distribution of Shear Stress.

The first generat conclusion, particularly from the eartier stages of
the tests, is that the effect of the presence of the boundary on the slip
deformation, as estimated by applying the resolved shear stress law to
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each individual crystal. is extremely smali. In this connection, it may
be mentioned that, in many cases, a greater amount of slip, which does
not conform to the shear stress law, has been observed during the first
loading of single crystals than in tlie two-crystal specimens investigated
in the present tests. This generat conclusion needs modification neither
for the special case of the octahedral piane common to both crystals
at positions where the piane is “ opcrative ” in one crystal but not in its
neighbour, nor for that of the smali “ out-crops ” of one crystal through
the otlicr. These out-crops were smali, and situated at distances from
their parent crystals which were large in terms of the surface diameters
of the out-crops, and they may be regarded therefore as analogous, to
some extent, to indmdual crystals in a fully-dmded aggregate. The
slip distribution observed on these out-crop crystals agreed exactly
with the resolvcd shear stress analysis of the parent crystal.

It appears, therefore, that the presencc of boundaries has but little
effect on the stress distribution, which in each indmdual crystal is that
corresponding with the distribution that would be set up if that crystal
composed the whole specimen, and that this conclusion may apply even
if the crystal size is fairly smali. If the deformations concerned were
purely elastic, this result would indicate little more than that aluminium
crystals are probably isotropic, but, considering that it applies with
ccjual force after considerable slip has occurred, it suggests that slip
itself does not result in serious internal stress nor in any other manner
eifectively alter the stress distribution.

(b) General Process of Deformation.

In reviewing the generat process of fatigue, it is important to re-
member that all three specimens were prepared in the same manner,
and subjected to tests that differed only in the number of reversals
imposed at the various ranges of stress. The position of the boundaries
as such has alrcady been sufficiently remarked; it remains to consider
the effect of the position of the boundary in relation to the enlarged
ends and to the orientation of the constituent crystals. The number of
effectively difierent orientations (relative to given axes) of a single
crystal of aluminium is strictly limited by the symmetry of the lattice,
so that the orientation of the constituent crystals should not be of
major importance. It was, however, unfortunate that the top crystal
in the specimen with the transverse boundary should have had an
octahedral piane nearly perpendicular to the axis of torsion and hence
nearly parallel to the boundary, for under these conditions the process
of slip in this crystal would be expected to be almost independent of any
effect due to the boundary, and the result, that this crystal behaved
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cxactly as a single crystal, was almost a foregone conclusion. If this
crystal had not had this particuiar orientation, it is possible that the
effect of the boundary might have been greater or at least more marked,
but the behaviour of the lower crystal in thc same specimen (see Fig.
20, Plate XV) suggeststhat the difierence would probably not have been
very great, as, before finat failure of the specimen, the lower crystal
had developed markings, which appeared to be cracks in an early stage
of devclopment, on an octahedral piane (3) approximately perpendicular
to the boundary.

Tho position of the boundary in relation to the enlarged ends of the
specimen is likely to have been of greater moment. The enlarged ends
prcsumably act as fairly rigid boundaries transverse to the axis of
torsion. The effect of an intercrystalline boundary also transverse to
the axisis, therefore, apart from local efiects, only equivalent to reducing
the test length of each constituent crystal, whereas if the boundary is
longitudinal a different type of restriction is imposed. It might have
been anticipated that this difference would have been reflected in the
amounts of permanent twist occurring during the tests. No real differ-
ence between the two specimens with nearly piane boundaries in this
respect was, however, observed; the amount of twist occurring in each
individual test was smali (usually less than 2°) and the yalues recorded
appeared to be quite irregular.

From the results of the tests, it can be concluded that the behaviour
of the specimen with the transverse boundary was not appreciably
affected by the presence of the boundary, each crystal deforming and
fracturing as if it alonc composed the whole specimen. The behaviour
of the specimen with the longitudinal boundary differed from that of a
single crystal in three main particulars : (i) under each range of stress,
deformation by slip appeared to be slightly delayed, whilst hardening
was slightly accelerated; (ii) thc heaviest slip bandsthat were produced
were not definitely of thc “ massed ” type, that usually presages the
commencement of failure, so that the process of slip afforded but little
clue to the probable value of thc fatigue limit; (iii) although the actual
process of failure was similar to that of the specimen with the transverse
boundary, and hence similar also to that of a single crystal, the initiation
of this failure (by the production of smali intercrystalline cracks) did not
occur until a stress range much greater than that sufficient to cause
failure of the specimen with the transverse boundary was imposed.
The behaviour of the twin specimen, the boundary of which was irregular
in form, was mainly similar to that of the specimen with the longitudinal
boundary. No slip at all occurred at the lowest stress range (£ 0-75
ton/in.2), whilst at a stress range of £ 0-95 ton/in.2 slip was exhausted
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before any sign of imminent failure was observed. Fracture of this
specimen was generally similar to that of tho other two specimens,
but the rclatively slow failure at the high stress range imposed ( 1-6
ton/in.2) indicates that this specimen was more nearly comparable to
tho specimen with the longitudinal boundary than to that in which
the boundary was transverse.

(c) Deformation Near the Boundary.

Particular features of the microstructure observed only in the neigh-
bourhood of the boundary were very few. Slip occasionally occurred
o11 planes on which the resolved shear stress was not a maximum,
slip bands occasionally appeared to be continuous, across the boundary,
changing slope as they crossed; but, except in one ease of slip on the
twinning piane of the twin specimen, there was no trace either of slip
in one crystal penetrating into the other or of bending of the slip bands
as tlie slip piane changed at tlie boundary. In some cases slip ap-
proaclied the boundary closely on both sides, in some it stopped short
on both sides, but its behaviour in this respect could not be correlatcd
to the stress system, to configuration of the boundary, or to any other
possible cause. In many cases additional slip bands were formed at the
boundary in between the main bands. These additional bands pTcC-
sumably served to distribute tlie strain to which the boundary was
subjected.

(d) Failure.

No essential differencc was observed between the three specimens
in the cracking stages, except, of course, in the magnitude of the applied
stress range at which failure commenced. |In all cascs, cracks were
formed in one crystal on, or at any rate elose to, the site of previous
heavy slip, and in the subsccjuent propagation the cracks showed pre-
ference for tlie circumfcrential direction in a manner entirely in accord-
ance with previous work on single crystals. In this propagation, also,
the boundaries appeared to olfer but little resistancc to the passage of
the cracks, the paths of which were apparently not influenced by any
tendency to avoid Crossing the boundary. Although in eertain instances
cracks did commence to occur along or in the near ncighbourhood of
the boundary, in generat, the propagation of the crack across the
boundary into the other crystal appeared to occur much more readily
than along the boundary.

(e) Slrenglh.

The main differencc between the three specimens was in their
apparent strengths, for, although it cannot be stated definitely that the
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fatigue strength of cither of tlie speeimens CHJ4G2 or ALIB was
greater * than that of the specimen AL5A, it is at least certain that the
form of the stress-endurance curve was altered.

Since the effect of the boundary on the primary stress distribution
appears to be so very slight, it can only be concluded that the values of
the stresses also are but little affected and the influence of the boundary
must be in some other direction, It is possible that the boundary
causes some restriction of strain and that this restriction may result
in (a) limitation of slip (in amount); (& partial prevention of slip damage;
(c) delay in the propagation of cracks. The results of the present tests,
in particular the behaviour of the specimen with the longitudinal
boundary, are in favour of (a), and (b) might well follow therefrom,
but until further tests to much greater cnduranccs havc been carried
out (c) cannot be ovcrlooked.
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DISCUSSION.

Professor D. HANSON.f D.Sc. (Vice-President): This paper seems to me
so conclusive tliat one has simply to accept the evidence which the authors
present. All that | can do is to ofler some comments on the generat problem.

The authors are (piite right, | think, when they say that the doubts which
were expressed as to whether results of experiments on single crystals had
any bearing on tho behaviour of aggregates are being removed by this work.
Particularly striking is the vcrification of the law of resolved shear stress
shown in the case of the specimen with the two crystals in twin relationship
and the other specimen in which a smali outerop is surrounded by a large
portion of single crystal. There the correlation between tho original theory
and what takes place is notable, and | am particularly glad beeause | have
been teaehing the resolved shear stress law to my students for the last six
years, but only as being true in the case of single crystals. | think, however,
that there is little doubt that it applies in the case of aggregates, and, if it

*  To make this claim with confidencc many more reversals at the lower ranges
would havo had to be imposed %:f. Aeronaut. Res. Citee. R. and M. No. 1025, 1920).
f Professor of Metallurgy, The University, Birmingham.
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applics to that littlo outcrop, it will certainly apply when we study masscs
which consist of a largo number of minute crystals.

The other point which emergcs is tlie importance of slip as leading up to
fracture. In single crystals that is well established, but some doubt has
been expressed whether that result could be cxtcndcd to aggregates. All
the work which has been carried out so far has tended to confirm tho bolief
that the cracks start along tlie seats of initial slip, and there is evidence in
other directions of the importance of slip-bands as leading to fracture, both
in the work on eorrosion-fatiguo, with which Dr. Gough and his colleagues
liavo been assoeiated, where the fatigue cracks certainly started along seats
of heavy previous slip, and in the work which Mr. Wheeler and | carried out
on the flow of aluminium crystals under creep stresses, whero cracking again
began on the lines of the initial heavy slip-bands formed during the first
stages of deformation. | have como to regard it as very nearly proved that
during this slipping aetion the metal may bo strengthened, but at the same
time scvere damage is donc to the internal structure which does ultimately
lead to breakdown at those points, either when the stresses aro repcated
suffieiently often, as in the case of fatigue, or when the load is applied
sufficiently long, as in the case of crcep stresses, or when the stress is inereased
considerably, as in tho case of failure by normal tension.

Haying adopted that view, | find especially interesting Dr. Gough’s
suggestion as to the influence of the boundary on strength, or it may bo on
endurance, because it is fairly elear that the boundary has sonie effect; it
seems to limit the amount of slip and that might also limit the amount of
damage done to the crystal structure, because | suppose that the slipping,
in that case, would be likely to bo distributed over a greater number of slip-
bands. That is rather consistent with wliat sometimes happens in testing
aggregates of aluminium under crcep conditions, whero in certain circum-
stances tho amount of slip can bo distributed in aggregates over a very large
number of slip-bands, and, by carefully regulating the conditions of stressing,
those bands can be made so slight that it is very difficult to see them at all,
whereas in single crystals, where there are no boundaries, it is extraordinarily
difficult to obtain slip except on widely spaced and rather heavy slip-bands.
| beliove that the damage done to the metal by heayy slip is considerable,
and that it is on those lieayy slip-bands that fracture begins, so that I find it
quite reasonable to picture the action of the boundary as affccting tho amount
of slip and conseguently the damage to tho crystal structure, rather than to
attribute it to some alteration in tho mechanism of deformation.

From this point of view, it might bo interesting if the authors could carry
out some similar tests on specimens at eleyated temperatures, where under
creep conditions, this closely spaced type of slip can bo made to take place
more readily. If they could avoid tho production of heavy slip-bands, and
get the slip distributed moro uniformly throughout the crystal, they might
obtain information which would have a bcaring on this problem.

I should also like to direct attention to the ingenious type of stressing
system which has been used in these tests; that is, tho subjecting of the
specimen to alternating torsions,,whereby a yery considerable amount of
deformation can be imposed o1 tho materiat without altering the orientation
of the crystals in relation to the direction of the stresses. Much of the suceess
of the work has been duo to tho use of this particular type of stressing action.
I mention this as it was the use of that particular type of action which brought
home to Dr. Gough in the first place the reality of the resolved shear stress
law, because the uso of that kind of stressing system on single ciystals showed
that even on the same crystallographic piane slipping could take place in one
direction in one part of the crystal and in another direction in another part,
controlled entirely by resolved shear stress considerations.
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Finally, I think that this work, associated with other work in allicd direc-
tions which is niainly being carried out by Dr. Gough and his colleagues, but
to which some others are also eontributing, shows us that fatigue failure is
not, as was at one time supposed, a special kind of failure of metals, but that
the mechanism is very similar to that of other types of failure, and that the
differences can be accounted for entirely by the difierences in the stressing
systems involved, and not by a difference of meelianism in the metal itself,

I would direct the attention of members to the work on this generat
problem that is-being undertaken in other directions by Dr. Gough, and |
would refer in particular to the magnificent review of the subjeet which ho
has given recently in the Edgar Marburg Leeture delivercd to a joint meeting
of eertain American socictics.

Mr. H. Sutton,* M.Sc. (Member): Those of us who deal moro particularly
with practical problems before us appreciate the persistent endeavours of the
authors in search of fundamental data on fatigue failure. Their method of
observing and studying the characteristics of deformation before attempting
an aecurate determination of fatigue limits on their specimens has been
fruitful, and their choiee of this method of attack seems to be fully justified
by the results obtained.

I should like to ask whether the authors liavc scen a preponderance of
intercrystalline eraeking in any fatigue failure of aluminium-rich alloys or in
aluminium. | have not seen any such case; tho few | have examincd seem
to have been cascs of simple transcrystalline cracking. 1 should also like to
ask whether they foresee any need to study dimensions of fatigue test-pieccs
in ordinary materials in order to make our research results capable of inter-
pretation in the future.

Dr. U. R. EVANS,f M.A. (Member): The authors’ researches are leading
to an understanding of an important and complicated subjeet. | am in
generat agreement with their conclusions. Tho guestion could pertmps be
raised as to whether conclusions which are yalid as regards the seeondary
crystals present in annealed metal would necessarily be valid for the primary
crystals present in cast metal, but | do not propose to discuss that, because
I understand that it is being studied in other researches. In any case |
believe that an ouncc of agreement is worth a ton of controversy, and the
metallurgical public are not interested in points where different investigators,
having approaclied the subjeet from different directions, for tho moment
disagree, but would welcomc emphasis on the considerable number of points
where, notwithstanding the different direction of approach, different investi-
gators have reached similar conclusions. The public want a view of corrosion
which they can adopt with reasonable confidence that they will not have to
ehange it frcguently, and | think that we should try to provide this.

Dr. Gough’s various researches have afforded eyidence that the weakening
produeed by corrosion-fatigue is not due to the rounded pits which are so
prominent a feature of many types of corrosion, but rather to very narrow
cracks with sharp ends. Dr. A. J. Gould, of Rangoon University, approach-
ing the matter in a different way, has reached almost the same conclusions.
He examined the corrosion of wires, measuring the damage produeed (a) by
corrosion alone, and (6) by the same corrosion with alternating stresses super-
imposed, and assessed the damage in four different ways, namely by loss of
(1) weight, (2) electricat conductivity, (3) tensile strength, and (4) fatigue

* Senior Scientific Offieer and Head of the Metallurgical Department, Royal
Aircraft Establishment, South Farnborougli.
f Cambridge.
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strength. When tho loss of weight or of electrical conductivity was the
criterion of damage adopted, alternating stress did not inerease tho rato of
damage which was produced by corrosion operating alone; but when tlie
damage was assessed by loss of fatigue strength, alternating stresses were
found greatly to inerease the rate of damage over and above the rate produced
by corrosion alone. We are evidently dealing with a form of cavity which
produces praetically no inerease of loss of weight or of electrical eonductivity,
but a eonsiderable extra loss of fatigue strength; the only type of cavity
which fulfils those conditions is the narrow, sharp cavity. Such a eavity
will produce very little loss of weight, owing to the smali amount of metal
destroyed, and in a long wire very little loss of eonductivity (except at the
last moment when the cavity has extended almost through the speeimen); but
there will be a very great loss of alternating stress strength, provided the
cavity is sharply pointed. Dr. Gould, therefore, has reaehed conclusions
similar to those reaehed, by different methods, by the authors.

Professor B. P. Haigh,* M.B.E., D.Sc. (Member): In spito of the im-
portance of this paper, it represents only one step in many which the authors
have taken to elucidate this problem. That makes it somewliat difficult,
however, to criticize, because it is not easy to concentrate on tho one point
now brought before us.

When we look for the influence of the boundary on the slip and the crystal
round about it, it seems to me that there are two directions in which evidence
can be sought. In the first place, the authors liave looked to see whether
the boundary stopped or tended to prevent slip in the matter round about it,
and seeondly, they liave looked to seo if it altered the directions of slip. |
think that they tell us clearly that it has tended to delay slip; at any rato
the piece with the longitudinal boundary has stood out against much higher
stresses than the other, and the authors liave told us that it has altered the
directions of slip in the early stages. That is important, as | believe that it
would indicate that the boundary is producing an initial stress in the matter
round about it which has altered the selection of the planes on which slip
has occurred; but on the wholo it is certainly remarkable that the boundary
has had so little effect. Only in one of the three pieces do we seo it very
piainly, and there is not a great deai of efiect there.

Much of the interest of tho paper, however, estends into the more generat
field, ind the shear stress theory has been demonstrated afresli to be true for
the directions selected by the slip-bands, a wonderfully elear and convincing
demonstration that the directions selected aro those of the planes of inaximum
resolved shear stress, but | wonder whether tlie authors are prepared to say
tlie same for the direction of the crack. They have pointed out that tlie
crack shows again this time the same preferential selection of the circum-
ferential direction. Some of the figures in the paper show the crack following
the slip planes for part of their way and then jumping across. It would be
very hclpful if the authors would say something about those directions in
which the cracks jump across. They must have analyzed those directions,
and they will be able to say whether they are directions in which slip, if it
could not be expected definitely to occur, becauso the shear stress was less,
are at any rate directions in which the shear stress reaehed a fairly high
value. It seems possible that they are, but it also seems possible that they
are not, and that on the contrary they may be planes of maximum normal
stress. We are aceustomed to seo fracture occur in more brittle substances
through normal stress; for example, in glass, one does not find slip, but one
does find cracking under normal stress. In this aluminium crystal, which

* Professor of Applied Meehanics, Royal Naval College, Grecnwieb.
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is probably as plastic a materiat as one could find, it would bo interesting to
know if there is any eyidence of normal stress coming into operation at all.

Dr. C. H. Descli,* F.R.S. (Vice-President) : It has been shown liere
that the influenco of tho boundary in these particuiar cascs is smali, and
porhaps rather unexpectedly smali, although we know that when tho ratio
of boundary surface to yolume inereases very much, as with flne-grained
metals, tho influence of the boundary is very elearly seen. 1 think that
Professor Hanson’s suggestion that the spaeing of the bands may depend
very much on the grain-size is a point which needs to be followed up, but |
would suggest that probably the boundary effect comes in mainly in those
properties of metals into which the time factor enters. We know how im-
portant it is in creep, and if we were to carry out high-temperature experi-
ments | imagine the boundary effect would be greatly increased. It might
also have some effect on fatigue properties if it were possible to vary the
frequency within very wide limits. Waithin all practicable limits the effect of
freguency on fatigue is comparatively smali. |f experiments could be carried
out with extremely high, and extremely low, rates of altcrnation, | believe
that the influence of the boundary would be found to be considerably greater.

Dr. C. P. ELAM,f M.A. (Member): The effect of the crystal boundaries
has been dealt with already. Tho amount of plastic distortion is so smali
in this form of testing that there is no change of orientation occurring in the
neighbourhood of the boundary such as is obtained in other forms of testing
where the distortion is very much greater. Dr. Gough and his co-workers
will probably remember the work that W. L. Aston carried out on tensile
tests of aluminium test-pieees consisting of two or three crystals. He found
that the clianges which occurred at the actual boundary were practically
nil, but its influenco was felt perhaps 2 mm. or 3 mm. at least away. This
effect is less marked where the orientation does not change during the test
and the gradually changing influence of one crystal orientation on another
is not obtained.

When discussing boundaries between twin crystals it must be elearly
borne in mind that these may be of two kinds. If the piane of composition
is actually the twin piane, rather different results may bo expected from
those which are obtained where the piane of composition resembles in every
way a normal crystal boundary. My cxperience is that twin boundaries
arc cxactly like any other kind of boundary, and alfcct the orientation and
the change of orientation and the type of slip in exactly the same way as
eordinary crystal boundaries.

One of the most interesting cascs would be that in which the actual twin
(octahedral) piane was the piane of maximum rcsolyed shear stress in both
parts of the twin.

Is it true that cracks always follow plancs of slip? | think on the whole
that they do not, although in some cases it is so. | have lately examined
some p brass crystals where the planes of slip are also the plancs of fracture,
and in certain brittle substances that is also the case, but it is a little doubtful
whether one can assume that changes that take place on the slip piane arc
the same as those causing fracture.

The authors may be interested to know that I liave quite definite proof
of the type of structure to which they refer as their “ lierring-bone ” struc-
ture, which is caused by slip in one region on one piane and in the neighbouring
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region on another. In some @ brass crystals which | have examined these
bands form pseudo-twins where bands of materiat slipping on one piane
alternating with bands of materiat slipping on another piane which may
be at 60° or even 90° to the first are obtained. If seetions are cut through
these and polished tliey look like twins. If the orientation were not
determined it would be said that they were twin crystals. This, | belieye,
is what Dr. Gough himself thinks happens with aluminium crystals. It is
also noticeable that this type of deformation takes place at or near crystal
boundaries, and | have always believed that the boundary, in some way
which it is rather difficult to cxplain at the moment, just turns the scale, as
it were, between slip on one particular piane or another, thus causing the
banded structure to which I have referred.

Another point which | should like to mention is that tho absence of yisible
slip-bands does not neeessarily mean that slip-bands do not exist. It has
always been stated that [3brass crystals never show slip-bands, but tlicy do
show slip-bands if they are polished carefully and if they are looked for
properly. The point is, tliat if the actual amount of moyement on each
slip-band is less than a certain definite amount no evidence of them is seen
even under high magnification, but this does not mean to say that they are
not there.

Mr. P. Harcireaves,* A.R.S.M., D.I.C. (Member): | believe that the
authors have definitely established the resolved shear stress law in the case
of single crystals, and also when two are present. | suppose that it may
now be assumed that the law is operating when they work on a microcrystal-
line test-piece and see slip, but this in itself does not seem to get us very far,
and | wonder how the knowledge is going to be applied in that case. It has
been pointed out more than once that a test-piece consisting of more than
two crystals is not comparable in some ways with a microerystalline test-
piece, because there can be no adjustnient of orientation of indiyidual crystals
by movement of one ovcr the other; but the work the authors are carrying
out should decide that point.

In a paper on the corrosion-fatigue of a test-piece consisting of two
crystals,f the first cracks observed were associated with the crystal boundary.
They were i in. long and J in. long, respeetively, when first scen. In a case
like that I think that | am right in saying that it is not possible to determine
where they started. They are there, and whether they started at one end
or the other or in the middle cannot be stated. It seems tliat in order to
decide that question, great patience as well as good fortune will be requircd
in order to note the cracking at its birth, so that it can be known exactly
where it starts, and not where it has finislied.

Lead fails by intercrystalline cracking under fatigue action, whilst iron
does not. Aluminium is in some ways intermediate between these two
metals, and | think that it is possible that under diSerent conditions both
the intercrystalline type and the other type of fatigue-eracking might be
obseryed. In this work there is a certain hint that it may have occurred,
because it has not been possible to say exactly where the cracking started.

| should like to raise another point. One gathers from this work that a
disturbance in metals by fatigue stresses is very much the same as that pro-
duced by ordinary cold-working or straining, the effect of which is well known;
so long as it is not over-worked, heat-treatment will restore tlie original
properties of the metal. It might be of assistance in the work the authors
are undertaking if they carried out some such test so as to determine once
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for all whether the effect of fatigue stresses is tlie same as that of other
methods of cold-working. Laute and Sachs * carried out tests on these lines
on nickel-steel, and the results indicated that recovery did not take place.
They found the cndurance of test-pieces, and then subjected other similar
ones to a number of reversals of stress below that which would cause failure.
They then annealed them, tested them again, and found that the annealing
had not restored them. Maching parts can be removed and annealed at
different times during their life, and the guestion arises whether by so doing
we may not bo actually reducing tlieir life. In eertain parts of locomotives
that particular guestion faees us now, and tho authors might help them-
selves and help us by eonsidering this point.

Mr. Sopwith (in reply): Professor Hanson mentioned that tho restricting
effect of the boundary was such that in single crystals one obtained only very
heavy and well-marked slip-bands, but | think that a later remark by 'Dr. Elam
showed that there might be slip-bands present even on single crystals which
were very similar in "type to those which occurred on aggregates. We are
indebted to Professor Hanson for his suggestions as to tests at high temperature.

Mr. Sutton remarked that the size of fatigue specimens might have some
effect, but it seems to us that that effect is likely to oecur only if the size of tho
individual crystals and specimens is such that they extend over a relatiyely
large portion of the diameter; it is generally aeceptod that in smali crystal
aggregates no fatigue scale effect occurs, at any rate in the range covered by
specimens of from £ in. up to 2 or 3in. in diameter.

The account of Dr. Gould’s work given by Dr. Evans is of great interest,
and we are glad to hear that work on other lines has confirmed our opinions as
to the operative causes in corrosion-fatigue.

Tlie direetion of the cracks was mentioned by Professor Haigli, who stated
that although a considerable proportion of tho length of the crack followed the
most highly stressed directions, there were “ jumps.” In practically all cases
these followed planes on which the stress was almost, if not guite, ashighas that
on the operatiye piane, the amounts of the cracking on the two or more planes
being such that tho direetion of the crack as a whole was roughly circum-
ferential, as for instance in Fig. 6, in which there are several guite clearly
discernible slip directions.

Dr. Elam mentioned that tho effect of the boundaries might be different in
the ease of tlie twin specimen if the piane diyiding the two crystals had been
the piane of composition, the twinning piane. Some evidenee on that point is
given by the work carried out by Dr. Gough and Mr. Cox on the behaviour of
zinc in altcrnating torsion, in which ease a considerable amount of the distor-
tion takes place actually by twinning, and the boundary between the original
structure and the twinned structurc is straight. Exactly the same thing occurs
in these cases as has occurred in the present crystals; that is to say, the
slipping in the neighbourhood of the boundary is entirely unaffeeted by the
prcsence of the boundary. The herringbone structure, we have found, nor-
mally occurs only after a considerable amount of distortion lias taken place,
and it occurs,'as Dr. Elam mentioned, usually on the two most highly stressed
planes. The reason for this seems to bo similar to that which I liave just
referred in eonnection with the different directions taken by the cracks, to
accominodate the distortion by shear in the two most highly stressed directions.

It is intended to go on from these tests on specimens consisting of two
crystals to specimens consisting of four crystals. We havc no intention of
making any assumptions, but intend finally to build up to microcrystalline
aggregates, as mentioned by Mr. Hargreayes.

* z.v.d.l., 1028, 72, 1188; and (summary) The MclaUurgisl (Suppt. t
Engineer), 1028, 4, 173.
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CORRESPONDENCE.

Tie Autiioks (infurther reply to the discussion at the meeting) : We would
express our thanks to Dr. Hanson for his very intcresting and congratulatory
remarks, and note that he is in agreement with our generat deductions regard-
ing the influence of the intercrystatlinc boundary on fatigue. He refers to the
very intcresting work on slip-bands carried out by himself and Mr. Wheeler
and, with respect to his suggestion, it would appear intcresting to carry out
fatigue tests on single crystals at elevated temperatures and to find out whether
a different type of slip-band was produced and the method of failure; we may
do this if opportunity permits. As Professor Hanson remarks, the beliayiour
of a single crystal under alternating torsional stresses is jirobably tlio most
conyincing demonstration of the application of the maximum resolved shear
stress law. In reply to Mr. Sutton, we haye not yet made any tests on tho
fatigue properties of aluminium-rich alloys and, therefore, haye no inforination.
0 ur experience with regard to aluminium is contained in the paper.

Dr. Evans’ remarks on the results obtained by Dr. Gould at Itangoon aro
extremely interesting. We shall look forward with great interest to tho
publication containing the detailed results of these researches.

Professor Haigli raises a very interesting pointas to the direction of propaga-
tic n of fatigue cracks in single crystals and asks whether these follow in generat
the planes of maximum resolyed shear stress or are influenced by normal stress
considerations. | think that our generat experienee could probably be summed
up by the statement that, in general, tlie direction of propagation of fatigue
cracks is not nceessarily associated with slip direction. In some crystals in
which the slip planes liappcned to coincide with the easiest direction of fracture
(with respect to tlie applied external forces) tlie cracks followed the same generat
direction as the slip piane but, in many other cases, this was not so; it appears
that tlie point of initiation of a fatigue crack is determined by the maximum
resolyed shear stress but we have considerable reason to believc that the
propagation of the craek is greatly influenced by normal stress considerations.
Particularly is this the case in an experiment, the results of which are not yet
published, in which two crystals were subjected to similar ranges of alternating
shear stress, but, whereas in the one case an axial tensile stress was superim-
poscd, in tho other an axial eomprcssiye stress was applied; conditions during
the fracture stage were very greatly influenced by the superimposed normal
stress.

Dr. Desch made a very interesting suggestion that the boundary would be
found to exert a greatly inereased effect at yery high rates of alternation. We
also believe that this is probably the case especially in view of the work of
Professor C. F. Jenkin.

Dr. Elam remarks tliat, in the cases described, tho total amount of plastic
distortion occurring during tho test is yery smali compared with, for example,
static tensile tests. This is, of course, quite tnie and it is for this particular
reason that torsional straining is niainly employed in our work. We would
also remind her that in the normal fatigue failuro occurring in practice, vcry
little “ mass ” distortion occurs. Her experiences regarding the effect of
boundaries on the deformation of twin crystals are extremely interesting.
Dr. Elam also refers to the relation between fatigue cracks and slip planes, and
we would refer her to our reply to Professor Haigli. We are gtad to have
Dr. Elam’s confirmation that the herring-bone structure is eaused by slip in
one region on a series of planes and in an adjacent region on another set. We
haye checked up this conclusion in several cases. When one considers that in
sonie parts of tho specimen, competing slip planes are subjected to very nearly
the same amount of shear stress, it is not at all surprising that tho herring-bone
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structure is sometimcs obserycd. It is also quite possible, as Dr. Elam sug-
gests, tliat when this structure occurs in the neighbourhood of a boundary, the
boundary may have had some influence in determining the operative slip
lancs.

P Mr. Hargreayes raises a very interesting point when he asks whether tho
process of fatigue can be removed by heat-treatment. This is an aspect of
fatigue phenomena which is definitely in our progranime to investigate at some
time but on which, for the moment, | rcgret that we have no experimental
eyidence of our own.



( 229 )

THE CONSTITUTION OF COPPER-IRON-
SILICON ALLOYS.*

By Pkofessor D. HANSON,t D.Sc., Yice-Peiotdent, and E. G. WEST.t
Ph.D.

SYNorsis.

The constitution has been examined of alloys containing up to 8 per
cent. of iron and 8 per cent. of Silicon. The solubility of iron m copper
is decreased by the presence of Silicon. Over the greater portion of the
range of compositions examincd, iron exists in the alloys as such, eon-
taining only a smali amount of Silicon and copper in solution; its solu-
bility in the solid state decreases rapidly with fali of temperature and
bccomes very smali below 700° C. Wi ithin certain ranges of composition,
iron and Silicon combine to form another constituent, probablyJ? eoi,
which forms a series of alloys with the a solid solution. FeSi also
appears to form systems of alloys with the a, fi, y, s, and e constituents
of the copper-silicon series. The shape of the liquidus and sohdus curyes
has been determined and the changes oeeurring in the system during
the process of cooling from the liquid state, havo been indicatcd.

The constitution of the alloys suggests the possibility of modifying
their mechanical properties by lieat-treatment.

Introduction.

CoppER-rich alloys containing metallic silicides liavc attracted attention
recently on account of their capacity for heat-treatment, but veTy little
has been pubhshed on the subject of the constitution of these alloys.
The present paper deals with alloys of the system copper—on-silicon.

Corson’s 1 paper on the precipitation of silicides in copper-rich
alloys gave only a few examples of copper-iron-silicon alloys, and
the results tabulated are for physical properties only. It is evident
from his photomicrographs tliat his alloys were not nearly in a state
of ecjuilibrium, but uniform solid solutions were said to be obtained
at 930° C. in all alloys containing less than 1-0 per cent. of iron. He
suggested that Fe2Si was the effe.ctive silicide of the system with a solid
solubility between 1*3 per cent. and 2-5 per cent. Ellinghaus 2 gave

* Manuscript received November 2, 1033. Presented at the Annual General
Meeting, March 8, 1934, . . o
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results for nine alloys of tliis system, principally mechanical and elec-
trical properties. Annealing temperatures above 800° C. were not
employed, but the softening temperatures after cold-working were
obtained. The cffectivc silieide was stated to be FeSi, and an alloy
containing 2-38 per cent. of iron and 2-54 per cent. of Silicon was stated
to be a liomogeneous solid solution when east. His contention that
the solubility limit of iron in copper is raised by addition of Silicon
does not seem to be in accordance with his photographs.

SILICON, WEIGHT PER CENT
Fig. li—Copper-Silicon Alloys. (Smith.)

The Binary Systems.

These have all been investigated recently, and the eguilibrium
diagrams may be summarized as follows :

(i) Copper-Silicon. The reactions according to Smith 3 are give!
iu Fig. 1, the chief points being the configuration of the a-phase
boundary and the complesity of the reactions beyond this. The solid
solubility of Silicon in copper inereases from 5-25 per cent. at 852° C.
to 6-7 per cent. at 785° C., and remains at this figure until a temperature
of 725° C. is reached; below this temperature, the solubility falls to
4-1 per cent. at 400° C. The photomicrograpks given in this paper
enabled the phases under review in the present researeh to be readily
identified. Later work by Matuyama,4 lokibe,5 and others, has not
altered this part of the diagram.
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(ii) Copper-lron. The diagram of Ruer and Goerens,8 taken in*
conjunction with the work of llanson and Ford,7 gives a complete
survey of the system, which is shown in Fig. 2. The solubihty of puro
iron in solid copper decreases from 3-9 per cent. at 1100 0. to less than
0-2 per cent. at 750° C.

(iii) lron-Silicon. Published diagrams vary in a number of detaiis;
that due to Haughton and Becker 8is given in Fig. 3, this having been
used in preference to others published. They state that two compounds
are definitely present, and possibly a tbird. These are FeSi at ap-
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proximately 33 per cent. of silicon, Fc2Si5 at 55 per cent., with I1c;jSi2
at 26 per cent. of Silicon as a possible solid solution of FeSi in the a
phasc.

The present paper deals mainly with the a (copper-rich) solid
solution range, but other part-s of the ternary system have to bo con-
sidered in the survcy of the copper corner.

Experimental Details.

The experimental methods are given in some detail, as the slight
variations in procedure sometimes cause corresponding variations in
the results obtained by different workers in researches of this nature.

(i) Casting and Working.
To facilitate alloying, which is rather difTicult when the pure com-
ponents are used, temper alloys were employed, and their compositions,
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togethcr with the analyses of the original material§, are given in

Copper, Silicon,  Iron,  Carbon,
0,

Materiat. o % Ve m Otlier Elements, %.
American washcd iron 96-1 38 010, max. impnrity
Silicon 97*0 1-8  trace 1-0Z Al, 0'2 Ca, trace

n
Temper alloy 1 . 19-3 132 67-2  trace
Temper alloy 2 . 751 24-6  trace trace Al
Temper alloy 40 48 18 34 trace
Table 1l.— Compositions (by Analysis) of the Alloys.
No Iron, %. Silicon, %. Copper, %.
1 67-2 13-2 193
2 trace 24- 75-1
3 0'10 0-54
4 0-io 4-4
5 0-25 2-54
6 0-25 7-0
7 0-31 1-34 98:31
8 0-50 8'9
9 11 4-8
10 1-3 0-7
u 1-45 1-45
12 1-85 1-3 96'82
13 1-0 7-0
15 2-94 1-36
16 2-95 1-8
17 3-3 2-65
18 2-7 3-98
20 4-7 17 |
21 4-2 1-75 94,01
22 41 2-2
23 3-6 55
24 4-15 54
27 50 10 93:8
28 55 18
29 6-3 2-1
31 4-95 55 i
33 0-62 0-26 99:04
34 0-47 0-74
35 0-10 2-14 97:76
36 0-5 21 97-2
37 1-27 18
38 1-8 16
39 1-05 0-25 98*5
40 34-0 18-0 450
41 2-0 0-85
42 2-54 1-28
43 2-95 1-45 96*4
47 2-5 2-05
48 3-45 1-0
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Traces of carbon and aluminium were found in the temper alloys,
but these were eliminated in the making of the finat alloys, in which
neither carbon, aluminium, nor calcium could be detected.

Ilhe fmal alloys were made as follows: copper was melted under
charcoal in a closed Salamander crucible in a gas-fired furnace and the
reguired amount of temper alloy No. 1 added. The metal was well
stirred and allowed to stand for a few minutes before alloy No. 2 was
added. The melt was again well stirred and east from 1200° C. into
split chill moulds 1 in. in diameter. The bars were about 4 in. long
and 12 oz. in weight.

The eompositions of the alloys are given in Table II.

(ii) Thermal Analysis.

Cooling and heating curves of all alloys were obtained, a gradient
furnace being used. The cooling curve was taken first, and the heating
curve then obtained immediately, and the specimen allowed to cool in
the air. The lid was kept on the crucible throughout, to prevent
oxidation of the melt, and chemical analysis showed that the changes
in composition were negligible, the maximum silicon loss being 0-05
per cent. Segregation had occurred in some cases, however. The
rate of heating and cooling was about 20° C. per minute, readings
being taken every 5° C. The couple was calibrated at intemds, the
melting points of copper, silver, silver/copper eutectic, aluminium,
zinc, and tin being used, and considering all possible errors due to
calibration, e.m.f. measurement, and plotting, the maximum inaccuracy
is approximately 10° C.

The results of the thermal analysis are given in Table Il1.

(iii) Heat-Treatment.

According to Smith * the rate of difiusion of silicon to the surface
of copper-silicon alloys is extremely high, and preliminary experiments
confirm this; to avoid oxidation losses, the alloys were annealed in mcuo.
It was also apparent that the alloys were likely to recpiirc very long
annealing periods to attain eguilibrium, and the apparatus was devised
with each of these points in view. Specimens approximately\ x \ X £
in. were cut from the chill-castings and were cold-worked by hammering
before treatment. They were cut longitudinally for examination in
every case. Specimens were annealed in thick silica tubes, 18 in.
long by § in. internaldiameter, sealed at one end, six specimens being
placed in this end. Four tubes were heated in a Nichrome wound
furnace, giving a uniformly heated zone 4 to 6 in. long in the centre.

* Loc. cii.
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Table Ill—Datafor Ihe Liquidus and Solidus Surfaces.
Solidus, °C.
A’\|II(()).J' Liuidus, °0. Scconoticstagc, B -
Liguid. No Liquid. Solidus.
3 1077
4 987 905 895 900
5 1038 990 985 985
6 877 855 850 850
7 1064 1040 1035 1040
8 830 817 810 813
9 968 885 870 875
10 1075 1045 1030 1040
11 1060 1010 1000 1005
12 1062 1010 1000 1005
13 so1 865 855 860
15 . 1067 1025 1015 1020
IG - 1055 1010 1000 1005
17 . 1037 970 965 9G5
IS 1007 940 925 930
20 * 1067 1025 1015 1020
21 * 1058 1020 1000 1010
22 : 1045 1005 995 1000
23 % 985 920 910 915
24 . 973 920 910 915
27 1080 1045 1035 1040
28 * 1078 1040 1025 1032
29 * 1060 1030 1010 1020
31 * 980 935 925 930
33 1080
34 1072 1060 1040 1050
35 1052
36 1057 998 995 995
37 1050 1005 995 1000
38 1054 1005 995 1000
1083
431? 1075 1040 1030 1035
42 1067 1010 1005 1010
43 1064
47 . 1045 990 990 990
48 1070

* Tho arrcsts at the liguidus were too smali to be recorded with any certainty.
Tho liguidus eorresponding with the separation of iron crystals was determined
roughly by obscrving the temperature at which crystals appeared at the clean
surface of alloys melted in nitrogen and cooled slowly from above the liguidus
temperaturo. The low density of the iron crystals facilitated their detection in
this manner, and the method could probably be made very accurate. The follow-
ing observations were obtained :

Iron, %. Silicon, %. Liguidus,
3-0 2-0 1126
4-0 2-0 1210
3-0 3-0 1235
2-0 4-0 1135
2-0 7-0 1158
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Ihe projecting ends of the tubes were stopped with air-tight bungs
and connected to a pump through air-tight cocks. The pump was
run daily for short intervals, and specimens were quite bright when
removed. The temperature was controlled by a Haughton-Hanson
thermostat and was measured by a Chromel-Alumel couple placed
among the annealing tubes, and connected to a thread recorder. The
annealing temperatures employed were 1025°, 970°, 925°, 870°, 800°,
750 , 675 , and 550° C., and the corresponding variations in the anneal-
ing period are given in the tabulated results. The annealing tem-
perature never rose above the reguired figure, and the maximum fali
did not exceed 10° 0., even this being only momentary. Quenching
was carried out as follows : all the cocks were closed, and one tube
at a time was opened, withdrawn from the furnace, and inverted over
a large bath of waterat 15° C. The time taken to quench the specimens
was about one second, and no appreciable cooling took place before
they entered the water.
The results of the heat-treatments are given in Tables IV and V.

(iv) Delermination of the Solidus.

The annealing temperatures were too far apart to give the solidus,
and the gradient furnace was modified to allow specimens to be guenched
rapidly from a known temperature. A metal cpienching bath, 8in.deep
and 6 in. in diameter, was fitted round the pillar, P (Fig. 4), wax being
used to ensure a water-tight joint. The couple was placed inside the
pillar, and the hot junction was bent at 90° at the top of the pillar.

Table I\. Microslructure of Annealed and Quenched Specimens.

Temp., o C. 870 830 800 750 675 550
Time, Hrs. 170 100 200 2-10 270 300
Alloy No. Constituents present.
*1 a a a -J Fe a + Fe
éB CL4' Xj a 4% p a 4- fi a+ 5--FeSi a + rFesi -y aa44_1 Fiesi44-yy
5 a Fe a+ Fe a {- Fe a 4- Fe a 4- Fe 4-y
3 al;'inC ad-Fe a4 Fe a4- Fe a 4- Fe
T . a + * FeSi a -f-s-f-Fesi a+ FeSi-f-y a4*FeSi 4y a4- FeSi 4-y
o a+ Fe ad-rFec a+ Fe a 4- Fe a 4- Fe
it a;lf_ie a4-Fe 04- Fe a4- Fc a 4" Fe
i a fFe a4-Fe a4- Fe a4l rFe a 4- Fe
3 a;'Fe a 4-Fe a4- Fe a4-Fc a 4* Fe
2 a I:e a 4- Fe a4- Fe ad4“Fe a 4- Fe
A a -j- Fe a+ Fe a*_f*Fe ad'Fe a 4* Fe
5 a -4 Fe a 4- Fe o -j- Fe a 4% Fe a 4- Fe
o8 a 4- Fe a - Fe a 4 Fe a 4* Fe a 4* Fe
B a -f-Fe a 4- Fe a 4~ Fe a 4- Fe a 4~ Fe
3 a -j- Fe a 4- Fc a + Fe a+ Fe a 4- Fe
0 4% Fe a4-Fe aa4- Fe a 4- Fe 0 4* Fe
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Tabte Y .—Microstructure of Annealed and Quenched Specimens in the

a Range.

Temperature,® C. 1025 970 925 S70 800 750 675 550
Time, nrs. -18 100 100 170 200 210 270 300

Aoy Tem SToar ©ee nots berowy.
3 0-54 A A A A A A* B B
4 &% 4-4 L C C A A* B B D
5 025 25 C A A A* B B B B
7 031 1-34 A A A A B B B B
9 11 4-8 L L C B B B B D
10 13 0-7 A A? B B B B B B
1 145 145 C B B B B B B B
12 18 1-3 C B B B B B B B
33 062 02 A A A A B B B B
34 047 074 A A A A B B 3 B
3% 010 2-14 0 A A A A B B B
3% 05 2-1 0 A A* B B B B B
37 127 1-8 C B B B B B B B
38 18 1-6 C B B B B B B B
39 105 025 A A A B B B B B
41 20 0-85 A B B B B B B B

Note.__* indieates that the alloy was on the limit at this temperature.
homogeneous a.

e

. . + uid-

. a+ fﬁbn and traces of y.

. .all liquid.

—Tom >

A smali piece of Nichrome foil rested over tlie hot junction, and a
silica tube was placed inside tbe pillar, projecting from tlie lower end.
Tlie details are given diagrammatically in Fig. 4.

The hot zone of the furnace was maintained at 1050° C. and the
furnace calibrated, so that, by means of a scale fitted to the side, any
required temperature was obtained by moving the furnace over the
specimen. 'Smali specimens about + X J Xt in., were coated with
a wash of Alundum to prevent excessive oxidation and placed on the
foil. The furnace was lowered and the temperaturo maintained for
15 minutes. The temperature was checked and the specimen dislodged
by an upward thrust of the silica tube, so that a rapid quench was
obtained. The bath was maintained at 15° C. Identical specimens
were quenched at temperature intervals of 10° C.

(v) Polishing and Etching.
Specimens (other than silicon-rich alloys) polished in the usual
manner on emery paper and finished on moist chamois leather with
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magnesia powder, exhibited large holes when viewed under the micro-
scope. lhcse were due to the removal of partieles of an iron-rich
constituent, and all speeimens were therefore polished in the absence
o water. Parafhn was used on the emery papers and alcohol on the
chamojs leather, when good surfaces free from holes were obtained.
Al 0 s°bitions were used for etching whenever possible. Ferric
chloride solution in alcohol, chromie acid (Vilella’s reagent), 10 per
cont. hydroehloric acid in alcohol, and
hot§ unction pij SPECIVEN Smith’s bichromate-chloride reagent were
found satisfactory for etching the copper
matrix and copper-silicon phases : hydro-
fluoric acid, preferably applied on a pad
of cotton wool, darkened the iron con-
stituents. Both types of reagent were
usually applied to develop the structure of

tho same specimen.

ldentification of the Phases.

No new phases are introduced, within
the range of alloys examined, beyond those
bclonging to the two binary systems. Near
the copper-silicon side of the system, the

P, v, s, and s phases defined by Smith
were readily detected, and could be
identified by the etching methods which he

used and the generat characteristics of the
phases which he has recorded. In addition
to these phases, two other constituents
were observed. One was identified with the iron constituent of the
copper-iron series, and is essentially iron containing some dissolved
copper and Silicon. This constituent occurs in partieles approximately
globular m form, and is distributed fairly evenly throughout the alloys.
°ther Qenstituent was hard and angular; it was distributed un-
equally m the matrix of the alloys, and showed a marked tendency to
segregate at the top ofthe ingot, and it occurrcd in alloys containing
more than about 5 percent. of Silicon and rather low iron contents
Several methods were used to identify these constituents, the most
fruitful being microseopical examination, chemical analysis, and
hardness. The first constituent had all the micrographic characteristics
of the a iron constituent of the copper-iron series, and a photograph is
shownm Fig. 5 (Plate XV I1), referring to an alloy containing 5-5 per cent.
o iron and 1-8 per cent. of Silicon. The second constituentis illustrated

Fig. 4.
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in Fig. 6 in an alloy containing 4-34 per cent. of iron and 8-9 per cent.
of Silicon. The particles are similar in form to the primary FeSi crystals
shown in Phragmen’s paper 9 on the FeSi alloys. The low density
(6-05) given by Phragmen would also account for their segregation.

In some of the alloys containing high iron with low Silicon (particu-
larly in certain samples outside the range of composition reported
herein), some of the iron appeared to separate while the alloy was
still wholly molten. The iron-ricli portion had all the metallographic

Cu

characteristics of the one micro-constituent. A smali portion of this
constituent was extracted from one of the alloys and was magnetic
and brittle. It was crushed, and the adhering copper-rich matrix
removed by solution in dilute nitric acid. An analysis of the residue
gave the following result: iron 90-5; Silicon 7-5; copper 2-0 per
cent. This confirms that these particles are essentially a solid solution
of silicon and copper in a iron. A similar method could not be used
to identify the other constituents, since no particles sufficiently large
to be extracted could be found. By comparing the analyses of the upper
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and lower tialves of a slowly-cooled ingot in which this constituent
was segregated to the top of the ingot, it was established that the iron
and Silicon in this constituent were present in proportions corresponding
with the formuta FeSi.

A series of hardness measurements was made by means of a sclero-
meter on specimens containing large particles of each of the two iron-
rich constituents; a conical diamond nnder a load of 150 grm. was

Cu

1075° 1050° 1025°  1000° 975° 350° 925°900°875™*
Fig. 8.

used. The results of the measurements are shown in Table VI. The
large difference in hardness between the two constituents is definitely
established, and the measurement of the scratch-hardness was found
useful in identifying constituents during the microscopical examination
of some of the alloys. For purposes of comparison, the corresponding
constituents in pure iron-silicon alloys were also tested.

The Ecjuilibrium Model.

The results of tho thermal analysis and microscopical examination
of the heat-treated specimens are given in detail in the Tables. From



Plate XVII.

iA* *

Fio. 5.—Iron 5-5%, Silicon 1'8%. Iron Crystals in a Matrix
of a Solution. x 150.

ci/

Fig. 6.—Iron 4-34%, Silicon 8-9%. FesSi Crystals. x 500.

[To face p. 210.



Plate XVIII.

Fig. 18.—Silicon 0-7%, Iron 1-3%. Quenched from
970° C. Re-heated to 675°C. a + Fc. x 500.
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these data, an equilibrium model was constructed, the form of which
is shown by Figs. 7-16.

The process of solidification is indicated in Figs. 7 and 8; in the
former, the true shape of thc liquidus surface is indicated by the heavy
isothermal lines on which the temperatures are marked. The thin, dotted
isothermal lines refer to the second stage in the solidification. The liqui-
dussurface consists of three main sections, correspondingwith the sepata-

970°C.

Fig. 9.

tion of primary crystals of a solid solution, iron crystals,and FeSicrystals;
in the extreme right-hand comer, a smaliportion ofthe surfacerepresent-
ing the separation of the [3phase is also shown. The « licjuidus shown
in the diagram is practically complete, but the surfaces representing
the separation of iron and FeSi extend very much further into the
whole system, probably to the opposite face representing alloys of
iron and Silicon. The isothermal lines on the a liquidus are sub-
stantially correct, since the data from the cooling curves are sufficient
to indicate this surface with fair accuracy. The form of the liquidus
corresponding with the separation of iron and FeSi is shown by the

vol.liv. Q
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dotted, Jieavy lines, and is only approsimate, sincc tlie arrests cor-
responding with this transformation were very smali, on account of
tlie smali amount of iron-rich constituent involved. Tlie generat
form of tlie curves is, however, probably correct.

Alloys tlie compositions of which fali within the limit of the a field
do not separate a second pliase except along a zone near the junction
with the iron and FeSi fields, whilst those which fali within the iron

Cu

and FeSi fields complete their solidification by depositing copper-
rich a solution, which deposition commences at the surface of secondary
separation shown by the thin, dotted isothermal lines in Fig. 7.

The completion of the solidification process can be pictured by
means of Fig. 8. In this diagram, the fuli lines represent the solidus
of the system, whilst the dotted lines represent, over the a region,
the liguidus surface, and over the iron and FeSi regions, the upper
surface of secondary separation. The temperatures of the isothermal
lines on the solidus surface are indicated on the copper-silicon face,
and these on the other surfaces, on the base of the diagram.
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The constitution at lower temperatures is indicated by the series
of horizontal sections through the model shown in Figs. 9-15. The
data' from which these have been constructed are shown in the
Tables. The phase fields are indicated on the diagrams, and require
no further amplification. The boundaries of the a and a + Fe fields
are probably fairly aceurately indicated. In the extreme right-hand
corner of the model the phase boundaries have not been closely deter-

Cu

mined, paTtly because insufficient alloys were prepared for the purpose,
and partly because equilibrium was difficult to attain in this region
of the diagram; they should be regarded as only tentative, and as being
qualitative rather than quantitative.

Fig. 16 shows the shape of the boundary of the phase field below
the solidus line. The solubility of iron decreases rapidly below the
solidus as the temperature falls, and becomes very low below about
700° C.; in addition, the solubility of iron, even at high temperatures,
is decreased by the presence of silicon. These effects give rise to a
somewhat complicated solubility surface, and thc complication is in-
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creased by the factthat, close to the copper-siltcon surface, the solubility
of the yphase actually increases with fali of temperature between
about 850° C. and 750° C.

General Nature of the Alloys.

The constitution of alloys of this ternary system appears to be one
in which the constituents of the iron-silicon system comhbine with those

Ccu

of the copper-silicon system, as is indeed to be anticipated, sifce
copper and iron themselves form no intermediate phases. The a solid
solution (copper-rich) forms a series of alloys with iron (the « solution
of Haughton and Becker’s diagram) and with FeSi. The p,y, 8 and e
constituents also form a series of alloys with FeSi, but not with iron;
examples of alloys of this type were met with in the right-hand corner
of the present system, and in the alloys outside the range of the present
diagram, but this investigation is not more than enough to detect
their existence.
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Tlie diagrams enable cne to picture fairly closely the nature of the
reactions which occur during the cooling of alloys of this system.
Copper-rich alloys within the a range solidify hy depositmg a copper-
rich solid solution, whilst iron and Silicon become concentrated m the
residual liquid; except near the limits of the field, such alloys consist,
when they are just solid, of a single phase. As cooling_procceds still
furtlier, iron is precipitated from solid-solution as indicated by t e
sloping surface in Fig. 16, from which it can be seen that only in a very

Cu

750 °C

Fig. 13.

narrow zone close to the copper-silicon face does iron remain in solid
solution, the amount in this case being very smali. Alloys the com-
positions of which fali outside tho a range commence to solidify by
depositing iron or FeSi. In that case, the liquid becomes rapidly
impoverished in iron, until its composition reaches that indicated by
the boundary between the a and the Fe or FeSi fields (AB in Fig. 7).
When this point is reached, the stage of secondary separation com-
mences, the liguid composition changing with temperature, as indicated
by this boundary line, in such a manner that it becomes ennched
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with Silicon, but still further impoverished in iron. Thus we see that
in such alloys the liquid phase loses iron in the first portion of the
solidification process, without much. change in the Silicon content,
and loses copper during the second portion of the solidification process
while the silicon content of the residue mounts rapidly. The iron-
rich constituents are deposited first, then the a solid solution together

Ccu

with a little more iron-ricli eonstituent are formed, and finally, the
silicon-ricli phases during the finat stage in the solidification. In all
alloys, precipitation of iron from the a solid solution occurs with
fali of temperature, and in alloys close to the copper-silicon face some
precipitation of the y-pliase was also obseryed below 600° C.

Two typical photomicrographs are shown in Figs. 17 and 18
(Plate XV II1).

P recipitation-Hardening.

The wide range of composition over which precipitation of the iron
constituents occurs on cooling suggests that the alloys of this system
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should be amenable to heat-treatment. Corson has alreadyrcported
jncreases in hardness in copper alloys containing iron and Silicon as a
result of ouenching followed by re-heating, but the improyemcnt in
strength which he obtained was not very great. A further examination
of the possibilities in this direction appears to be justified m the hght
of the results now obtained, since alloys of this system possess the type

Cu

Fia. 15.

Table VI.—Scratch Hardness Results for the Iron-Rich P hases.

Hean Scratch, Widtlis, Inch.
Mean.
Description.
Ist Scratch., 2nd Scratch. 3rd Scratch.

E3 e B
FeSi in iron-silicon alloy 0087 0003 0-085 0-058
Globule in alloy 28 - 0-085 0-086
Globule in alloy 20 0-085 0-087 0008
Globule in alloy 23 0-076 0-080 8?0%% o
Globule in alloy 24 0-076 G-00

i ili - 0-085 0-085
6'5% iron-silicon alloy . 0-086 0-085
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of constitution associated with hardening by heat-treatment. The
authors have made a few preliminary experiments, the results of which
were disappointiug since the inereases in hardness obtained were
not very great, and this is in keeping with the experience of Hanson
and Ford on copper-iron alloys. Nevertheless, the possibilities have
not yet been fully explored.

FIELD

Fig. 16.
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DISCUSSION.

Br,J. L. Haugiiton * (Member of Council): With regard to the equi-
librium model to which the authors refer, they haye reproduced a number of
isothermal seetions, by the careful study of which one can reeonstruct the
model, but it is a difficult business. | wish that the authors*** T s~ hese
a drawin"- Of the model or perhaps some yertical seetions through it, as these
would have rendered it easier to visualize the constitution of the sys"m.

On p. 238 segregation troubles are referred to, and m Table 11 it wiil
be noticed that there are a number of blanks m the hauidus
which, it is stated, are duo to the arrests at the liguidus berng too smallto be
recorded with any certainty. Do the authors associate that with tho results
of segregation ? In this connection | would like to refer them to the paper by
Mr. Palne and myself on the magnesium-niekel system, presented at tlns
meeting We found in that system that we obtamed no liguidus po”ts
oyer a eertain range of composition when the alloys were notstirrcd but
that when the alloys were stirred while the curve was being taken we did
obtain the points. Do the authors consider that if they could have stirred
these alloys—it would haye been a yery much more chflicult PAM em 111 |;he
present ease than in the ease of the magnesium-nickel al oys, " u s ¢ the
big difierence in temperature—they might liavc obtamed more deiinito
liguidus determinations or perhaps even a different A™PpP°™tyre °f
liguidus ? From the shape of the curyes | think that it is unlikely tliat it
would be very different, but it is a matter of interest.

Mr E H. BucKNALL,t M.Sc. (Member): Tho authors are to be con-
gratulated on their successful study of the constitution of these
alloys, more especially as in the course of that work an entirely new method
has | belieye, been used for the determination of solidus temperatures,
namely, by the use of a gradient fumace, which seems to be a method which
will ofler advantages in investigations on other systems.

On the constitutional side there seems to be little to d.scuss beyond the
points already mentioned by Dr. Haughton although an extension of the
field of study to alloys of somewhat higher Silicon content appears to be of
considerable theoretical importance. In this connection, | was surpri
the appearance of the e phLe of tho FeSi system m th ~ CGopper_™h aUoys
before the appearance of the yj phase, as 1 had anticipated that the y, phase
of the FeSi system would be isomorphous witli the y phase of the GuSisj s
and would form with it a continuous range of solid solutions.

On p. 247 it is stated that “ alloys of this system possess the type of
constitution associated with liardening by heat-treatment At the mk of
correction | would suggest that that remark, whilst possibly tnie, is a little
in advance of our present knowlcdge of liardening by phasial ehanges. | i
ccrtainly wecll known that in a g&at number of “Hoy systems m which a
stonint' solubility line separates homogeneous from duplex fields, ageing
phenomena occur; on the other hand, there is very freguently, m metallic
alloys, a close approach to the “ ideat solution of the physicat~emist,.and
in that ideat solution there is no eyolution or absorption of heat when a solute
atom passes into or out of solution in the solyent. Should the a field of this
system bc a solid solution which approaches the ideat type, no age-hardemng
would bc anticipated, although there might be a decrease m solid solubility
with reduction in temperature.

* Principal Scientific Officer, Department of Metallurgy and Metallurgical

Chemistry, National Physical Laboratory, Teddington. Mrtallurcrie&l
t Junior Scientific” Officer, Department of Metallurgy and MctallurgiuU

Chemistry, National Physical Laboratory, Teddington.
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Again, there is, | think, no ease known of a ternary alloy which age-
hardens by the separation of a pure metal or the a solid solution of that metal,
although that State of affairs does occur in binary systems. In the case of
ternary alloys a more complex separation phase is probably neeessary before
the ageing occurs.

The constitution of these alloys seems to differ very markedly from that
of the ternary alloys of copper with niekel and Silicon, cobalt and silicon,
&c.—with which Corson dealt—where the precipitated phase, described by
him as a definite silieide, probably includes in each case at least two and
probably all three of the components.

Mr. A. J. Murphy * (Member): As one who has always to bear in mind
the possibility of commercial exploitation of cuprous alloys, | wish to express
my gratitude to the authors for providing sueh a sound basis on which to
consider guestions of that nature in reference to the eopper-iron-silicon alloys.
A number of points which arise in one way or another from the attitude of
mind to which | refer may possibly be wortb mentioning.

The first is a question of generat significance, | think, on the possibility
of securing useful improvement of mechanical properties in east alloys, and
partieularly east copper alloys. We see in many cases the suecess with which
heat-treatment is applied to forged materials showing diminution of solid
solubility in the a phase with decrease of temperature, but we are rarely
given eaually complete Information as to the seaguence of cvents in the east
materiat when the samo treatment is applied. | know that there are other
grounds for doubting tlie possibility of that heat-treatment being usefully
applicable to these alloys, but, in case that position changes, it would be
useful to know whether these alloys are especially sluggish in tho rate at
which homogenization is obtained by annealing at what may be termed
the solution temperature, or whether they are rather speedy in that respect.
I liave some diflieulty in deducing from the paper which, if either, of those
two represents the position, because there is a reference to the fact that the
alloys were likely to reguire very long annealing periods to obtain equilibrium,
and that the apparatus was devised with this point in view. Smith, liow-
ever, records that the rate of difiusion of Silicon to the surface of copper-
silicon alloys is extremely high, and experiments confirm that. | realize
that there is another factor there, namely the removal of Silicon by oxidation
from the surface inereasing the coneentration gradient; but on the face of it
those two observations would appear to lead to opposite conctusions.

Avrising from that point, may I comment on the procedure in determining
the solidus. On p. 237 the authors mention that they took smali speci-
mens—I| presume previously annealed at a lower temperaturo to secure
uniformity—and then increased their temperaturo to somewhere in the
region of thc anticipated solidus and maintaincd the temperature there for
15 minutes. That would appear to be rather a short time, unless there is
some other explanation, because, of course, the solidus will be different if
sufficient time has not been given for equilibrium to be established at the
higher temperature.

Regarding the more detailed ternary diagrams, Mr. Bucknall has referred
to the materiat precipitated being pure iron, and not an iron compound. |
should welcome any remarks which the authors might make on the significance
of that in relation to the physical properties. It is also worthy of note that
the masimum rate of change of coneentration of the a solid solution with
temperature occurs in the region where iron would be the materiat precipitated
and not FeSi. From 800° C. downwards there is very little ctiange in con-

* Chief MetaUurgist, J. Stonc and Co., Ltd., Deptford.
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contration of the saturated « solid solution where the neighbouring second
phase is FeSi, so that it is unlikely that any improvement of propcrties can
be obtained due to precipitating a eompound instead of a pure metal liere.
Another unfortunate featuro, if one has a practical application in view,, is
that the rato of change in the limit of tho a solid solution in tlie alloys eon
taining less than 4 per cent. of Silicon is a maximum at a rather high tem-
peraturo, a temperature so high that the neighbouring phase isjiguid.
other words, at 870° C. the solubility of iron m copper is 1 per cent. (ri0. ),
and there is a reduction in this limit as tho Silicon increases, but at the tem-
peraturo which it would be desirablo to usc for secunng solution the alloys
containing 5 to 7 per cent. of Silicon and up to 1 per cent. of iron are liguid,
so that in applying the solution heat-treatment in practice one would p o -
ably be compelled to use a temperaturo which was lower than that which
would eive the maximum amount of solution.

| realizo that all these points are perhaps labourmg somothmg which the
authors moro or less firmly refuse to tako up, but | would, if I ™'ghfc
them to tread a littlc further on tho dangerous ground to wliich Dr. West
referred in introducing the paper and giye us some mdication of tho amount
of hardening which is obtained by solution and tempermg.

Dr Makie L. V. Gayier* (Member): 1 can find no rcfcrenco to tho
transformation of y iron to a iron, which must play a part. In nonc of the
sectTons shown is there any eyidence of the y field or tho a field; it is all
called “iron.” That changc, liowever, must take place, and a two-phase
field a and -/ iron, must exist. It may bo yery narrow and may not ha o
much eilect but thcoretically it is important and should bo addgd. Ilu$
emphasizes Dr Haughton’s suggestion that yortical sections would haye been
rSeat yalue in this paper. The authors haye investigated an extremely
complicatcd diagram; in thoir own words, the constitution of these allojs
tends to be a change from the coppcr-silicon to the copper-iron, and from the
conner-silfcon diagram (Fig. 1) it will bo seen that it is extremely compheated.
| suggest that it would be of very great assistance to those who axe gomg to
use this from the practical point of view, as well as from the theoretical,
yertical sections were added, with the appropnate phase fields.

Dr Cykil S. sfera,t B.Se. (Member): My experience jeads me to belieyo
that tho two-lIkmid field shown in Ruer and Goerens or m Muller s copper iron

diagrams Is actually pot presentin moderatelygyjie iy oFany.amaRRdish of

Silicon is added—1 forget the exact amount, but bolieve that it is of tho order
of 1 per cent.—an alloy containing about 50 per cent. iron separates into two
distinct layers at all temperatures above tho liguidus, even when the melt
is made in a high-frequency induction furnace. Jfucb smaller additions of

earbon”ioduce the tQ explain tll0 pUrpose of the “ lines of secondary

separation ” in Figs. 7 and 8. These scem to confusc the diagrams, and are
really unncccssaryt for tho temperatures referred to can easily be determincd
from a liguidus surface of the ordinary kind.

Dr E Voce<+ M.So. (Member): In support of Dr. Smith’s remarks |
would say that guite rocontly I haye had to make up a few alloys of roughly

* Scientific Officer, pepartment 0f Metallurgy and Metallurgical Chenustry,
National Physical Laboratory, Teddington. W atprbnrv Conn
| "Research Laboratory, “The Américan Brass Company, Waterbury, Lonn.,

U’Sf Inycstigator, British Non-Ferrous Metals Research Association, London.
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50 : 50 copper-iron, with certain minor additions, and | found no elear
eyidenco of the presence of two liquid phasos. A high-frequency induction
furnace was used.

Professor Hanson (in reply): | will hegin by replying to the point men-
tioned by Dr. Haughton and Dr. Gayler, that we have given tho sections
through” this model horizontally instead of vertically. This is because hori-
zontal (isothcrmal) sections have a quantitative value and show esactly the
nature of the system at the temperature eoncerned, whereas yertical sections
are qualitative only, and freguently misleading, sifice they offer no guide to
the course of the intemal transformations.

Dr. Haughton referred to the smali arrest at the liguidus point. The
alloys were stirred before the curves were taken and the heat arrest was still
found to be very smali, no doubt duo to the very smali amount of the eon-
stituent which separated from solution. In aetual fact, we used the segre-
gation which is due to tho differeneo in density of the solid crystals which
separate from tho liguid to indicate the position of the liguidus by melting
in an inert gas and watching for the first appearance of the crystals to float
up to the surface; and, whilst the experiments were carried out with apparatus
rather hastily put together, | think that where there is a big differeneo in
density that method could bo mado very sensitiye for determining the liguidus
p?ir“[. It was tho only method with which we could obtain any eyidence
at all.

The guestion of the two-liquid layer has been referred to. That is inter-
esting, because there is in the literaturo a good deal of conflicting eyidence
on that point, some investigators maintaining that the two-liquid phase
field comes right down to the next horizontal lino in the system, and others
maintaining that there is a region of homogeneity extending right across the
diagram. | think that the contributions of Dr. Smith and Dr. Voce on that
point are interesting, and particularly Dr. Smith’s reference to the effeets of
smali amounts of Silicon and of carbon, because in making these alloys a
carbon steel is usually used as the form of iron and a eertain amount of carbon
is generally present.

Mr. Murphy really referred to the principal importance of this paper.
We knew that changes in the solubility of iron or somo iron eonstituent did
occur during the annealing of alloys of this type, and we set out primarily
to determine what those changes were. | think that we have succeeded in
showing the way in which the solubility changes, and we do not propose to
carry it any further; we consider that those in industry should now be ablo
to make use of this basie Information. As to what is the degree of improye-
ment that can be obtained, | do not know. Our prelhninary experiments
showed the inereases in strength to bo rather smali. Miss Ford and I found
the same thing in dealing with iron-copper alloys. But tho system seems to
be worth exploring much more fully than we haye been ablo to explore it;
| suggest that, now that the basie information is available, it is the function
of industry to pursue the matter in these directions.

The alloys are rather sluggish at high temperatures. Annealing times
must be prolonged and segregation must if possible bo prevented during
casting, because there is a very marked tendency for primary crystals of
iron or FeSi to segregate during casting; in determining tho solidus we found
that, once homogeneity had been obtained, diffusion was fairly rapid, pro-
yided that it did not inyolye tho diffusion of iron and Silicon together for con-
siderable distances through tho alloy. The first appearance of melting in
that homogeneous solution is quite quick, and, although we used periods of
15 minutes in our experiments, longer heat-treatments were previously
tried; we came to tho conclusion, howeyer, that 15 minutes was long enough.
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| refuse to follow Mr. BucknaU into the field of speculation as to tho
generat nature of age-hardening, particularly in ternary and moro comples
systems, sinee the evidence to enable us to form an opimon is not yet avail-
able. Tho iron-silicon phases involved in this system aro eertamly the a
iind tlie FeSi phase, but there is evidenco that with higher iron and Silicon
contents tlian we have used, but not greatly outside the range of our inves-
tigations, the 9O pliase of the iron-silicon system also enters, but m what
manner we do not exact_lg know. . . .

Wi ith regard to the identifieation of the a phase, we identify the a non
because it is a continuous phase with the constituent which separates when
iron-copper alloys aro cooled. It seems to be identical m all its eonstitu-
tional properties with that phase, and | therefore cali ita iron. we i no
put in tho change from y to a iron, partly because we did not mvestigate it,
and partly because the diagram is so construeted on that «ige of the system
that there is 110 proper room to indicate the mam solubility Imes clearlj
without a greatly esaggerated scalo. The change seems of secondary impoim-
ance from tho immediato point of view, and we have not made any referenee
toit. There cannot be any considerable change of solubility when iron ehanges
from y t0 “»sinee the solubility of each is yery smali at this temperature.
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TRANSFORMATIONS IN THE COPPER-
PALLADIUM ALLOYS.*

By R. TAYLOR,f B.A,, B.Sc., Member.

Synopsis.

Copper-palladium alloys up to 55 atomie per cent. of palladium have
been examined by thormal, micrographic, and olectncal romance
methods Tho determination of tho efoctrical resistance-tompoiaturo
curres has been carriod out with a much slower change of tomporature
than had proviously been used. Tho occurrenco of two transformations
at 10-30 atomie per cent. and 35-50 atomie per cent., respectiyely, and
associated with difierent types of electrical resistance ~ " e Im teen
confirmed. The results are eompared witli thoso of earlier workers and
tho mechanism of tho transformations is discussed.

Introduction.

The transformations which occur in the copper-palladium alloys
have been previously examined by many methods.1-8 The X-ray work
of Holgersson and Sedstrom2 and of Johansson andLmde 3-1makes it
elear that at high temperatures alloys of all compositions possess a face-
centred cubic lattice, but no regular arrangement of the two kinds of
atoms has as yet been deteeted. On cooling to lower temperatures,
alloys containing between 10 and 30 and between 38 and 50 per cent.i
of palladium undergo transformations. The lattice in the former range
is unchanged, but the atoms take up a regular distribution based on the
ratio 3 Cu : 1 Pd, with the palladium atoms occupying the cube corners,
and the copper atoms the centres, of the faces. Aecordmg to Borelius,
Johansson, and Linde,5the super-lattice lines in the X-ray photographs,
which indicate the regular atomie distribution, are strongest at about
17 per cent, In the range 38-50 per cent. at low temperatures there is
a change to a body-centred cubic lattice, with a regular arrangement of
the atoms based on the 1:1 ratio, each component being at the points
of a simple cubic lattice, as in CsCl.
* Manuscript recoiyed Oetober 13, 1033. Presented at the Annual General
Meeting, March 8, 1934.
+ Downing Collego, Cambridgo.

t Compositions are throughout expressed in atomie percentages and alloys are
referred to by their nominat palladium content.
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The electrical resistance measurements carried out at room tem-
perature by Sedstrom,1 Joliansson and Linde,3 4 and Svensson 6 show
that a low value of the specific resistance is associated with the ordered
arrangement of the atoms. The minimum values in the two ranges are
displaced from the simple atomie ratios, occurring respectively at
16-18 per cent. and at 47 per cent. The values of the specific resistance
for alloys with an irregular distribution of atoms lie on a comparatively
smooth curve and attain a maximum at about 60 per cent. of palladium.

E xperimental.

Preparation of Alloys.

The alloys were prepared from eleetrolytic copper (the only impurity
found was 0-002 per cent. iron) and palladium sponge of approximately
the same purity. They were made up at 5 per cent. intervals from 5 to
55 per cent. of palladium, exceptthat, forthe micrographic and electrical
resistance work, additional alloys were prepared near 40 per cent.

Table I.— Composition of Alloys.
Weiglit Per Cent. by Analysis. .
Nominat Atomie Atomie Per Cent.
Per Cent. Palladium. Palladium.
Pd. Cu.

5 S-05 91-95 4-96
10 15-65 84-35 9-95
15 23-10 76-90 15-18
20 29-50 70-50 19-95
25 36-08 63-92 25-17
30 41-96 58-04 30-11
35 47-74 52-26 35-26
38-5 52-50 * 47-65 39-62
40 52-57 47-43 39-77
41 54-69 * 45-45 41-75
42-5 56-59 * 43-49 43-67
45 58-21 41-79 45-36
48 62-01 * 3808 49-24
50 63-02 36-98 50-38
55 67-49 32-51 55-31

Atomie weights : Palladium . . . 100-7
Copper . . 6357

* By analysis (in otlier eases only copper was estimated).

The alloys were made in high vaeuo, using a high-frecjucncy induc-
tion furnace, and were twice remelted before the finat cooling. The
crucibles used were made from Alundum tube and the ingots obtained
were cylindrical, 1-1-5 cm. long and 0-8 cm. in diameter, and weighed
about 12 grm. These ingots were used directly for the thermal investig-



Fig. 5.—40 per cent. Palladium. Quenchcd Fig. 6.—40 per cent. Palladium. Qucnched
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Fig. U.—45 por cent. Palladium.
from 594° C. X 100.

Fig. 13.—35 per cent. Palladium.
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ation after lioles liad been bored in them to take the necessary thermo-
couples, with the exception of thc 25 per cent. alloy, which had to be
softened by quencliing before it could be drilled. The same ingots were
afterwards used in the micrographic investigation. Specimens similarly
prepared were drawn down, first through Widia dies and then through
diamond dies, to suitable wires for the electrical resistance work.

The compositions of the alloy wires are given in Table I. Samples
from different parts of each wirc were analysed and the results were in
close agreement.

Thermal Imestigation.

The specimens were heated in an electrical resistance tube furnace
controlled by a thermo-electricthennostat, in an atmosphere of hydrogen
or nitrogen. In taking heating curves a steady current was maintained
through the furnace of such magnitude as to give a change of tem-
perature of 1-5°-3° C. per minute over the critical range. Cooling curves
were, in generat, taken with no current passing, and the rate of cooling
was therefore greater the higher the temperature; over the critical
ranges it varicd from 2° C. to 4° C. per minute.

It was found necessary to use a differential method in order to detect
the evolution or absorption of heat accompanying the changes in the
alloys. The neutral was a short piece of pure copper rod of the same
size as the specimen. A Chromel-Alumel differential couple was used
in conjunction with a “ water-dropper.” The short wire of this couple
was of Alumel, which had periodically to be renewed, as it was em-
brittled by nitrogen in the absence of oxygen. The temperature of the
alloy specimen was measured with a platinum/platinum-rliodium
thermocouple and a millivoltmeter.

In tracing the temperature’ difference-time curves on the screen,
the time was calibrated by marking the position of the spot of light
every 2 minutes : the millivoltmeter was read every 4 minutes. The
temperature difference-tenrperature curves could then be constructed
if desired, although in most cases the temperature of a change was deter-
mined directly from the experimental tracings.

The specimens were usually given a preliminary anneal between
600° and 700° C. for some hours before cooling and heating curves were
taken. Eeproducible results could then be continuously obtained
without further annealing.

Micrographic Analysis.

The specimens were annealed in an atmosphere of nitrogen in the
furnace used for the heating and cooling curves, with the exception that,
towards the end of the investigation, a triple furnace 9 with hydrogen

yol. Liv. R
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was employed. A thread recorder was used to detect any irregularity
in tlie temperature control. Two sets of very slowly cooled speeimens
were obtained by using an aluminium btock furnaee heated by gas, the
flow of which was controlled by a crude form of thermostat. Cooling
from 500° to 300° C., at which temperaturo one set was quenchcd, was
spread over 23 days, and the further cooling to room temperature took
16 days. In tliis experiment the speeimens were sealed in evacuated
Pyrex tubes.

The initial heat-treatment of nearly all the speeimens was an anneal
for at least 2 hrs. in the neighbourhood of 800° C. The temperature
was then lowered to that rcquircd, and was maintained for several hours
before the specimen was removed and quenched in cold water.

A 1 per cent. solution of bromine in alcohol proved to be a satis-
factory etching reagent for the alloys with more than 30 per cent. of
palladium. A more dilute solution was used for the other alloys, which
were rather easily stained and pitted. On the advice of Mr. E. M. Wise,*
a mixture of equal volumes of 10 per cent. solutions of ammonium
persulphate and potassium cyanide was tried. This was somewhat
slower in action, and produced the same result on the higher palladium
alloys as the bromine reagent.

Electrical Resislance Measureinents.

In order that several alloys miglit be examined together, a large tube
furnaee was constructed. This furnaee was wound in five sections with
Nichrome tape, and, by arranging external resistances in parallel with
the inner sections, a length of 15 cm. was obtained in which the temper-
ature variation was less than 3° C. The furnaee was fitted with a triple
Chromel-Alumel couple for the thermostat control.

The alloys were examined in vacuo by the following arrangement:
copper wires, about 33 cm. in length, were joined to the ends of about
45 cm. of alloy wire by means of smali beads of silver. Tungsten wires,
7-8 cm. long, were brazed to the free ends of the copper wires, and
copper leads were similarly joined to them. The tungsten wires were
cleaned, oxidized slightly in a flame, and coated with a film of Pyrex
glass. The alloy wire was wound, in the form of a spiral, round narrow
Pyrcx tubing, one lead passing up the inside of the tube. The specimen
was then placed in a wider Pyrex tube, one end of which was sealed by
pinching the hot glass round the tungsten wires. After the other end
had been drawn down, the tube was evacuated and sealed ofl. Por each

*  Priyate communication. See also E. M. Wise and J. T. Eash, * Tho Role of
the Platinum Metals in Pental Alloys.—II1,” Trans. Amer. Inst. Min. Met. Eng.,
1933, 104, Insi. Metals Div., p. 303.
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alloy a similar specimen was prepared, but with. only 5-10 cm. of alloy
wire. By this means it was possible to eliminate the resistances of the
leads.

It was possible to get twelve of these tubes in the furnace together,
and six alloys could thus be examined at one time. The tubes were
placed so that the whole of each alloy was within the range of constant
temperature; the inside copper-tungsten junctions were then near the
end of the furnace and the seal was just outside it.

Tlie resistances of the specimens were measured by a potentiometric
method. A lead accumulator and a 200-ohm coil were connected in
series with a standardized Manganin coil and with a specimen. The
fali of potential across the specimen was eompared with that across the
Manganin coil using a Pye potentiometer. The current through the
specimen was then reversed and the readings were re-taken. The
average value was used. The examination of a specimen was followed
immediately by that of the corresponding subsidiary specimen. Measure-
ments were made at various temperatures, the furnace being keptat each
temperature until the resistances ceased to change. Outside the range
of transformations, 3-6 hrs. was sufficient for this, but about 24 hrs.
was given when a transformation was in progress. The result of longer
annealing is considered on p. 267. The temperature was changed in
steps of 30°-50° C. at low temperatures and 8°-15° C. through the trans-
formation ranges. A Foster quadruple strip recorder was used to
follow the changes in the temperature and in the resistances of three of
the alloys. This gave an indication of the approach to ecjuilibriurn.
The recorder was also used in two series of cxperiments to determine
the temperatures of the transformations during continuous heating and
cooling. The chart was calibrated for temperature by taking readings
of the millivoltmeterat intervals, and tlie transformations were indicated
by marked changes in direction on the resistance curves.

Results.
(a) 0-30 Per Cent. of Palladium.

Satisfactory evidence of a transformation in this range was obtained
in only three of the six alloys which were examined by the thermal
method. For the alloys containing 15, 20, and 25 per cent. palladium,
curves were obtained similar to those shown for that containing 15 per
cent. (Fig. 1 (I, I1)). These curves have been derived from the experi-
mental tracings by changing the time ordinate to a temperature ordinate
(p. 257), and the scale of the alloy/neutral temperature difference has been
reduced to one-third in reproduction. (Curves |1, IV have been obtained
similarly.) It should be noted that the alloys containing 20 and 25 per
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cent. palladium gavc no indieation of tlie smaller change point shown in
the heating curve for that containing 15 per cent., nor did this point
appear on cooling curves of that alloy. The curves for the alloy con-
taining 5 per cent. palladhim showed no transformation, whilst evidence
with those containing 10 and 30 per cent. was indefinite. The effect of
the gas in contact with the specimens was examined with the 20 and
25 per cent. palladium alloys. With the temperature of the furnace
steady, a curve was traced while nitrogen was removed from the tube

Pio. 1—Thermal Curves.

and hydrogen was admitted. No indieation of any heat change was
obtained; further, results obtained in hydrogen were in good agreement
with those in nitrogen.

The temperatures at which the transformations commenced and
where the temperature difference was greatest are given in Table II.
Where only one value is given, two or more experiments gave results to
i 3°C. Thetemperature-composition curves are irregular, and will be
considered with the results of the work on electrical resistance.

A micrographic examination of these alloys yielded no results. Both
the slowly cooled specimens and those quenched from 580° C. showed
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tlie typical polygonal grains of a solid solution. The alloy containing
25 per cent. palladium was examined at intervals of 20° 0. from 520Qto
460° C., and no indications of a duplex structure were obtained.
Examples of the electrical resistance-temperature curves aTe shown
in Fig. 2 (I, Il). The typical curve for this range is made up of three

a1 () CnN=Fx

@™

200 400 600
TEMPERA TURE, °C.

Fig. 2.—Electrical Resistance Curves. T, 20 per cent. Palladium ; IT, 10 por
cent. Palladium ; 111, 41 per cent. Palladium; 1V, 48 per cent. Palladium.

parts : (a) a linear inerease of resistance with temperature to about
300° C. (AB); (b) a more rapid inerease, with a continually inereasing
temperature coefficient, over a range of 100°-200° C. up to a sharp peak
(C); (c) a smali but definite decrease in resistance to a fiat minimum
(D), foliowed by a slow but steady inerease. The changes in specific
resistance between B and C and C and D, respcctively, are given in



262 Taylor :

Table II.
10% PJ.  30% Pd.  20% Pd.  25% Pd.  30% Pd.
Thermal invostigation :
Chango on heating :
began (° C)) . 300-340 i 33%365 455-475 440 336
ii
maximum (° C)) 400-420 i 402540 488 477 410
ii
Chango on cooling :
began (°C.) . 450 504 505 518 460-170
maximum (° C) 490 474 443
Electrical resistanco :
TB(°C.). 300 312 300 312 278
I'c (°C) . 11357 500 490 460 382
C 372
Tb (°C). 24395(7) 507 540-560 530-540 470-480
Pj,,(ohm-em. x 10~G . 9-2 81 8-64 9-7 199
po—Pb (ohm-cm. x 10~°)  0-76 53 83 10-8 29
Pb—pn (ohm-cm. X10"™)  0-81 0-18 0-21 0-22 0-io
Table Il.  The valucs of the specifie resistances at 20° and 600° C. are

plotted against composition in Fig. 3 : * the values are probably correct

0 10 20 30 40

50

PALLADIUM, ATOM/C PER CENT-

Fig. 3.

to about 2 per cent. The
temperatures of the char-
acteristic points are given
in Table Il and are
plotted in Fig. 4.* Tb is
not in all cases easy to
fix, but the values given
are probably correct to
i 10° C. Tc is more
definite and, except iu
the 10 per cent. alloy, the
difTerence between the
values obtained on hcat-

alk' C00"US IS less
than + 3°C. In the
alloys containing 20-30

per cent. palladium the minimum extends over a considerable range of
temperature, the upper limit of which is plotted in the figure. There
is no discontinuity of any kind on the curve for the alloy containing
5 per cent. palladium and whilst the heating curve for that containing
10 per cent. (Fig. 2, Il) seems to indicate a departure from the typical

* In order to save space, the results for all the alloys aro shown in thoso figures.
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curve described above, the cooling curve conforms. The comparatively
sharp rise from the minimum to the peak oceurs agam m the 15 per
cent. palladium alloy. , ,nfo

The specimens were usually annealed for atleast one day at 10
500° C. and then cooled slowly in the furnace before .. investigatxon
was commenced, but one group of specimens was exammed from the
start, the results in this case for the 20 per cent. alloy bemg;indicagdm
Fi" 2, 1. The resistance was comparatively high at the start {A)
inereased along the broken line until the temperature reached 30CC.
(B). There was then a fali, probably due to the removal of the woik-
hardness introduced in
preparing the wires, fol-
lowed by a rise to the
peak C'at 500° C. From 600
this point to the end of
the examination, which
included (a) heating to
630° C. and cooling to 200 N “M
room temperature, (b) 3
determining Tc with the
recorder, and (c) heating 300
from 330° to 616° C. and %
cooling to room tempera- = 200
ture, all the readings for
which the heat-treatment
had been sufficient
(nearly 50) lay very close
to the curve ABCD.

The decrease of re- PALLADIUM, ATOM/C PER CENT.
sistance from the peak Fig. 4.
on cooling was found tw ,
be a comparatively slow process; for example, in the curve obtained
with the recorder for a rate of cooling of 0-25° C. per minute there was a
depression of 6° C.in the value of Tcforthe 15and 20 per cent. palladium
alloys  The resistance of the 20 per cent. palladium alloy wire at room
temperature was 0-544 ohm and 0-516 ohm, respectively, after the
treatments (a) and (c) above. The diiference was even greater m the
alloy containing 25 per cent. palladium. As the only diiference m the
treatments was that the furnace had cooled freely from 300 C. m (0)
and from 210° C. in (c), it seems probable that the more rapid coolmg
from the higher temperature had some guencliing effect.

The results of the thermal investigation do not bear a very close

700

500 1 \

Ll =

ALY =——

O D= POINTS 0 R = PBINTS
X c = Xa =
100 + 8-
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relation to those of the work on electrical resistance. It will be seen
from Table Il that in the heating curves the absorption of heat com-
mences between the B and O points and the maximum deflections
correspond satisfactorily with the C points if allowance be made for
s Ight superheatmg. The clianges as shown by the cooling curves start

D and C points, and the maximum deflections occur
10 20 G. below the C points. Asthis may be entirely due to the rate
ot cooling employed, it is reasonable to conelude that the greatest change
of energy occurs at about the C point, whilst both the B-C and D-C

chang& °* e”CCtr"Ca" resistance are accompanied by smali energy

(b) 35-55 Per Cent. of Palladium.
Five alloys m this rango were examined by heating and cooling

ar e ° 7 tWO0 gavc definile results. The types of curve obtained
witli the 45 per cent. palladium alloy are shown in Kg. 1 (I, IV). The

occurrence of thc double points is difficult to explain. The alloy
contammg 40 per cent. palladium gave a very large and sharp peak
both on heating and cooling. The temperatures at which the changes
commenced and where the deflection was greatest are given in Table I11.

Table Il1I.

35% Pd.  40% Pd. 42-5% Pd. 45% Pd. 50% Pd. 55% Pd.

Thormal investigation:
Chango on heating :

hegan (° C) 618

maximum (°C.) . 642 ggg
Change on cooling :

began (° C.) 592 576

maximum (° C.) . 579 492

Micrographic analysis :
Limits of upper phaso

boundary (°C) . 540-550 604-613 604-613 594 572-575 521-537

The results of the micrographic examination can be dmded into two
parts deahng respectively with the determination of the upper phase
boundary and with the changes at lower temperatures. Except where
one phase was present in only a smali quantity, it was often difficult to
distmguish between the phases under the microscope.

In the alloys containing 35, 50, and 55 per cent. palladium the
separation of the second phase in the grain boundaries could be detected
reac i} anc the temperature of its appearance was obtained within
satisfactory limits, which are given in Table I1l. Fig. 12 (Plate XX)

So'n !'hR?seP fation of the sccond phase in the 50 per cent. alloy about
M U below tllc boundary, where it has begun to appear in the grains
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as well as along the grain boundaries. Early experiments plaeed the
boundary between the one-phase and two-phase areas at 598°-602° C.
for both the 40 and 45 per cent. palladium alloys; Kg. 10 (Plate X1X)
shows the presence of the second phase at 598° O. in the alloy containing
45 per cent. palladium and Kg. 11 (Plate XX) tbe marked inerease in
guantity at only 4° C. lower. A 42-5per cent. palladium alloy was there-
fore prepared to determine the eourse of the curve between 40 and 45
per cent. palladium, specimens of all three compositions being annealed
and quenched togetber. Considerable difficulty was experienced in
interpreting the structures shown by the specimens quenclied from the
neighbourliood of 600° C. and, discrepant results being obtained, the
following experiment was carried out: nine specimens, three of each
composition, after being annealed for 18 hrs. at 870° C., were heated to
900° C., quenched in cold water, and then hammered. The specimens,
in sets of three, were then annealed in the triplc furnace at 604 , 600 ,
and 594° C., respectively, for 43 hrs., and quenched. The specimens of
tbe alloys containing 40 and 42-5 per cent. palladium showed two
phases at all temperatures, the quantity of separating phase being
greater the lower the temperature and, at a given temperature, being
greater in the 42-5 per cent. palladium specimen. The effect of tem-
peratureisshowninKgs. 5,6 (Plate X1X), and of composition in Figs. 6,7
(Plate X1X); inthelatter case, the predominantphaseisbelievedto bethat
separating with fali of temperature. Kg 8. (Plate X1X) shows this"at a
later stage of development. Two of tbe specimens containing 45 per
cent. palladium were uniform (Eig. 9, Plate X1X) and that quenched from
594° C. showed only traces of a second phase. The limits given in
Table 111 are based on the above results.

In order to determine what happens when the alloys are coojed to
lower temperatures, specimens were quenched from 521°, 400 , and
300° C., and one set was slowly cooled to room temperature, the two
last being treated in tbe aluminium btock furnace. Eigs. 13-16 (Plate
XX) show the structures of the 35, 4-0, 45, and 50 per cent. palladium
alloys quenched from 300° C. Eig. 13 shows the largest quantity of
second phase seen in any 35 per cent. palladium alloy, and even here
there are only traces of it.  Only the 40 per cent. palladium alloy showed
a uniform structure at low temperatures. In the alloys containing
45, 50, and 55 per cent. palladium the quantity of the second phase
seemed to inerease and then to decrease as the temperature was lowered.
The greatest amount observed foT each composition was at 550 ,521 ,
and 400° C., respectively. . . .

The type of eleetrical resistance-temperature curve obtained in this
range differs from that in the copper-rich alloys (Fig. 2). Curve IIl
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was obtained for the 41 per cent. palladium alloy and curve IV for the
48 per cent. palladium alloy. The characteristics of these curves are :
(a) a steady increase of resistance over a considerable range of tempera-
ture (PQ); (b) a large increase of resistance over a comparatively short
range of temperature (QR); (c) a further steady increase with a very
smali temperature coefficient (RS). The curve is not completely
reversible on cooling. The retardation, RR', varied from 6° to 50° C.
in the alloys examined, and while in some alloys the resistance then fell
to, and continued along, the ling QP (curve Il1), in others it fell only a
fraction of its rise, and then smoothed out to a curve Q'P' almost
parallel to QP (curve 1V). The temperatures of the Q R, R, Q points
and the changes in resistance between these points are given in Table IV,

Table IV.
35% 38-8% 40% 4105 42-5% 45% 50% 50%
Pd. Pd. Pd. Pd. Pd. Pd. Pd. Pd.

Temperatures (°c.) :
440 582 596 588 570 531 368 472
Tn 570 598 606 600 596 598 542 528
2Y . 635 592 591 594 584 570 504 480
2Y . 440 5S0 585 5S8 550 490 380 408
Specifle resistance
(ohm-cm. x 10-6) :

p2o beforo 127 07 67 56 50 40 83 144 435
p after 229 67 67 56 48 3-7 282 361 438
Ph~Pgq 11-5 18-4 184 20-2 21-2 24-0 26-3 17-0
Pr —Pq 25 185 186 20-2 22-4 258 62 15

together with the specific resistances at 20° C. before and after the
experiments. The lower values at 20° C. and the values at 600° C. are
plotted in Kg. 3, and the Q, R' points in Fig. 4.

The effect of continuous heating and cooling on the temperatures of
the transformations was examined with the 40 and 45 per cent. pallad-
ium alloys. The results are collected in Table V, and comparison with

Table V.
Alloy Palladium Rato ol Change ol Temperature Transformation
Por Cent. 0C. per Minute.

Began ° C. Ended ° 0.

40 Heating 0-3 596 607

. 0-23 596 606

Cooling %83 5S6 577

. - 591 555

45 Heating  0-4 557 509

Cooling 04 518

0-06 546 below 480
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Table 1V shows that the method of long-time annealmg is almost
essential for obtaining stable equilibrium during a transformation,
especially in alloys away from 40 per cent. palladium. During the
transformation of a 50 per cent. palladium alloy wire, its resistance
inereased from 1-033 to 1-260 ohms in the first 24 hrs. and to 1-290 ohms
after a further 20 hrs., the temperature being kept constant. Anneal-
ing for only 24 hrs. thus yields a result about 3 per cent. too low, which
has the effect of extending the temperature range of the transformation.
Owing to the steepness of the curves in these experiments, it is unhkely
that errors greater than 3° C. have been introduced as the result of
insufficient annealing.

The resistance of the 55 per cent. palladium alloy inereased by 1-5
per cent. on heating from room temperature to 250 C., and tlien
remained constant to + 0-5 per cent. up to 620° C. On cooling, the
resistance was constant down to 200° 0., and then decreased by 1'5 per
cent. to the value at room temperature.

The low resistances of the 35, 48, and 50 per cent. palladium alloys
after the preliminary anneal, in contrast to the high values after cooling
slowly from above the transformation range, led to an investigation of
the effects of quenching and rolling the wires. The resistances of the
“ asrcceiyed ” wires were rcspectively 7, 29, and 3 per cent higher than
the resistances of the slowly cooled wires given in Table IV (p20 after)
for these compositions. .

(a) Rolling.— 35 and 50 per cent. palladium alloy wires_m the
slowly-cooled state were reduced by aboutathird, and their resistances
were examined as before at various temperatures. lhere was little
sign of a decrease in resistance due to the removal of the work-hardness,
and the increases due to the transformation were only W and o per cent.,
respectively, of the increases obtained with tho annealed alloys.

(b) Quenching.—35, 48, and 50 per cent. palladium alloy wires m the
slowly-cooled state were heated to 620° C. for Ii hrs. and quenched m
cold water. The resistances were then 2-3 per cent. higher than m tho

as received ” condition. After treatment similar to the prelimmary
anneal, the resistances had decreased by amounts equal to 12, 14, and
3 per cent., respectively, of the corresponding decreases with the as
received ” wires.

(c) Onenching and Rolling.— A length of the 48 per cent. palladium
alloy wire was annealed at 615° C. for H hrs., quenched, and then rolled
to a 66 per cent. reduction in thickness. On annealing, the resistance
fell 49 per cent., eompared with 77 per cent. for the “ as received wire.
It appears, therefore, that to produce a wire of low resistance requires
both quenching and cold-work. It is probable that in the preparation
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o the alloys the cooling was comparatively fast and that the cold-work
m prepanng the wires was considerable, but sifce this treatment may
not have been the ideat, it is possible that still lower values for the
resistance of these alloys in the ordered arrangement may be obtained
m which case the transformations will commence at a lower temperaturo.

Discussion of Results.

The generat form of the electrical resistance-temperature curves is
m agreement with the work of Borelius, Johansson, and Linde,5 who
used a rate of change of temperature of 50°-100° C. per hr,, a rate which
the present work has shown to be much too great for the maintenance
of eguilibrium conditions. As a result, they found the B points in the
copper-nch range mdefimte with TB about 50° C. above the values given
here and thc resistances below the B points considerably too hio-h.
Similarly in tlie 35-50 per cent. range the temperatures of the changes
on heating were much higher than those given here. In this connection
it is to be noted that the results of the present thermal investigation,

a greater rate than the above, are, with one exception, in

0j ame wit
Borelius

good agreement with the present electrical resistance work.
o0 ansson, and Linde obtained a considerably sharper transformation’
but the hysteresis was much more pronounced. The resistance of their
49 8 per cent. palladium alloy decreased from the high value right down
to the values on the heating curve at low temperatures, whilst in the
presentwork only partial falls wereobtained with both the 48 (by analysis
49-24) and jOper cent. palladium alloys. Svensson «states that he was
unable to obtam the regular arrangement of the atoms in a 49 per cent.
SPf ? °f annealinS it for several weeks between 700° C. and

300 O. and he considers that the 49-8 per cent. alloy, which Sedstrom
and Johansson and Linde obtained in the ordered eondition, was not
completely homogeneous. The experiments with quenched and rolled
wires suggest that the previous treatment may also have played a

The specific resistances (Fig. 3) corresponding with the ordered
arrangementat 20° C. are all lower than values previously obtained, due
no doubt, to the treatment employed. In the copper-rich range the
“Iflcrences are not appreciable except at 30 per cent., and thc present
results are not m disagreement with the occurrence of the minimum
specific resistance at 16-18 per cent. of palladium. Low values of the
specific resistance have been obtained over a wider range of composition
than before m the range 35-50 per cent. palladium, but the position
of the minimum is m agreementwith the work of Svensson. The specific
resistance-composition curve at 600° C. shows two breaks at 32-5 and
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42 per cent. of palladium, respectively, difiering from tlie sniooth curve
up to 50 per cent. given by Borclius, Johansson, and Linde, and from
Svensson’s curve for quenched alloys, which has a point of inflection
between 30 and 35 per cent. of palladium.

In the temperature-composition diagram (Fig. 4) the curve of the
D points differs essentially from that of Borelius, Johansson, and Linde
in placing the maximum at 22 per cent. instead of at the simple atomie
ratio 3 Cu : 1 Pd. The course of the curvc for the B points is tentative.
In the rango 35-50 per cent. palladium, only the beginnings of the
transformations on heating and cooling are plotted (Q, R points),
representing the upper limit of existence of the pure body-centred cubic
phase and the lower limit of the pure face-centred cubic phase, respec-
tively, when the previous treatment of an alloy has ensured that the
stable phase is alone present. The maximum near 40 per cent. pallad-
ium and the R' points above the Q points are in marked contrast to tlie
earlier results, and emphasize the deficiencies of the method.

The composition limits of the two transformations cannot be accur-
ately fixed by the present work. The copper-rich transformation
probably begins yery little below 10 per cent. and ends above 30 per
cent. palladium. There is probably a region with no transformation
between 30 and 35 per cent. palladium although there is at present no
experimental proof available. The upper limit of the second trans-
formation is very close to, but definitely above, 50 per cent. palladium.
This indicates, as has been noted previously,4that the palladium atoms
are unable to replace the copper atoms in the ideat body-centred cubic
lattice of the CsCl type to any appreciable extent.

Theoretical Considerations.

The occurrcnce at 17 per cent. of palladium of the minimum specific
resistance and the maximum intensity of the super-lattice lines in the
X-ray photographs of slowly-coolcd alloys was explained by Borelius,
Johansson, and Linde in terms of the splitting up of the crystallites into
smali zones during the ordering of the atoms. So far as the electrical
resistance is concerned, there isanother explanation for the displacement
of the minimum away from 25 per cent. Two opposing factors combine
to determine the value of the specific resistance : the regularity of the
atomie arrangement favours a low resistance; the dilation of the copper
lattice by the addition of palladium atoms produces an increase of
resistance. As the 600° C. isotherm (Fig 3) shows, this latter effect is
very considerable—atom for atom, palladium is nearly twice as effective
as gold in inereasing the resistance of copper. As a result, the first
factor is outweighed by the second, and, while the decrease of resistance
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due to the ordering of the atoms (p<?-pij, Table Il) is greatest at 25 per
cent., the minimum resistance is displaced to the copper-rieh side.

Tlie temperature-composition diagram for the copper-rich alloys
does not have the same significanee as the usual eguilibrium diagram,
sifnce it represents stages in a uniphase rearrangement of atoms which,
cven at the composition of the simple atomie ratio, takes place over a
considerable range of temperature. An interpretation of the resistance-
temperaturc curvcs is necessary to determine the stages associated with
the B, C, and T) points. From the X-ray work, the structure of the
alloys at low temperatures is considered to bc ordered in terms of the
Cu3Pd structure (p. 255). Thus the 25 per cent. palladium alloy should
have the idcal arrangement; in alloysricher in copper, the excess atoms
should occupy cube corners; on the other side, the excess of palladium
atoms should go to the centres of the cube faces. The high-temperature
arrangement is an irregular distribution of the atoms on the points of a
face-centred cubic lattice. The following suggestions are based mainly
on the results for the 15-25 per cent. palladium alloys. From A to B
(Fig. 2,1) the resistance inereases steadily with temperature as in a pure
metal, due to the normal expansion of the space-lattice. At B the
change of slope istaken to indicate that the ordered arrangement of the
atoms has begun to be upset. |If it be assumed that, away from the
25 per cent. palladium’alloy, the ordered arrangement of the atoms con-
sists of smali groups with the Cu3Pd structure distributed throughout
the whole, then in the production of the uniform irregular distribution
the local change of composition is less at 25 per cent. palladium than on
the coppcr-rich side. The transformation should therefore be completed
there more readily, i.e. at a lower temperature. The C point may thus
correspond with the conclusion of the atomie redistribution. It is
suggested that this process produces a distortion of the lattice, the
rectification of which, taking place between C and D, causes the observed
smali decrease in resistance. The yalues of pe-pD for the 15-25 per cent.
palladium alloys indicate that the greatest distortion is at 25 per cent.,
and the range of temperature of the change supports this. Above D
the normal inerease of resistance is resumed.

In the case of the 10 per cent. palladium alloy, where only 40 per
cent. of the atoms need be concerned in the ordering, it is conceivable
that the resistance when these atoms are arranged statistieally among
tliemselves in groups is greater than when the palladium atoms are
distributed uniformly at random. There is thus the possibility of a
two-stage process, which would also account for the lag on cooling.

On the palladium side of the simple ratio, the conditions differ, in that
the excess atoms are the larger (atomie radii—copper 1-28 A., pallad-
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ilim 1-38 A.). In tbe ordered state, these larger atoms must go to the
centre of a cube face, and thus be closer to a neighbouring palladium
atom than on the coppcr-rich side. W ith the lattice spacing larger,
the palladium atoms may conceivably beabletomove more freely, and
the change begin and end at a lower temperature: the distortion too
would be correspondingly rcduced.

The temperature-composition diagram may now bc construed.
(i) The D line marks the lower limit of the undistorted face-centred
cubic lattice with the atoms irregularly arranged; (11) between the G
and D lines the lattice is distorted, with an irregular arrangement of
atoms; (iii) between the B and C lines the diffusion of the atoms from
the ordered to the irregular arrangement is taking place, accompamed
by a distortion of the lattice; (iv) the B line marks tbe upper kmit of
the ordered face-centred cubic structure.

The hysteresis obtained in the resistance-temperature curves of tlie
janife 35-50 per cent. palladium seems to bc a definite characteristic of
these alloys. The loop is smali in the alloys near 40 per cent. of pallad-
ium, and itis only some 50° C. wide at the limiting compositions. It is
therefore possible that a modified form of under-cooling is responsible
for its occurrence. The thermal and electrical rcsistance results with
alloys near the limiting compositions indicate that the difference in
energy content of alloys in the two states is smali. Thus quite smali
factors should bc able to retard the change.

Summary.

1 In the range 10-30 per cent. of palladium, the electrical resistance-
temperature curves for the transformation from anirregular to a regular
distribution of the atoms on the pointa of a face-centred cubic lattice
are explained on the assumption that a lattice distortion, which produces
a smali inerease in resistance, is followed by the ordenng of the atoms
which causes a large diminution in resistance.

2. The highest temperature for the commencement of the first stage
is about 570° C. at a composition near 22 per cent. of palladium, Ihe
corresponding figures for the second stage are 500° C and 15 per cent.

3. The minimum specific resistance in the ordered state ish-1 X 1U
ohm-cm. at 20° C. in the 15 per cent. palladium alloy. The inerease due
to the transformation is greatest at 25 per cent. palladium.

4. In the range 35-55 per cent. palladium, the transformation from
a face-centred cubic lattice with the atoms arranged irregularly to a
body-centred cubic lattice with an ordered distribution of the atoms
takes place completely near 40 per cent., but only partly on coobng in
alloys near the limiting compositions. The change m the latter case
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can be made more complete by quenching from 600° C., cold-rolling,
and then annealing at 450° C.

5. In no ease has the transformation been found to take place at
constant temperature, the range being smallest and the temperature
highest at 40 per cent. palladium.

6. The specific resistance in the ordered state isa minimum at 47 per
cent. of palladium (3-1 x 10“°ohm-cm. at 20° C.).

7. There are two breaks in the specific resistance—eomposition curve
for the irregular arrangement of the atoms, at 32-5 and 42 per cent.
palladium, respectively.
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DISCUSSION.

Dk. J. L. Haugiiton * (Member of Council): With regard to the method
of measuring electrical resistiyity, | am not guite sure that | liave the idea
right, but if I have | think that it is slightly open to criticism. If | under-
stand it correctly, the arrangementis as follows : a spiral of the alloy approx-
imately 45 cm. long is welded to a copper lead approximately 33 cm. long.
To this is fastened asmall tungsten wire, roughly 8 cm. long, to which the copper

* Principal Scientific Officer, Department of Metallurgy and Metailurgical
Chemistry, National Physical Laboratory.
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leads are attached. In series with this is a standard resistance, an aecumulator,
and a swamping resistanco. The Toltage drop across the standard is com-
pared with the voltage drop across the system composed of the copper and
tungsten wires and tho specimen. Then an exactly similar arrangement, except
that there is only 10 cm. of alloy, is used to find the resistance of the leads.

It seems to me that in that case very aecurate measurements of the lengths
ofthe wires are reguired, and it is necessary to be guite sure that all the leads
up to the specimen are exactly the same. Would it not have been possible,
without introdueing any excessive complication, to bring the potential con-
tacts in to the end of the specimen ? It would necd another pair of copper—
tungsten-coppcr wires going through the glass. In that case only the re-
sistance of the specimen itselfwould be measured. Whether the complication
of the extra pair of leads in each of the specimens would have beon too great,
and whether it would be worth it or not—because it is possible that the method
used is sufficiently accurate—I do not know, but personally | should be very
frightened of errors that might be introduced by the compensating arrange-
ment.

The Autiior (in reply): It would have been moro complicated to have
these extra leads. W ith only 2 leads | was able to use a tube that was less
than 1 cm. in diameter and to get 12 such tubes into my furnace at "onco.
The actual values of the resistance may not be accurate, but the main in-
accuracy eamo in measuring the diameters of the wires; the errors there wero
greater than the errors brought in elsewhere. As tho main object was to
determine tho temperatures of the ehange, my method was sufficiently ac-

curate.

VOL. LIY. s
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ALLOYS OF MAGNESIUM RESEARCH. PART
I.—THE CONSTITUTION OF THE MAG-
NESIUM-RICH ALLOYS OF MAGNESIUM
AND NICKEL.*

By JOHN L. HAUGHTON.f D.Sc., Member of Council, and RONALD J. M.
PAYNE.J B.Sc.,, Member.

Synopsis.

Tho constitution o! magnesium alloys containing up to GO por cent.
nickel lias beon studicd by thormal and microscopic methods. Magnesium
forms a eutectic with the compound MgNi at a temporature of 508° O.
and a composition of 23‘5 per cont. nickel. The solubility of nickel in solid
magnesium is less than 0'1 por cont.

|.—Introduction.

This paper describes the results of the first part of a research on the
constitution and properties of alloys of magnesium which is being
carried out in the Metallurgical Department of the National Physical
Laboratory under the generat supervision of Dr. C. H. Desch, F.R.S.
The research is being conducted in a manner similar to those on alloys of
iron and alloys of aluminium which have been proceeding for many
years in this Laboratory.

The work is being carried out under the auspices of the Alloys
Sub-Committee of the Aeronautical Research Committee, with the
object of improving alloys of magnesium for use in aireraft, and the
study of the constitution of the alloys is being undertaken simultane-
ously with the investigation of their meehanical properties.

Il.—Peevious Work.

A comprehensive study of the constitution of the alloys of nickel
and magnesium was made by Voss §in 1908. A part of the diagram he

* Manuscript receivod November 9, 1933. Presented at tbe Annual General
Meeting, March 8, 1934, . .

f Principal Scientific Officor, Department of Metallurgy and Metallurgical
Chemistry, National Physical Laboratory, Teddington.

J Assistant 111, Department of Metallurgy ‘and Metallurgical Chemistry,
National Physical Laboratory, Teddington.

§ Z. anorg. Chem., 1908, 57, 61.
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obtained is given in Fig. 1. Some of his thermal curves, howevcr, were
obtained from alloys contained in silica yessels, and, as was admitted,
the attack of the alloy on the crucible was severe, and must have
resulted in yery serious contamination of the melt and alteration in its
composition.

N 700
u
%
ki

600

Mg m+ Lig
10 20 30 40 SO
NICKEL ,WEIGHT PER CENT

Fio. 1.

Ill.—Present Work. i

The primary object of the present work was the study of the con-
stitution of alloys of magnesium with smali guantities of nickel, mainly
in order to determine whether they were likely to exhibit age-hardening
properties. For completeness, however, the investigation has been

carried to the limit of esistence of the a-phase, namely, up to about
55 per cent. nickel.

Materials Used. e

For the greater part of the research, commercial magnesium
of about 99-93 per cent. purity was employed. A representative

analysis of the seyeral batches from which supplies were taken is as
follows:
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Per Cent.
ron . . 0-043
Aluminium . : 0-021
Copper . 0-008
Magnesium (by difference) - 99-928
100-000
The nickel used was specially supplied by The Mond Nickel Company,
Ltd., and contained : Pcr Ceut.
. 0-008
Copper
IroFr)1p - 0-028
Carbon 0-011
Silicon 0-004
Nickel 99-949
100-000

For making up the alloys used for determining the solubility limit,
specially pure magnesium was employed. This was prepared from the
commercially pure materiat by a three-fold sublimation at a temperature
of about 580° C. under a pressure of 0-01 mm. of mercury. Chemical
analysis showed that it contained about 99-97 per cent. magnesium
(obtained by difference), and the spectroscope indicated that the
impurities had to a great extent been removed. Sublimation appears
to remove iron more effectively than it removes copper.

Preparalion of the Alloys.

Two high-nickel alloys, containing about 22 per cent. and 47 per
cent nickel, respectively, were prepared by dissolving nickel in mag-
nesium in an iron crucible under a flux. The alloy containing 47 per
cent. nickel regquires a temperature of about 900° C. and a long time to
dissolve. _ _ AT .

These basis alloys were employed in making up all the other meits
(except those for solubility determinations), an iron crucible and a
flux again being used. The fiux first employed contained :

Sodium fluoride . 30 grm.
Calcium fluoride . 2 ,,
Potassium chloride 160 ,,
Magnesium chloride 450 ,

This flux, which is very mobile when molten, but which tends to
seek the sides of the crucible, is suitable for the low-melting point
alloys, but the commercial flux “ Elrasal,” which forms a protective
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layer over the surface of the metal, is preferable for use with alloys
of high melting point.
Thermdl Analysis.
The thermal analysis of magnesium-rich alloys presents some
difficulties. With such a reactive materiat as magnesium it is almost
imperative that a liquid flux be
-3 used if oxidation of the metal is
to be avoided completely, and a
)iquid flux, in turn, necessitates
the employment of a metal
crucible, such refractory crucibles
as are resistant to the attack of
magnesium being usually porous
and absorbing the flux. A thin-
walled crucible of mild steel is
satisfactory except that it scales
at high temperatures. Crucibles
of stainless iron were found to be
slightly superior in this respect,
and were used for this research.
No serious contamination of the
contents resulted from the use of
such a crucible nntil the nickel
content exceeded 25 per cent.,
and then only when the tempera-
ture was raised above about
800° C.
The design of the crucible
rcauircs a little consideration.
The marked tendency of the flux
to ereep out of the crucible, and
itsvolatile nature and electrically-
pIG 2. conducting  properties, made
efficient shielding of the thermo-
couple essential. Fig. 2 shows tho form of crucible found to be most
satisfactory. The crucible itSelf is a stainless iron pressing, with a
close-fitting stainless iron lid. The couple protector, the end of which
is closed by welding, is made from stainless iron tube and is screwed
into the bottom of the crucible. The thermocouple is placed in a
“ Pythagoras ” tube which fits the metal protecting tube fairly closely.
A platinum/platinum-rhodium couple is used for the temperature
measurement.
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The thermal analysis of alloys rich in magnesium was carried out in
a gradient furnace * arrangement in which the furnace moves past
the specimen; with this the thermocouple does not pass through the
hottest part of the furnace tube, and, further, it is shielded to some
extent by the tube supporting the crucible.

(a) Melting Point of Pure Magnesium.

Some doubt appears to exist as to the actual melting point of pure
magnesium : the accepted figure is 651° C., but competent workers
have obtained values varying between 647° and 652° C. A guantity of
the specially purified metal was therefore melted in a crucible of the
kind just described and its melting and freezing points were very
carefully determined, using a couple which was cahbratcd in tlie
Metallurgy Department before the curves were taken, and checked
afterwards in the Heat Department of the Laboratory agamst the
melting point of specially purified antimony. From this work it can
be stated that the melting point of pure magnesium is 649° C. + 0-5 C.

(b) Alloys Containing Less than 45 Per Cent. Nickel.

Difficulties were early encountered when a systematic attempt was
made to determine the liquidus of the system. Startmg from pure
magnesium, the melting point was found to be progressively depressed
by the addition of nickel, but the arrest point was also found gutckly
to become ill-defmed, and by the time 20 per cent. nickel had been added
it had become so smali and indefinite as to be very doubtful, or even
non-existent. An attempt was then made to work back across the
diagram from the neighbourhood of the compound Mg2Ni; herc again
it was found that the more the alloy differed in composition from that of
the compound the more difiuse the liquidus halt became Only the
smallest indication of an arrest point was obtained with tlie alloy
containing 35 per cent. nickel, whilst those with a composition between
20 and 35 per cent. nickel showed only the eutectic halt. The diffuseness
orabsence ofthe arrestat once suggested inhomogeneity of the specimen
(With all alloys the eutectic arrest was found to be very well defaned
and to occur at sensibly the same temperature.)

On two cooling curves, obtained from alloys containing 31-2 and
33-3 per cent. nickel, well marked but smali arrests were found at
temperatures of 745° and 738° C., respectively; they were also found
on heating at 754° and 752° C. This would seem to suggest the presence
of a kump between the two branches of the liquidus already established,

J. L. Haughton, “ Apparcil pour I’analyse thennique djt ¢chantillons métal-
Iialues?*" Treizieme Congres do Chimio Industnello, Lille, 1933, Sept.
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but this suggestion was not borne out by the microstructure, which was
that of a simple eutectiferous series right across the diagram.

In order to determine whether the liguidus did, in fact, attain a
maximum at some point between 20 and 35 per cent. nickel, an alloy
containing 31-2 per cent. nickel was melted in a mild steel pot and a steel
stopper was forced in. The crucible and contents were then annealed
at various pre-determined temperatures and guenched in water. Care
was taken in guenching not to disturb the metal in the pot. A vertical
section of the crucible and contents was then made, and the face
polished and etched. It was hoped to detect whether the alloy had
been wholly or partly liguid at the temperature of guenching by examin-
ing the section for the presence of large and possibly segregated crystals
of a primary separation. No conclusive results were obtained from
these experiments, although annealings were conducted at tempera-
tures between 530g and 900° C.; all speeimens on guenching showed
segregation of primary crystals. The segregation, especially that
occurring on anneahng at the lower temperatures, was very marked,
and confirmed the authors’ belief that the absence of liguidus arrests
might be due to this cause.

Further samples of the same alloy (31-2 per cent. nickel) were next
poured into a thin, wedge-shaped copper mould immersed in a freezing
mixture of ice and salt. It was found on sectioning the wedge that the
tip always possessed a very fine structure when pouring was carried out
above 650° C.; this indicated that the alloy was completely molten
above this temperature.

Thermal curves were then taken on some of the same alloy in the
same stainless iron crucible, but with an iron stirring rod introduced
through a hole in the lid. After melting, the alloy was stirred con-
tinuously while a cooling curve was taken almost down to the eutectic
temperature, and a well-defined liguidus arrest was obtained; the
arrest was also reproduced on heating. The remainder of the alloys
between 20 and 35 per cent. nickel were then treated similarly, and
repeat curves were obtained for alloys which yielded ilt-defined points
when not stirred. The liguidus thus obtained is shown in Fig. 3.

With alloys containing more than about 40 per cent. nickel the
method of stirring with an iron rod was not very satisfactory, as metal
sticking to the rod caught fire when it was carried through the hole in
the lid of the crucible, and not only was the composition of the alloy
altered, but the stirring rod tended to jam in the hole. A piece of
apparatus was therefore made up in which the tendency to segregate
was greatly reduced by continuously rotating the specimen about
a horizontal axis while observations for heating and cooling curves were
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being made. The method was used by Bingham and Haughton when
studying the copper-nickel-aluminium alloys.* In the present form
of the apparatus the thermocouple and its sheath rotate with the
crucible, instead of being stationary, as in the earlier form. The much
closer fit of the couple sheath in the crucible which can be thus obtained
will tend to keep smali the thermal lag between alloy and couple. A
further improvement consists in the introduction into the crucible of a

NICKEL, ATOM/C PER CENT.

NICKEL, WEIGHT PER CEHT
Fig. 3.

scoop, which further checks segregation. The apparatus has been
described in detail by one of the authors elsewhere.f

At this stage of the work it was found that in alloys containing more
than 25 per cent. nickel some iron had been dissolved from the crucible.
All these alloys had been taken to a high temperature, of the order of
900° C., in the earlier attempt to determine the liguidus, and some of
tliem had been heated and cooled under these conditions many times.
It was not surprising, therefore, to find that they had an iron content
increasing from less than 0-2 per cent. iron when about 30 per cent.

* K. E. Bingham and J. L. Haughton, J. Inst. Metals, 1923, 29, 71.
f R.J. M. Payne, J. Sci. Instruments, 1934, 11, 90.
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nickel was present, to almost 0-5 per cent. iron when the alloy contained
45 per cent. nickel. It was proposed, therefore, to redetermine tho
liquidus from 25 per cent. nickel upwards, taking thc utmost precaution
to avoid contamination. As a starting point, a fresh stock alloy was
made up. The melting together of the nickel and magnesium was
carried out with difficulty in a hard alumina crucible. Large amounts
of flux were added continuously to make up for losses by absorption by
the crucible. The alloy was then poured (burning meanwhile) into a
chill mould.

By additions of magnesium to the stock alloy, two new alloys
containing about 30 and 40 per cent. nickel were made up, melting
again being carried out in alumina erucibles. The metal when prepared
was poured into stainless iron pots which had been lightly sprayed
internally with mould dressing. Observations for thermal curves were
then made on these alloys, care being taken that the alloy at no time
reached temperatures more than about 30° C. above the liguidus.
The alloys were sampled after thermal analysis and iron contents of
0-08 per cent. were also found in each case. It was found that the
liquidus points for theso alloys lay exactly on the curve determined
for alloys containing much greater quantities of iron. The effect of
such proportions of iron appears, therefore, to be negligible, and the
mean of the arrests obtained on heating and cooling for considerably
contaminated alloys are included in Kg. 3. The difference between
the arrests on heating and cooling was generally not more than 5° C,,
although in three cases it increased to more than 10° C., being 20° C. in
one alloy.

The temperature of the eutectic arrest does not appear to be altered
by more than 1° C. by the presence of 0-5 per cent. iron.

(c) Alloys Containing More than 45 Per Cent. Nickel.

Four alloys containing 47, 51-3, 54-7, and 55-5 per cent. nickel were
examined in this area. Thermal curves of the two alloys with 51-3
and 54-1 per cent. nickel were first taken without stirring, and showed
only one arrest above the eutectic temperature (the peritectic arrest).
On stirring, however, all alloys showed a liquidus point in addition to
the peritectic. Owing to the high temperature to which the alloys
had to be taken, it was impossible to avoid contamination with iron,
the amounts present being 0-49, 0'52, 1-27, and 1-34 per cent., re-
spectively. For this reason the diagram has been shown dotted in this
area, although, in view of the negligible effect of iron on the rest of the
diagram, it isunlikely that any serious error isintroduced by its presence
here.
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Solid Solubility of Nickel in Magnesium.

An alloy containing 1per cent. nickel was first made up by dissolving
pure nickel foil in sublimed magnesium, which. was carefully melted
under flux in a stainless steel crucible. Alloys containing less nickel
were prepared by additions of magnesium. Samples of the alloys were
then annealed at various temperatures. For this treatment the
samples were wrapped in thin sheet iron (to prevent contact between
alloy and tube) and sealed in vacuo in a “ Pyrex ” glass tube. At the
end of the annealing the tube was broken under water and the sample
examined microscopically. It was found that even at 500° C the
solid solubility of nickel in magnesium is less than 0-1 per cent. nickel.*

Microstructure.

The structure of all the alloys was found to be normal, except that,
even after prolonged annealing, alloys the compositions of which fali
within the peritectic range showed the presence of three phases (ilg,
Mg2Ni, MgNi2), owing to the formation of a sheath round the primary
crystals and to slow diffusion.

Conclusions.

Magnesium and Mg,Ni form a simple eutectiferous system with
practically no solid solubility. The eutectic temperature is 508 C
which agrees very well with the figure obtained by Voss (512 U),
who found the eutectic composition to be at 33 per cent. nickel, whilst
the present authors show it to be at 23-5 per cent. nickel. In view of
the very great contamination of Voss’s alloys, the agreementm eutectic
temperature is remarkable. The presence of a few tenths of 1 per cent.
of iron seems to have little or no effect on the constitution of the senes.
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The Authors : In a private discussion, Dr. Rosenhain suggested that it
would be worth whilo carrying out some age-hardening experiments on the
magnesium-niekel alloys, as it was often possible to determine sloping solu-
bility lines by this method, even when the solubility was too smali to bo
readily established by micrographic methods. We intended to act on this
suggestion until we found that Gann * had already shown that in the alloys he
had inyestigated thero was no sign of age-hardening, and, whilst his alloys
were not guite so pure as ours, it did not seem worth wliile to repeat his
experiments.

*J. A, Gann, loc. cit.
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MAY LECTURE, 1934.

GASES AND METAL SUREACES.
By Professor E. IC. KIDEAL,* M.B.E, D.Sc,, Pli.D., MAA, F.R.S.

TWENTY-FOURTH MAY LECTURE TO THE INSTITUTE
OF METALS, DELIVERED MAY 9, 1934.

Synopsis.

Attention is direoted to tho complex nature of the surface structure of
a metal and the influence of tho structure on the emulibria and the rate ot
attainment of equilibrium of a metal with agas. \ arious tjjpes ofs‘dsorp-
tion processes are shown to exist and a differentiation is made between van
der Waals’ adsorption and chemi-adsorption where an eleetron switch has
taken place. The existence of an energy of actwation in the latter tjpo
of adsorption may give rise to tho slow- process of activated adsorption.
Tho formation of bimolecular layers is shown to be of frcquent occurrcnce
and tho phenomenon of two-dimensional mobility isdiscussed. It isshown
that a high surface mobility in tho second adsorbed layer plays an impor-
tant part in the dynamics of the formation of the surface phase.

Different types of surface layers aro shown to exist which may bo
comparcd to three-dimensional phases; tho ei“rmiental methods for
observing two-dimensional phase changes are reyiewed. The e”idence fo
the existenco of an internal surface existmg between the crystallites of th
metal is considered, and it is demonstrated that such a surface plays anim-
portant part in adsorption processes. ~The differences betweenthe interna
surface and the uniform bulk lattice aro discussed, and it is made elear that
the heats of adsorption and energies of aetivated migration on the mtemal
surface arc quite distinet from the heats of formation of compounds and
energies of aetivated solution in the lattice. The expenmental e*dence
in the case of copper for the gases hydrogen and oxygen is bnefly reTiewed.
The properties of surface compounds and the effect of metallic dispersion
and lattice spacing aro discussed.

When your Council lionoured me by extcnding an invitation to deliver
this May lecture | was doubtful whether | had anything to say which
might be of interest or of utility to the members of the Institute of
Metals.

As you are aware, the attention which has been devoted to the
interaction of metals with gases by a number of physicists and chemists
arises chiefly by reason of the remarkable properties exhibited by some
metals of effecting a catalytic acceleration of many gaseous reactions.

* Professor of Colloid Science, Cambridge University.
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From the point of view of the metallurgist these are all low-temperature
reactions, and | thought at first might be of little interest to you, but
I note that no less than four metallurgical bodies—the British Non-
Ferrous Metals Research Association, the Metallurgy Research Board,
the Iron and Steel Institute, and the National Physical Laboratory—
are devoting no little part of their interest to the problems connected
with gas unsoundness in metals, the effects of gases in east iron, steel,
aluminium, copper, nickel, and zinc. By studying the processes at work
in the interaction of gases and metals at rclatively low temperatures,

Pig. 1

some insight may be obtained into the factors operative at high tem-
peratures.

The physico-chemical study of the adsorption of gases by metals has
during the last quarter of a century been pursued by two entirely
different methods of attack. In one, the interaction of the gas and
metal is studied when the latter is in the form of a filament, a method
partieularly suitable for studying systems in which the gases attack
the metal and form volatile products, or in conjunction with suitable
physical methods of investigation for those systems in which a surface
film is formed. We are indebted to Irving Langmuir * for the elabora-

0 * Langmuir, J. Amer. Chem. Soc., 1912, 34,1310; 1913, 35,105, 931; 1919, 4
107.
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tion of this elegant method, and it is somewhat surprising that, apart
from research laboratories connected with the electric-lamp mdustry,
more generat application of the method has not been made.

The other and more usual method of investigation employs the
metal in a form more akin to that in catalytic industrial use as granules
up to 1-2 mm. in diameter, and prepared in as porous or spongy a state
as is compatible with strength. Since the specihc surface of the metal
available for examination by this method is relatively large, the method
lends itself particularly well to the study of the adsorption of gases by
metals, although even with the filament or hairpin technigue micro

Fia. 2.

methods arc frequently applicable. The chief disadvantage of this
method lies in tlie extreme difficulty of removing all tlie gas from tlie
system.

Figs. 1 and 2 show the general experimental arrangements for the
two methods in their most primitive forms.

The Surface Structure.

In considering the general problem of the adsorption of gases by
mctallic surfaces, it is evidently important to know what the exact
configuration of a metallic surface is like. Since no surfaces are optically
smooth, the actual area must always be greater than the apparent
macro-geometrical area, thus introducing the concept of specific sur-
face as a ratio of true to apparent areas. |t is elear that the evaluation
of the true area of a surface will depend on the yard-stick employed

VOL. LTV. T
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for such measurement, and it has been found customary to employ
molecular yard-sticks for the purpose in the form of thc determination
of the molecular area multiplied by the number of molecules required
to form a closely packed unimolecular layer on a maero-geometrical
square centimetre of surface; or, alternatively, by a eomparison of the
relative number of molecules adsorbed on or dissolved ofEin unittime a
square centimetre of the surface under investigation with the numbers
obtained under identical conditions for what is eonsidered to be a piane
surface. Chemical, electrical, electrolytic, and optical methods liave
been devised for this purpose. W hilst no one of these methods can give
us an exact value for the specific surface, they do at least reveal two
points of very great interest: first, as was to be anticipated, surfaces
which have been polished, and thus covered with the Beilby layer of
“ flowed ” metal, possess the smallest specific surface, comparable to
solidified liquid metals or drawn and supcrficially fused wires, thus
Taylor and Langmuir * obtained a specific surface of 1-3 for a tungsten
wire from the number of cajsium atoms required to cover it. Bowden
and Bideal f obtained 1-4 for a solidified alloy and 2-1 for polished
platinum. Secondly, metal surfaces which have been “ activated ” so
that they acquire both marked adsorptive and catalytic properties not
only possess, as we might anticipate, large values for the specific surface,
but these surfaces are unstable and contract at ordinary temperatures
quite rapidly. We may cite the following figures for a piece of nickel
which has undergone the treatment shown :

Treatment. Specific Surface.
ROIIEd i 3-5
Do. anneal ed. . . . . . . 7-7
Do. sand papered 97
Freshly “ activated ” by osidation and reduction 46
Do. 24 hrs. old . . . . 29

Whilst great adsorptive powers and high catalytic activity are elearly
related to the extent of the specific surface, it is evidently desirable to
learn more about the microtexture of the surface and its relationship to
both the adsorption process and the chemical reactivity. Examination
both by means of X-rays and by the diffraction of electrons are now
widely employed for this purpose, and a great deal of valuable informa-
tion has been obtained concerning the mean grain-size and structure of
the micro-crystals present in, and near, the surface layer. The process
of “ activation ” undoubtedly causes the surface to break up, the macro-

* Phys. Rev., 1933, [iii, 44, 423-458.
f Proc. Boy. Soc., 192S, [A], 120, G
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crystals disappear, and tlie micro-crystals becorne smaller and smaller,
until practically no traces of a regular arrangement of atoms are rcvealed
by tlie method. The reverse process of sintering, the stage of collapse
which merges into the ordinary process of annealing and grain-growtb,
is likewise readily demonstrated, and what is well known in the ease of
annealing, viz. the plienomenon of retarded grain-growth by suitable
impurities which eoat the grains and hinder the process of atomie
diffusion of the metal, is noted also in the preliminary stages of sintering.
The effect of potassium oxide and alumina forming spinels with iron
oxide in retarding grain-growth in iron formed by reduction of the oxide,
serves as an example of the technical application of the principle of
endowing an active and unstable surface with a longer life.

Fissures exist in between the regular crystalline grains, containing
irregularly placed aggregates of atoms and surface layers of atoms con-
tracted by the surface tension (until recently termed the intercrystalline
cement), and whether orno the ease for the existence of the subcrystalline
mosaic structure postulated by Smekal,* Lennard-Jones and Dent, i and
Zwicky X is regarded as fully established as yet, it is evident that the
majority of metallic surfaces must present to the exterior the facets and
edges of crystals both smali and large, in which the atoms are set in
regular array, and intercrystalline channels and cracks which are more
porous to gases than the crystals themselves.

This irregularity in the nature .of the surface has an important
bearing on such factors as solution into the metal from the surface phase,
migration of the adsorbed molecules across the surface, and on the
chemieal reactivity of the surface.

Types of Surface Complex. Van der Waals’ Adsorption.

It may be worth while to study the various possibilities which present
themselves when a metal surface is exposed to a gas. At one time it
was considered most probable that molecules impinging on the metal
surface would remain there for a short period, and after a finite lifetime
on the surface “ the molecular vmveilzeit ” would re-evaporate. As a
result of this a dynamie equilibrium between condensation on, and re-
evaporation from, the surface ensues, and the surface attams an
eguilibrium when partly covered with gas—the adsorbed phase. Ihis
picture of the process of formation of the adsorbed phase we now know
is not correct, for in point of fact some molecules are specularily re-
flected, especially those impinging on the surface at smali angles.§

* Physikal.Z., 1925,26,700; 1927,45,809- 15 253
t Proc. Eoy Soc,, 1028, [%]1 121, 247 | Proc. Nat. Acad »
§ Stern, Z Phy5|k 1930 95; Johnson, J. Franklin Insi., 1930, 210, 14o.
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We may picture tlie molecule undergoing adsorption as entering tlie
attractive field of the surface, and due to the influence of the attractive
field of the molecule and its mirror image, which here represent the

so-called van der Waals’
forces, it is drawn in-
wards untilitencounters
the repulsive fields;
diagrammatically the
molecule may be re-
garded as lying at the
sistance bottom of a potential
valley oscillating about
a mean distance from
the surface (Fig- 3).
Eor simple molecules
the attractive field out-
side a metal may, as
shown by Lennard-
Jones,* be taken as
proportional to the
inagnetic susceptibility
of the molecule. We may note in passing that the process of evaporation
requires tho supply of a definite amount of energy X

Chemi-Adsorption.

So far we havo considered the case of molecules attracted and held
by what are generally termed physical or van der Waals attractive
forces dependent on the mutual polarizability of the molecules. On
the other hand, under suitable circumstances an electronic switch occurs,
and a chemical reaction takes place between the adsorbed molecule
and one or more molecules of the substrate forming a chemi-adsorbed
comples. Itis customary to consider chemical compounds as belonging
to one or other of two extreme types; one where the stability of the
compound is due to the operation of coulomb forces between ions, and
the other, where a bond or a valency force in the form of a pair of
electrons is shared between the two atoms in a binary compound.
We know, in fact, that these two classes are not really quite distinct,
in that a transition from one to the other can be eSected. As examples
of these various types of adsorption complexes we may cite the rare
gases on inica, and perhaps on tungsten, for a typical van der Waals’

adsorption, csesium on tungsten for adhesion by means of coulombic
* Trans. Faraday Soc., 1932, 28, 336.
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forces between ions, and oxygen on tungsten as typical of a coyalent
compound. , .

In some cases it is evidently possible to obtain more than one surface
Chemical combination between the gas and the substrate. We must
now inguire how we can determine whether a molecule is held to the
substrate by van der Waals’ forces or by chemical reaction. We may
note from a comparison of the relatiyely smali latent heats of vaponza-
tion of liauids in which the molecular adhesion is due entirely to the
mutual polarization of the molecules, with the relatively large values
for the energies necessary to decompose chemical compounds or to
break bonds, that the heats of adsorption may be used as a cnterion
for a distinction between the two types. _ _

It does not necessarily follow that the total calorimetrie heat of
adsorption in chemi-adsorption should be high; thus the calorimetric
heat of chemi-adsorption of a diatomic gas on a metal surface may be
relatiyely smali if surface dissociation into atoms occurs on the surface.
It is possible that such is the case of, say, hydrogen on copper wliich

might be depicted as

14A.*°U , |l mmm-Cu

|-ls. '&tu H ...'Cu
As an esample of a different type we may take the chemi-adsorption
of hydrogen and of water by active charcoal. X-ray examination
reyeals the fact that active charcoal consists of minute graphite-like
plates somewhat more separated from each other (3-6 A.) thanmnatural
"raphite. The chemi-adsorption process apparently goes on round the
edges of the plates, and we can deseribe pictorially the three simplest

types of reactions as follows:

Takinc the usually aeeeptcd heats of linkage, we obtain 39,000,102,000,
and 16,000 cal./grm.-mol. as the heats of formation of the three sur ace

A'furtW nore, if charcoals containing these compounds are heated in
a vacuum of P = 10"6mm. appreciable decomposition will occur when
V2nmkT j _ Spectroscopically we obtain the values of t0= -

* Frenkel, Z. Physik, 1929, 26, 117.
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tlie \vave number, and can thus evaluate T0°. These are found to be
300° C., 1200° C., and 0° C., respectively.

ACTIYATED AdSORFTION.

Chemical rcactions in generat both in gases and in liquids do not
take place at every molecular collision; only a certain number are
fruitful, and it is assumed that, in addition to a suitable orientation
called the steric factor, a definite energy of actiyation is necessary.
We should thus anticipate an energy of activation as necessary for the
formation of the surface compound, which we can denote by E, and wo
can depict this as a potential barrier to be overcome (Fig. 4). If the

molecule striking the
surface is subject to the
van der Waals® forces
before  entering into
chemical combination,
this has the effect of re-
ducing E. Furthermorc,
as the iiwcstigations of
Polanyi have shown, in
a large class of reactions
involving atoms, the
energy of activation is
negligibly smali. Thus

CHEMI-ACSORBED M-H on a priori grounds we

Fig. 4. might anticipate that

adsorption which takes

place almost instantaneously (at a rate calculable from the Herz
Knudson eguation) and at low temperatures forming a surface
phase with a smali heat of adsorption, is a reaction involving purely
van der Waals’ forces; but surface chemical compounds are formed
when the heat of adsorption is high, and in those cases where
the energies of activation are high the surface phase will be formed
slowly, and at inereasing speed at higher temperatures. If the energy
of activation is very smali, chemi-adsorption will result even at low
temperatures, and the speed may be comparable with that obtained
for the process involving only van der Waals’ forces. The complete
curve for an isobaric adsorption involving a chemi-reaction with a
relatively large energy of activation will consecjuently take the form
shown in Fig. 5, where OA represents the van der Waals’ adsorption
decreasing with inereasing temperature. At “A ” the temperature is
high enough to perinit the process of chemical adsorption to proceed with



Gases and Metal Surfaces

sufficicnt speed, so timt 111 the time interval adopted for the expenment
an appreeiable ehemi-adsorption occurs. C-C represents the true
eauilibrium of the chemi-adsorption isobar, -whilst over the temperature
range T-Tv where chemi-adsorption proceeds at a measurablc rate,
the®process is termed “ actgated adsorption.” Cases of tlus type for
metals and gases were first obtained by Nikitm * later by Benton an

W liite,fH. S. Taylor,f Garner and Kingman.§ These latterinvestigators
have also extended their work to include various oxides, c.g. hydrogen
on chromium oxidc.]l We shall have occasion to note that whilst
curves of this type are obtained for gases like hydrogen on metals,
other interpretations may be giyen for their origin. A similar type of
Qurve would be obtained not only for the transition of a van der aals

temperature,

Fig. 5.

to a chemi-adsorbed complex when the cneigy of actnation

latter is large enough, but also from one type .« chemi-adsorbed coi -
pound to another, provided that they differed sufficiently m their
energies of activation.

Chemi-adsorbed gases may undergo dissociation on heatlg a
the case with the majority of hydrides and m tn|s, or the stongth
of the imion of the gas to thc metallic substrate may ex
the metal gas complex to the metal and”aporation mt~ormga
metallic compound ensues. Frequently thc surface fi m most readdy
volatilized is the most saturated compound c.g. tungsten hexacl
resulting from the chemi-adsorption of chtonne on tungsten. 1
energy of linkage of thc reacting molecule to the substrate deciease

%J. Amer.Chem.80c., %3’
§ Trans. Faraday Soc., 1931,,87, 3-2.
|| Howard, Trans. Faraday 6oc., 1934, 30, Zth.
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as saturation increases, as is exemplified by tbe following data for
iodine and platinum. The values are given in cal./grm.-mol. Pt—
Pt 124,000. P t-Ptl 96,000. P t-P t1257,800.

Multimolecular Layers.

So far we have considered the surface pbase to consist of molecules
which have arrived by direct impingement on the surface from the
gas and exist there held by van der Waals’ forces for a definite life-time
t,. These molecules may also undergo chemical combination with the
surface. The surface compound may dissociate again, giving a mean
life for the surface complex .. As we liave seen, in generat <. > xw,
and also in suitable systems the two types of adsorbed molecules may
exist side by side. We mightinguire whether a layer thicker than one
molecular layer can ever be builtup. If molecules striking the top of an
existing layer possess a mean life-time t2which is greater than the time
of persistence on collision of two molecules in the gas, the second layer
will be more densely populated than a cross-section of the gas, and an
adsorbed phase results. We see at once that if the first layer be held
by van der Waals’ forces only of mean life-time rw, the field outside
this layer will scarcely differ from that in the gas, and consequently t2
will not be appreciably longer than that of ordinary molecular collisions,
In rare cases the field between atoms in the gas may be greater than
that between the adsorbed atom and the substrate, e.g. for metal
vapours condensing on a surface possessing a weak field such as glasses,
non-metallic oxides which may be regarded as chemi-adsorbed oxygen
on metals or metals with adsorbed gas films. In this case a unimolecular
layer will not be formed, but aggregates or nuclei result.

If, on the other hand, the life-time of the first layer is long and
re large, the forces holding the first layer are strong, as in the case
of chemical reaction; the layer has now lost the properties of the gascous
molecules, and we might indeed expect the formation of a second layer.
Several instances of this can be given; thus Langmuir found that oxygen
could be adsorbed on a surface of tungsten which had already a chemi-
adsorbed layer of oxygen on it. Dr. Whipp has investigated the
adsorption of iodine on potassium iodide * and found that a bimolecular
layer of iodine vapour can be formed on potassium iodide. In the case
of the oxides referred to above which may be regarded as oxygen
chemi-adsorbed on the metal, botk hydrogen and nitrogen are readily
adsorbed. In this latter case it is evident that the hydrogen may be
adsorbed by van der Waals’ forces, or may undergo reaction with the
substrate forming chemi-adsorbed hydrogen or adsorbed water. The

* Proc. Hot/. Soc., 1933, [A], 141, 217.
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form of the adsorption isotherm obtained when a bimolecular layer is
built up will evidently depend on the relative lives of the molecules
in each layer. In generat tjig> «2, and each forms a Langmuir isotherm
attaining saturation at very different regions of pressure. In some
cases, e.g. iodine on K,
the discrepancies be-
tween the life-times are
not so great, and we
obtain a curve as in
Fig. 6. Experiments

>

on the adsorption of
hydrogen on a Tcally

B A O ™ AN

clean tungsten surface,
recently carried out by
Dr.Roberts,* show that
tlie metal is always j?10. g.

covered with a chemi-

adsorbed layer so that any van der Waals’ adsorption must take place

on top of this.

On Two-Dimensional Mobility.

In considering the formation of the adsorbed phase, it is pertinent
to inquire whether a molecule striking the surface from the gas-phase
possesses any lateral mobility over the surface, for, if such is the case,
this must prove an important factor in the formation of the phase.
Evidence for such lateral mobility was first provided by Yolmer, who
carried out a number of interesting experiments to demonstrate it.
I might mention one of them which possesses many points of interest.
If mercury vapour be supercooled, smali fiat hexagonal crystals of
mercury grow from nuclei formed in the vapour; since the crystals
consist of fiat hexagonal plates, it is evident that the hexagonal surfaces
grow more rapidly than the basal planes. Indeed, they grow more
rapidly than can be accounted for by the rate ofimpingement of mercury
atoms from the vapour phase, and we must conclude that they are fcd
by atoms striking the basal planes and migrating over the surface until
they arrive at the edges. We have already recognized a distinction
between molecules held by van der Waals’ forces and chemi-adsorbed
molecules, and, curiously enough, the power of lateral migration in the
surface phase was first shown for the more firmly bound chemi-adsorbed
atoms. Becker f has shown by measurement ofthe change in thermiomc

* Proc. Carrib. Phil. Soc,, 1934, 30, 7

, 79.
t Phys. Rev., 1926, Tii], 28, 341; Trans. Amer. Ekctrochem. Soc., 1929, 55, 153,
Bell Telephone Lab. Reprint, B.-210, 1926, 21).
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properties of a tungsten surface that adsorbed alkaline-earth metals
such as barium as well as chemi-adsorbed oxygen will migrate over the
surface. Langmuir and Taylor likewise measured the mobility of
csesium atoms adsorbed on tungsten.* Such lateral movement is
not identical with the free movement of molecules in tliree dimensions,
for we observe at once that ifan atom is chemi-adsorbed to one particular
atom in the substrate, in order for it to move a chemical reaction has to
ensue. It is notnecessary that it should evaporate into free space and
re-condense on the neighbour, but it can jump or slide over from one
to the other. This reguireS the expenditure of energy to jump over the
potential barrier existing between the atoms of the substrate, and
freguently the values for this energy of activation for migration are
high; for cassium on tungsten the energy of activation for this lateral
diffusion is no less than 12,000 cal./grm.-mol., altbough the latent
heat of evaporation is some 38,000 cal./grm.-mol.

It is elear that we can no longer picture our metallic surface as a
uniform sheet, but must consider an atom held to an atom on the
metallic substrate as in a sort of well surrounded by a potential barrier.
From this well it can either evaporate into free space or with less, but
sufficient energy, it can jump over the barrier into the well of a
neighbouring atom.

Lennard-Jones | has developed the theoretical implication for
activated migration in some deta.il.

It is also elear that a slight variation in the atomie spacing of the
surface atoms will alter very profoundly the contour of the potential
barrier which the adsorbed migrating atom has to pass over. Thus,
it is easy to understand that a few single atoms or smali clusters of
atoms in any extent of surface may be isolated from their neighbours
by a continuous high potential barrier.

We may cite as an example of this mobility Estermanns J investiga-
tions on tho deposition of silver on glass, for when only a monolayer was
deposited the atoms collected into nuclei, each amounting to at least
1000 atoms.

This factor of lateral mobility is important in building up the
surface phase. We have assumed that only molccules striking the surface
are adsorbed; molecules striking that part of the surface which is
already eovered with a monolayer may build up a second layer which is,
in generat, only sparsely populated, beeause the field holding the second
layer is much wcaker than that holding the first. In spite of the short
life in the second layer, the molecule is relatively so mobile that it

* Phys. Rev., 1932, [iii, 40, 403. f Trans. Faraday Soc., 1932, 28, 347.
t Z.physikal. Cham., 1923, 106, 403.
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can travel very considerable distances over tbe surface until it finds
a vacant hole in the incomplete first layer; thus the rate of building
up the first layer may be greater than that calculated from the simple
Herz Knudsen law. Langmuir has observed this phenomenon m the
adsorption of oxygen on tungsten, and this was also found to be tlie
case when iodine yapour condensed on potassium iodide.

With molecules held by van der Waals’ forces alone we might
anticipate a much greater surface mobility, for the energies of activation
even for evaporation are only of the order of a few thousand cal./grm.-
mol. Many experiments demonstrating this mobility have been deraed
by Volmer * and by Moll-t We may note that it plays an important
part in another interesting property of the surface phase. So far we
have considered it as
ranging between a two-
dimensional solid where
no lateral mobility exists
and a two-dimensional
gas where the energy
of actiyation for lateral
migration is low, and
have neglected the lateral
attractive and repulsive
forces between the ad-
sorbed molecules in the
adsorbed phase itself. It
is evident that, as in
three dimensions, both
solid and liquid phases
should exist as well as gaseous and vaporous phases, and transition
phenomena might be expected where we should have on the surface at
the same time two phases in equilibrium with one another.

In order to demonstrate this phenomenon we reguire some method
of examining the surface phase at difierent portions of the surface, an
operation readily performed at high temperatures by means of therm-
ionic emission. Atlow temperatures other methods have to be employe
Fi". 7 shows the adsorption isotlierm of ethyl alcohol on thoria deter-
mined by Rideal and Iloovcr.j This form of curvc is typical of tbe
adsorption of yapours on numerous solid surfaces. The form of the
curve is not a simple adsorption isotherm, for when a certain critica
pressure is attained a relatively large quantity of vapour is adsorbed
at almost constant pressure. This phenomenon is mdicative of another

* Z.Physik, 1925, 35, 170, t 1928, 136, 183¢
ystk, "7 J. Amer. Chern. Soc., 192/, 49, 120. T
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condensation process commecncing, and it is still a matter of very
considerable doubt whether in any particular instance this condensation
process consists in the filling up of the micro-capillaries in the solid,
as occurs in the ease of charcoal and possibly some gels, or whether it
is the formation of a two-dimensional liquid phase, as may be the ease
in the condensation of vapours on metals such as gold.

Mr. Ouellet has examined by means of a photo-electric method the
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Fig. 8.

condensation of vapours on a gold surface, and Fig. 8 shows one of his
curves.

It is elear that on the gold surface there exist two distinct areas,
the extents of which vary with the partial pressure of the vapour which
possess different threshold values for photo-electric emission, and we
may infer that these consist of the two-dimensional vaporous and liguid
phases, respectiyely. Condensation of the two-dimensional vapours,
as in C. T. E. Wilson’s esperiments in three dimensions, probably
occurs mostrcadily round impuritiesin the form of adsorbed ions forming
smali dipoles to which the polar molecules are attracted.
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The E ffects of Extraneous Gases and of Solubility on ihe

Adsorption |lsotherm.

We have seen that the isobaric adsorption curve is frequently
discontinuous, and that the two continuous portions of the curve
can be interpreted as consisting of van der Waals adsorption over the
low-temperature region and cliemi-adsorption over the high-temperature
region; such, indeed, appears to be the case for the adsorption of hydro-
gen on various oxides. In the case of the adsorption of hydrogen on
metals, we have to note that it is extremely difficult to obtain a clean
metallic surface, owing to the almost continuous evolution of gas from
the interior. Since, as we have noted, gas may be adsorbed on to a
monolayer of gas already present if the temperature be low enough,
evidence must be forthcoming that the original metal was perfectly clean
before the curve OA ,Fig.5,maybe truty identified with the van der Waals
adsorption on the metal. Of recent years several methods have been
developed for the examination of the surface of a metal at ordinary
temperatures, with the object of ascertaining whether or no it is really
free from adsorbed gases. Both Rupp * and Davisson and Germer t
have shown by the method of electron diflraction utilizmg low-speed
electrons that both nickel and copper exhibit marked changes jn their
electron difiraction patterns when brought into contact with hydrogen
at partial pressures lower than 104 mm. and at ordinary temperatures,
suggesting that chemi-adsorption of hydrogen takes place remarkably
readily when the surface is really clean. We may conclude that the
curve OA obtained with these metals really represents the adsorption
of hydrogen on a surface already covered with adsorbed gas.

Another method of examining a surface at ordinary or low tempera-
tures for the presence of an adsorbed film consists in measuring the
threshold value for the wave-length of light necessary to effect photo-
electric emission. Although the method is sufficiently sensitive for the
purpose, it has not yet been employed for the specific purpose of
controlling an adsorption isotherm of a gas, but the difficulties ofobtam -
ing a sharp threshold value even in high vacua for platinum which has
been in contact with either oxygen or hydrogen do not supportthe view
that van der Waals’ adsorption is the characteristic form of adsorption,
atany rate atordinary temperatures. One ofthe most sensitive met o s
for examining surfacesisbeingundertaken by Dr. Roberts J bj o serymg
the change in the accommodation coeffieient of a wire when clean
and when covered with an adsorbed film. Utilizing neon as a detector

* Ann. Physik, 1930, 5, 453; 1932, 13, 101.
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gas afc room temperaturo, the accommodation coefficient for a clean
tungsten wire is 0-07, which rises to 060 when the wire is covered with
an adsorbed film. By this method it has been found that tungsten
adsorbs hydrogen both rapidly and strongly at temperatures as low
as 79° K. and at room temperature, suggesting that chemi-adsorption
of hydrogen oecurs with an energy of activation that cannot exeeed
2000 cal./grm.-mol.

It is unfortunato that our information on the heats of adsorption
as well as on the energies of activation for chemi-adsorption is so scanty,
since their variation with the temperature should provide us with
information respecting any efiects due to an alteration in the lattice
spacing on these thermal magnitudes.

The Internal Surface of Metals.

By these methods of examination we are led to infer that the curve
OA ,Fig.5,0btained in the isobaric adsorption of hydrogen on such metals
as copper and nickel at low temperatures is not really a van der Waals’
adsorption isobar on the metal, but a van der Waals’ adsorption on a
surface already covered with extraneous impurities or on chemi-
adsorbed hydrogen which has not been previously desorbed. If this
be the case, it is evident that the second portion of the isobar, viz. CC'
(likewise the transitional region from A to Cwhere an apparent tempera-
ture-dependent uptake of gas takes place) recpircs a new interpretation.
It is elear that this cannot be caused by the desorption of an impurity
and the re-adsorption of the hydrogen on the clean metal unless the
impurity were in effect non-volatile or preferentially adsorbed on the
walls of the Ccontainer. It seems much more probable that some process
of solution of the gas into the metal is taking place, the rate of which
is enhanced by rising temperature, but the total amount of which
decreases with rising temperature up to at least the temperature limits
of these investigations.

We know already that gases are appreciably soluble in metals at
high temperatures from the classical experiments of Sieverts.* It is
also elear that the temperatures of the gases under consideration are
so far removed from their critical points, and the interna} pressures
of the metals are so high, that the actual solubility of a gas in the simple
molecular form as a true solution in a metallic lattice must be negligibly
smali. We must pre-suppose that the bulk of the gas stored in a metal
is in some form or other which is not molecular. We note here that
what may be termed the internal surface of a metallic granule must be an
important factor in the whole mechanism of adsorption of gases, and

* Z.physikal. Chern., 1910, 68, 115 et seq.
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we shall now examine liow we may obtain some Information as to its
nature and extent. .

Several years ago Dr. Dunn commeneed a senes of mvestigations
on behalf of the British Non-Ferrous Metals Research Association
on the passage of zinc into copper and out of brass, and he found that
the diffusion of this element obcyed, as was to be anticipated, the
ordinary diffusion law of Fick, but that the diffusion process had tlie
interesting property of possessing an exponential temperature coefficient
like a chemical reaction. The migration of zinc in copper is thus similiar
to the “f lalzwechsel ” of ions in solid ionic electrolytes, and is not a
continuous and steady movement, but a species of jumping from place
to place of like configuration in the lattice, the energy of activation
being a measure of the magnitude of the potential barrier existmg
between these places. The inyestigation was extendcd to examine tlie
passage of a reactive gas into copper from the same point of view
and completed by Dr. Wilkins.f Tliese investigations can be regarded
as a study of the chemi-adsorption of oxygen by copper.- When cxposed
to oxygen an ever-increasing thickness of cuprous oxide is formed on
the metal, the thickness of which can be measured either by obserymg
the change in electrical conductiyity or by the beautiful method of
Tammann based on the formation of Newtonian mterference colours,
a principle employed so extensively by U. R. Evans %m his work on
corrosion. In agreement with the classical experiments of Pillmg and
Bedworth,§8 it was found that the rate of penetration or chemi-
adsorption of oxygen by copper obeyed the Fick diffusion law but
also that the diffusion process was agam exponentially dependent
on the temperature.

Analysis of the curves revealed the fact that two reactions were
involved, each with definite cnergics of actiyation, the low-temperaturc
one predominant below 600° C. having a yalue of h = 9500 cal./ppi.-
mol. Clearly the passage of oxygen througlithe ever-mcreasing tinclaiess
of cuprous oxide can be effected by two different methods A clue
to the nature of these two processes was found m cxamimng the effects
on the speed of the two reactions of an alteration in the gas pressure
and of actiyating and annealing the copper. The conclusion was reached
that at high temperatures the oxygen actually migrates through the
lattice of the cuprous oxide, but at low temperatures the osygen migrates
with a lower energy of actiyation betweep the micro-crystals of the
oxidized metal. This low-temperature activated migration is the one
we are particularly interested in, for the rate of diffusion into the metal

* Proc. Eoy. Soc., 1926, [A] 111,210. t Proc.fw f*-’'™™ A
t “Corrosion of Metals §Jm Metals 1923, 29, 5-9.
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is governed by tlie extent and number of tlie slip planes and inter-
crystalline channels, and by the amount of gas actually on the surface
of the oxide.

It is not necessarily self-evident that the oxygen migrates along the
slip planes in a manner analogous, say, to the diffusion of bromine
through carbon tetrachloride, for a similar passage of oxygcn would
be obtained if the oxygen migrated by chain displacement in a manner
originally suggested by Grottliuss and developcd by Fowler and Bernal *
for the movement of the hydrogen ion in water.

Another very interesting discovery was made in this investigation
when studying the effect of oxygen pressure on the rate of oxidation.
It was found that for any particular piece of copper the rate of oxidation
was proportional to the amount of oxygen adsorbed on the oxide
surface, the amount adsorbed being related to the gas pressure by means
of the Langmuir adsorption isotherm. Ata eertain critical high pressure
the surface becomes saturated, and the rate of osidation is then no
longer dependent on the oxygen pressure. Now it is found that the
critical pressure is dependent on the nature of the original copper.
The critical pressure is higher the more microcrystalline the copper and
the greater the number of crystal boundaries; very low pressures
suffice for well-annealed copper, as is evident from the following figures :

Trcatinent. Limiting Pressure in mm. lig.
Original foil 95
Ono reduction and oxidution 25-2
Four do. 55
Eigkt do. 129-3
Sintered at 305° C. for 2 lirs. 20-43

We can conelude from these experiments that the adsorbed oxygen
is not fixed on the cuprous oxide surface, but can undergo two-
dimensional migration, and thus approach an inter-crystalline boundary
along the surface. The surface is thus to be compared to a bucket
with holes in the bottom, the more holes present the greater has to be
the supply of water to keep the bottom covered with water. It is, of
course, improbable that the oxygen migrates freely over the surface
of the cuprous oxide, as imagined by Volmer, and we infer that it is
more likely that an energy of activation, for migration from point to
point is involved.

So far we have surveyed the evidence for the surface and intra-
crystalline migration of a gas, and the guestion might be raised as to
the relationship between them. This problem might bc formulated

* J. Chem, Phjs., 1933, 9, 516.
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in another way. If we consider the passage of gas down a tube, we
note that at relatively high pressures but low pressure differences,
the gas flowing through the tube in accordance with the conditions of
Newtonian flow, Poiseuille’s law will be obeyed. At pressures so low
that the tube diameter is of the order of a mean free path and the gas
flows through suffering simple reflection at each collision with the wali,
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Fig. 9.—Potential Energy Curves for Migration of a Helium Atom Through a
Squaro of Helium Atoms.

wc obtain the conditions for Knudsen flow. If we imagine that the
molecules condense whenever they strike the walls and re-evaporate
at random, the rate of passage down the walls will now depeiid on
the life-time of the adsorbed molecules, a state of affairs exammed bot
theoretically and experimentally by Clausing. This may be regarded
as the type of flow occurring through a wide crack. The mechanism
of passage changes again when the tube becomes so narrow that the
fields of the molecules forming the wali start to overlap. n
YOL. LIV.
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If we attempt to push a molecule through a single cross-section of
the tube comprising a ring of atoms of the solid, then it is cyident
that the smaller the diameter of the ring the greater will be the potential
barrier of the solid to the molecule attempting to pass through the ring.
This case has been investigated by Mr. Barrer, who has made a detailed
study of the passage of gases through quartz. Fig. 9 is one of the sets
of curves which he has derived following the suggestion of Lennaid-Jones
in respect to the evaluation of the magnitudes of the force fields.

Another interesting case is to be noted in the ease of passage of
hydrogen and the more recently discovered heavy hydrogen or deuterium
through palladium. Fig. 10 shows the curves obtained by A. and L.

TEMPERATURE,°C

Fig. 10.

Farkas for the relative rates of passage of the two gases through a
thin palladium tube as a function of the temperature. We are indebted
to Dr. Harteck of the Cavendisli Laboratory for kindly performing
the tedious process of carrying the concentration of our specimen of
heavy water through the latter and tedious stages.

We note that the two hydrogens differ in their energies of activation
for the passage through palladium of about 860 cals. These are two
different examples of what McBain terms persorption or passage through
molecular sieves. We may concludc with some degree of certainty
that for a molecule to enter the metal either down a narrow crack or
into the lattice from the adsorbed phasc, whether it is lield there by
van der Waals’ forces of polarization or is retained in the chemi-adsorbed
state, a definite energy of activation is necessary. The extension of
the inyestigation from oxygen which forms a yisible layer of cuprous
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oxide on copper to hydrogen which, when chemi-adsorbed by copper,
causes no marked change in colour and may not necessarily form a
continuous phase, had to bo undertaken by indirect means, namely by
measurement of the rates of uptake and gas liberation as a function
not only of the gas pressure, but also of the surface concentration which
can be varied by a sudden variation in the gas pressure. This
inyestigation, carried out by Dr. Ward, revealed again the dependence
on the Fick diffusion law and tlie existence of a definite energy of
activation for the migration of the hydrogen into the copper.

It is not necessary to point out that for diatomic gases the chemi-
adsorbed state may be in the atomie form or even ionic, as is the ease

METAL

of oxygen in copper. In palladium hydrogen is not only dissociated,
but under the influence of a potential gradient along a wire saturated
with the gas, ionic migration takes place.

We are now in a position to draw diagrams of the ehanges in potential
energy which a simple gas molecule of hydrogen undergoes when it
passes through a thin sheet of metal (Fig. 11). In the first ease, e.g. on
palladium, the molecule originally free at a becomes chemi-adsorbed
as an atom at b, passes into the lattice at ¢ and through the lattice
¢' c", &c., finally re-emerging as an adsorbed molecule at b’ and being
liberated ata’. In the second ease, e.g. on copper, the molecule originally
free at a becomes elfemi-adsorbed at b, passes into an intercrystalline
crack at ¢, and migrates through the network of cracks, actual penetra-
tion of the lattice being smali.



308 May Lecture, 1934

It will be noted that each transition involves the passage over a
potential barrier. We haye seen that in some cases, e.g. hydrogen on
tungsten the transition a —>mb may not involvc an appreciable energy
of activation when the metal is clean and the van der Waals’ forces are
taken into consideration and that the transition b-—-——> cmay involve
a large one dependent, among other factors, on the lattice constant
or size of the crack, as has been shown for gases passing through guartz,
whilst the energy involved in the transition ¢ to ¢' may be very smali,
as witnessed by the apparently high mobility of hydrogen ions in a
palladium lattice, or very large, as is the case in the apparent immobility
of oxygen atoms orions in a copper lattice.

We may attempt to insert numerical yalues; the heat of adsorption
of hydrogen on copper measured calorimetrically is about 10,000
cal./grm.-mol. Since dissociation occurs on adsorption, the true heat
of adsorption per gram atom is about 55,000 cal./grm.-mol., the energy
necessary to pass over the potential barrier from the surface to the
interior down a slip piane being about 16,000 cal./grm.-cm.

I may cite Norton and Marshall’s * figures for the case where lattice
compounds are found in the case of the nitrides of tungsten and
molybdenum, the hcats of formation are — 74,700 and — 38,500,
respectiyely, the energy of actiyated desorption being 50,500 and
26,600 cal./grm.-mol.

Finally, we must note how readily access to the internal surface
or liberation from the internal surface may be affected by alteration
in the magnitude of the potential barrier at the entrance. This, as wc
have seen, may be efiected by slight alteration in the spacing of the
atoms, but it must also be altered very appreciably by the presence
of a monolayer of extraneous material. No direct experiments with
gases appear to have been made on this point, but the effect of “ traces ”
of poisons on catalytic activity is well known.

In contrasting the entry of oxygen into copper with that of hydrogen,
we note that whilst oxygen can migrate through the boundary layers
of copper oxide and form a diffusion gradient therein, it pcnetrates
each grain, but with a higher energy of activation; at the same time
the energies of migration of oxygen atoms through metallic copper
and of cuprous oxide through copper are so great that at least up to
the vicinity of the melting point of copper the rate of oxide formation
even through a thick layer of oxide greatly exceeds either of these other
processes, with the result that the cuprous oxide formation is confmed
exclusively to a copper/coppcr oxide interface, -and no diffusion of
atomie or ionic oxygen nor molecular solution of cuprous oxide in

* Amer. Insi. Min. Met. Eng. Preprint, 1932, Feb., 1-28.
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copper takes place. The same appears to be truc in a number of cases,
such as platinum and tungsten oxides, investigatcd by Yan Praagh.
It is an interesting speculation as to how thick a layer of cuprous oxide
on copper is necessary before all the characteristics of a bulk phase
of cuprous oxide appear, e.g. dissociation pressure, melting point, and
the like. Van Praagh showed that a layer of tungsten iodide computed
to be less than 100 molecules thick possessed bulk characteristics. |t
isevidentthat one has to ensure that no dispersion to form solid solutions
takes place during the preparation or examination of the speeimen.

In the case of hydrogen, on the other band, the lattice solubility,
or the amount of hydride held in solid solution at the pressures and
temperature of the experiments, is extremely smali, whilst the energy
of activation for the migration of the hydrogen atom or ion, i.e. for the
dissociation of the copper hydride on the internal surface and the move-
ment of the resulting atom or ion to the neighbouring copper atom
along the grain boundaries, is relatiyely smali, sothat at the temperature
of investigation a diffusion gradient of hydrogen atoms or lons can be
established over the internal surface of the metal, and equilibrium is
attained when the internal surface is populated to a definite surface
density. .

These diSerences are, | think, important, for they cmphasize the
contrast between the behayiour of those solid binary mixtures which
form solid solutions and those which are completely immiscible; thus
in the system calcium oxide/calcium carbonate the relative amounts
of each phase present change with the sinallest energy of activation
by growth and diminution at the interface between each phase, and
nucleus formation is an alternative with a large energy of activation to
remove metastability. Such a system exhibits a great contrast to
that, say, of an amalgam of mercury and thalhum.

From these considerations we see that when a gas enters a meta ,
two distinct processes aro at work : the gas travels along the slip planes
and in the intercrystalline spaces, and also into the lattice itself. lhe
finat distribution of the gas is thus in two phases: one in the lattice,
and the other distributed on what | have described as the internal
surface of the metal. We are not here concerned with the fate of the
gas in the lattice, beyond observing that, as we have shewn, the gas
must be present in tlie form of some compound, sifce the actuul
solubility of gases in metals isnegligibly smali. Again, sifice the majonty
of compounds, such as the nitrides and hydrides of iron, coppc.r, an
nickel, are markedly endotliermic in their formation, the “ apparent
lattice solubility ” must inerease with elevation of the temperature,
an inference in accordance with metallurgical data. On the othei lian
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tlie formation of surface liydrides and nitrides are strongly exothermic
reactions, and sucli appears to be the case for compound formation
on the internal surface.

It is not improbable that the embrittlement of iron in caustic soda
and in sodium nitrate is due to the passage of gas into what | have
termcd the internal surface of the metal, i.e. along the grain boundaries,
and weld decay is due to corrosion occurring at the internal surface.

Onthe Relationshipbetween Adsorption and L attice Compounds.

Gases like nitrogen and hydrogen react with many metals to form
nitrides and liydrides, the formation of which are endothermic processes.
Our knowledge of these is due chiefly to the investigations of Sieverts,*
Hiittig t and Paneth.f These compounds we may regard as lattice
compounds, as they appear freouently to be in solid solution in the
lattice of the metal. We have already advanced arguments as to why
tlie gases must be present in the form of compounds, and this view is
confirmed when we consider the large changes which occurin the apparent
solubility of a gas in a metal when we traverse the melting point or
pass through an allotropic modification, as in the case of nitrogen and
iron in the a » p transition.§

In addition to these lattice compounds, we have seen that chemi-
adsorption processes lead to the formation of surface compounds,
usually exothermic processes, and that these surface compounds
may be either superficial or intercrystalline. Finally, gaseous metallic
nitrides and hydrides may be formed either by the interaction of metallic
vapours with hydrogen at high temperatures | or by the interaction
of atomie hydrogen with metallic foil as carried out by Pietsch.*f W hilst
the experimental data are somewhat uncertain, it is interesting to
compute the heats of formation of the compound CuH from copper and
molecular hydrogen, the metal atoms concerned being first in a regular
lattice, secondly on the surface of the metal, and lastly vaporized in
the form of a monatomic vapour.

We obtain the following values —

Cu + JH2= CuH - 10,000 cal.

Latticc.
Cu + |H2= CuH + 5,000 cal.
Surface.
Cu + |[I12= CuH + 19,000 cal.
Yapour.
* Z. Metallkunde, 1929, 21, 39. f Z. angew. Chem., 1926, 39, 67.
t Ber., 1920, 53, 1710. § Sievcrts, Z. phy5|kal Chem., 1931,155, 299.

|| Cf. Farkas, Z. physikal. Chem., 1929, 5, 467.
If Z. Elekirochem., 1933, 39, 577.



Gases and Metal Surfaces

Since tlie lieat of vaporization of copper is some 60,000 cal., tlie
licat of solution of copper hydride must be some 30,000 cal. It is
interesting to note that thc heat of formation of the surface compounds
is a mean value between that for the gaseous and lattice compounds.

It is elear that the strength of union of the CuH bond is dependent
on its environment, and in this respect the depth of the potential barrier
between the hydrogen atom and a copper atom will be dependent on the
proximity of the neighbouring atoms, as was exemplified in the case

Fio. 12.

of the van der Waals’ forces operative between a gas atom and the
oxygen atoms in a silica skeleton through which the gas is passmg.
Our potential energy curves will thus form a regular series dependent
on the closeness of approach of the neighbouring copper atoms (Fig. 12.)
Some semi-quantitative attempts have been made to explore the
“rarified” metalsby examiningthcbehaviourofcondensed atomsponges,
thus when metallic wires undergo vaporization in gases at low partial
pressures, the phenomenon of “ cleaning up ” is noted, and provides
us with one of the most interesting methods for the control of the State
of the metal. Investigations have been carried out by Langmuir,
* J. Amer. Chem* Soc., 1913, 41» 1139, 1918.
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Frankenburger,* and by Bastow.f In the casc of tungsten, a nitride
WNo is formed in the gas phase which decomposes thermally only
at very high temperatures. With molybdenum two nitrides are formed
in the gas-phase; one liberatcs its nitrogen at room temperatures, but
the other is stable up to 360° C. Another type of reaction is noted with
iron and platinum, for these metals do not appear to combine with
nitrogen or hydrogen in the gaseous state, but do so when they are
adsorbed on a cooled surface in an unsintered or partly sintered state.
On elevation of the temperature, thus permitting sintering to take
place, the gases are evolved. The gases adsorbed by the deposited
metallic atoms were found to be chemi-adsorbed in that they behaved
chemically as nitrides and hydrides.

W iilst the experimental data are at present in a very unsatisfactory
state, we may note a parallelism between these heats of formation
and the effect of surface saturation on the heat of desorption of a
compound, which | mentioned earlier in my lecture in reference to
platinum and iodine.

* Z. Elektrochem., 1929, 35, 359, 591 ct seq. f Chem| Soc., 1931, 1950.
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OBITUARY.
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Metallurgical Chcmistry.” No choioe could havc been happier, for he guickly
developed tliis dopartment until it became perliaps tho foromost and best-
known laboratory of its kind in tho world. In his new appointmont, Roscn-
hain began that period of intense actmty wbich continucd without remission
praetically to tho time of bis death. Ho roalized tho important part that the
science of physical metallurgy was to play in tlie developmcnt of metallurgical
and engineering industrics, and, above all, ho appreciated tho need for
inoreased fundamental knowledge in all directions. He carried out orinitiated
numerous researebes into the constitution of alloy systems, using refined
methods of investigation, many of which were developed in his own laboratory,
and conducted many researches into the physical structure of metallic alloys,
particularly in relation to properties and bohayiour in serrico. Throughout
this period, bis work was governed by a desiro to found a fundamental science
of metals and alloys, and tho immense contribution which ho personally
made to achievo this end is woli seen in his “ Introduction to Physical Metal-
lurgy,” first published in 1914. He was engaged on a rcvision of this book
at the time of his death; tho work is being carried on by Dr. J. L. Haughton,
and tho new editioii should appear during the summer of 1934.

Rosenhain’s most outstanding work was perliaps that in support of tho
so-called amorphous theory, which he developed and defended with his
characteristic originality, ingenuity, and skill, both in the laboratory and the
debating hall. The original work of Beilby appealed naturally to ono who had
already niado so many investigations into the deformation and cold-working
of metals, and ho accepted Boilby’s conclusions with enthusiasm and estended
and aniplified thom with resource and energy. Even tliough liis views did
'not find universal acceptance, a glance at the metallurgical literaturo of the
past 25 years shows how profoundly they have influenced metallurgical
opinion throughout tho world.

Although Rosenhain’s work covered the whole field of metallurgy, both
ferrous and non-ferrous, his work on aluminium and its alloys was specially
noteworthy. Before tho Grcat War, he had already carried out investigations
of light alloys for the Alloys Research Committee of the Institution of Mech-
anical Engineers, and these became greatly intensified owing to the need for
studying new materials, particularly in connection with tho dovelopment of
aeronautics. The work done under his direction at tho National Physical
Laboratory was of tho greatest possible valuo in this connection, and has led
to tho development of a number of useful new materials, including the now
well known “Y ”-alloy. Among the many other important inyestigations
carried out, either by liimself or under his direction, aro those dealing with
impurities in copper, the heat-treatment of stcel, gas in aluminium alloys,
alloys of zinc, dental alloys, beryllium and its alloys, the naturo of solid
solutions, and the constitution of the alloys of iron. His researches, however,
covered a much wider field, and a complete list of his publications would
occupy many pages. His research work brought him many honours. Ho
was awarded the D.Sc. degreo of his own University, and, in 1913, was elected
to a Fellowship of the Royal Society; ho was awarded the Carnegie and
Bessemcr Medals of the Iron and Steel Institute, and tlio Thomas Turner
Gold Medal of the Uniyersity of Birmingham. In 1932 ho was elected an
Honorary Member of the Deutsche Gesellschaft fur Metallkunde. He was
invited to deliverimportant lectures, not only by many bodies in this country,
but also abroad, and for this purpose he paid visits to the U.S.A., Germany,
Switzerland, Sweden, India, and Australia.

Dr. Rosenhain’s activities were by no mcans confinod to his scientific
research, for ho engaged in many other forms of metallurgical work. He was
an Original Member of the Institute of Metals, and a Member of Council from
1910 onwards. For many years, he was Chairman of the Publieation Com-
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mittee, and his actiyities and sound judgment in this office had a great
influence on the developraont of tlie Institute, particularly on its publications.
Ho was May Lecturerin 1923, and President from 1928to 1930. His yaluable
services were recognized by his election to a Fellowship of the Institute.
Ho was a Member of Council of the British Non-Perrous Metals Research
Association and of tho British Cast-lIron Research Association; he played
an activc part in the deyelopmcnt of both those bodies, and his interest in
them was maintained until his death: his services to industry through these
connections were undoubtedly yery great. He also served on many tech-
nical committees of the Department of Scientific and Industrial Research,
the Air Ministry, tho Dcntal Board, tho British Standards Institution, and
other bodies. o . .

One of the major interests of his later years was the promotion ot contact
and understanding between metallurgists throughout tlie world, and he
was largely responsible for the formation of the New International Association
for Testing Materials; in 1927 he was appointed British delegatc on the
permanent comniittec of tho Association and President in 1931.

Dr. Rosenhain resigned from the National Physical Laboratory in 1931,
in order to take up privato practice as a consulting metallurgist; in this
capacity he was closely connected with the British Aluminium Company, Ltd.,
the Broughton Copper Company, Ltd., and Messrs. J. Stone & Company, Ltd.
The decision to leaye the department which he had created was one which be
took only after yery careful consideration, and the break with the laboratory
he lovcd caused him much grief. The principal reason which mflucnced him
will be recognized by those who knew him as typical of the man; it was that
he eould not lightly contemplato the possibility of being compelled to retire
at the ago of 60 or 65 or, indeed, at any age, and wished to establish work of
his own to which he could continue to deyote his actiyities.

Rosenliain’s death leavcs a big gap in tho ranks of metallurgists throughout
tho world. Pew men have shown a greater yersatility or haye been moro active
either in research or in writing. His views were freguently unorthodox, but
always stimulating; it could scarcely bo othenvise, for he contmually sougbt
to tako his subjcct further; lic was neyer bound by popular opimon, and never
hesitated to express and defend his own yiews, while he welcomed and appre-
ciated a similar frankness in othors; he loyed a scientific argument, and he
was a skilful cxponent in debate. His elear diction and extraordmary com-
mand of language made him a most attractiyo speaker, and members of the
Institute of Metals will rccall the many oceasions on which they have hstened
with admiration to his contributions to their proceedings.

His death at the comparatiyely early age of 58 takes him from us at the
height of his intellcctual powers, and Icayes us with the fuli consciousness of
the loss our scienco has suffered.

Morris Broad Powler died on Pebruary 8, 1934

He was born in London on July 19, 1870, bis father bemg a wax refiner
and a patentee and inanufacturer of nightlights.

He had a yaried education, going first to the Brighton School of Scienco
and Art (under South Remlngton) where he liad as tutors Professor Jago
and Professor Young, and later entenng London uniyersity, where be took
his Intennecliata B.Sc. Instead, howeyer, of completmg the course, he
went on to the Roval School of Minca, South Kensington.

On completion of his studics at tho latter, he entered his father's business
in tho early nincties. In 1895 hewentto Holland to instract Messrs. Verkado
of Zaandam in the manufacturo of nighthghts. It was on this visit that he
met his future wife—Miss Geertruida verxaae— Who was the daughter of the
head of tho firm. They were married in 1898, by which time he had entered
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the scrvice of Messrs. Chris. Thomas & Brothers, Ltd., soap manufacturers,
of Bristol, who wero commencing tho manufacture of nightlights. In 1900
ho joined Messrs. Capper Pass & Son, Ltd., smelters and refiners, of Bristol,
of which firm .ho oventually became a Direetor and with which he
romained until his death. On entering this business ho specdily provcd
his adaptability, and became a first-class metallurgist, and many processes
still in use owe their origin or improvement to his skiU.

In his oarly years he was well known as an atheletc, taking part success-
fully in moro than one “ National” cross-country run, besides winning many
cyciing races at Herne Hill and tho Oval, and holding several cyeling reeords.

To those who knew him well, his passing will leave a gap hard to fili, his
affectionate disposition and unfailing courtesy and cheerfulness being his
most endearing attributes. Mr. Eowlcr was elected a member of the Institute
of Metals on September 8, 1924,

Wi illiam Edward Gibbs, Ramsay Professor of Chemical Engineering
in tho Uniyersity of London, died on January 18, 1934, at the early age of 44.

After graduating in 1909 with honours in chemistry from Liverpool
University, he went to Singapore as assistant chemist to the Straits Trading
Company, and his esperienco with this firm enabled him to develop on his
return to England an electrolytie method of extracting tin from fused ores.
Ho was granted his first patent for this process. Subseguently, he was
assistant to Dr. G. D. Bengough, and carried on a year’s research on tbe cor-
rosion of brass condenser tubes by sea-water, the results of which were finally
embodied in the Third Report to the Corrosion Committee of the Institute
of Metals, published in 1916. He was far-sighted enough to realize the part
that electrochemical phenomena play in corrosion processes, and included
electrode potential measurements in his work. Aeration and temperaturo
of the sea-water were also shown to play an important part. In 1914, he was
appointed Special Lecturer in Metallurgy in the Uniyersity of Liyerpool.

After six months with the Aeronautical Inspection Department, Professor
Gibbs was appointed Chief Chemist of the Government Rolling Mills at
Southampton. The zine oxide fumes from the brass foufidry of these mills were
yery troublesome, and he found that, if wastc steam wero injected into this
smoke, tlie steam condensed on the zine oxide nuclei and caused tliem to
coagulate.

ho subject of dusts was enlarged by him in a book, published in 1924,
on “ Clouds and Smokes,” dealing exhaustively with both the theoretical
and practical aspeets of his subject. Later, ho wrote another book—* The
Dust Hazard in Industry "—on dust explosions and poisonous or harmful
smokes.

During the years 1918-3928, ho was Chief Chemist of the Salt Union, Ltd.,
at Runcorn; and then went to the Department of Chemical Engineering at
Uniyersity College, London, which he developed until he brought it into the
position of esteem in the world of applied science which it holds to-day.
Ho found in teaching tho yocation for which he was eminently fitted and his
kindly personality endeared him to all who came into contact with him.

Professor Gibbs was elected a member of the Institute of Metals on March
21, 1917.

John Brioht Hoblyn died yery suddenly on December 24, 1933, at the
Buto Nursing Home, in his 54th year.

Ho was bom at Dewsbury in 1880, and was educated at Dowsbury Tech-
nical College. In 1897, he was awarded a Queen’s prize in practical chemistry
by tho Board of Education, taking third place in England against many
tliousands of competitors older than himself. In 1898, he obtained Honours
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Part I in practical inorganic chemistry in tlie Board of Education examination,
and in 1899 obtained honours in organie chemistry under the same authority.

In 1901, he passed as Hinchcliffe exhibitioner to tlie Royal College of
Science, University of London, and was first in England with First-Class
Honours in Part Il of the Board of Education examination in practical
chemistry in 1903, and was again first with Eirst-Class Honours Part 11 in
theoretical chemistry in 1904, when he was also awarded the Associatesliip of
the Boyal College of Science in the first-class dmsion in chemistry. He
obtained the Associatesliip of tho Institute of Chemistry in 1905 by exam-
ination and the Eellowship in 1912,

Mr. Hoblyn went to Luton in 1904 as Scienco Master of the Modern
School, and after staying there for eleven years, became, at tho cxpress
wisli of the directors, Chief Chemist and Motallurgist of Vauxhall Motors,
Ltd. This position ho held until his death. In the eourse of his work,
he became an authority on the teclmology of lubricating oils and perpetuated
his name in the Hoblyn oxidation test.

Mr. Hoblyn was largely responsible for tho inauguration of the Vauxhall
Scientific Society, and was its President from 1918 to 1923. In 1917 he
instituted a training scheme for apprentices at Vauxhall Motors, Ltd., the
effect of which may be seen in a number of tho training schemes of to-day.
He also took a keen interest in local afiairs, and was a co-opted member of
the Public Libraries Committee, a representative of tho County Council on
the Board of Governors of Luton Modern and High Schools, and until recontly
he was also a member of the Local Employment Committee, which office,
liowever, he resigned owing to ill health,

He was President of tho old Lutonians’ Club, and member of the Old
Luton Modemians’ Club and of the Imperial College of Freomasons, London.
At the time of his death ho was Chairman of the Committee of tho Institution
of Automobile Engineers dealing with the rationalization of British steels.
He was also keenly interested in sport, and oceasionally captained Vauxhall
elevens. .

Mr, Hoblyn was elected a member of the Institute of Metals on oeptember
11, 1918

Camille Matignon died suddenly on Mareli 18, 1934, at tho Collége do
France.

He was born on January 3, 1867, and was educated at tho religious houses
of Troyes and St. Ouen, and at 19 entered tlie Ecole Normalo Supeneure.
He left this after haying obtained a scienco degree in 1889, to become, for four
years, assistant to Marcelin Berthelot.

During this period, M. Matignon prepared his thesis for the degree of
Doctor of Science, choosing the ureides as his subjeet. This paper he read in
1892. He also collaborated with Berthelot in thermochemical research,
their joint work including the deterinination of the heate of formation of
niany fundamental substances such as water, carbon dioxide, methane, &c.

At 26, he became Maitre do Conférences at Lille. He was subsequently
appointed Maitre de Confcrences at the Sorbonne and assisted Berthelot
with teaching. At 29 he was awarded the Jecker prize by the Acadomie des
Sciences.

He was searcely forty when ho became a Master of Chemistry and was
nominated to tho chair of minerat chemistry at the College de France.

M. Matignon was an offieer of the Legion d’Honneur, member of tho
Chemical Section of tho Acad¢mic des Sciences in 1926, President of tho
Sociotod Chiuiitjue do France since 1932, President of the Consoil d’Hygiene
et de Salubrité Publitpie de la Seine, President of the Confédoration “des
Soeietes Scientifiques Franeaises, Viec-President of the Societé do Chimie
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Industrielle, and cditor of the important industrial periodical Chimie et
Industrie.

M. Matignon’s scientific work is represented by moro than 200 original

papers, and he contributcd moro than 300 figures to tho science of chcmical
energy: lieat of fusion and of yaporization, direct reaction, specific heat,
heats of solution, dilution, and neutralization. As each of his figures is tho
result of sevcral measurements, the amount of work necessary for this con-
tribution may readily be gauged. He was also responsiblo for two laws—
tho law of “ Lo Chatclier Matignon ” dealing with the chango in entropy of
monovariant systems dissociating into a solid and a gaseous phaso, and tho
“law of volatiiity,” which is an application of the law of Berthollet to a solid
system.
Y W ith Bourion ho studied the rare metals and their compounds, partieularly
a generat method for tho preparation of the anhydrous ehlorides, which
has since becomc classic and which has been applied with suceess to tho
ehlorides of the rare earths. An entircly new chemistry was thus created
which resulted in the preparation of about 70 new compounds. We also
owe to M. Matignon an important series of rescarches on the fixation of
nitrogen and its compounds.

During the War, he was appointed a member of the Commission on Nitro-
gen, and in this capacity travelled to England, Italy, and Occupied Germany.

His work on nitrogen led to the perfecting of processes for the nitration
of aluminium, the catalytic synthesis of ammonia, the preparation of carb-
amido from ammonia, of ammonium sulphato from gypsum, of the glyeols,
the action of water on methane, &c. Ho also mado a study of special glass,
as this was of interest to the Freneh public health service.

In spite of all the honours bestowed on him, M. Matignon Icept throughout
his lifo his liking for simplicity. He was remarkable for his incisive powers
of tliought, and will always be to those who knew him the model of a noble
scientist and a great Frenchman.

M. Matignon was elected a member of the Institute of Metals on February
15, 1934. Henri Motjreu.

Grand’ Uff. Ino. Ltjioi Orlando, Cavaliere del Lavoro, passed away
suddenly in Milan on November 1, 1933. He was born in Genoa in April,
1862, and went to Leghorn at a very early ago. For the last fifteen years
he lived in the metropolis of Lombardy.

He was the son of Senator Luigi Orlando, whoso name is eonneeted with
the history of the Resurrection of Italy and who was tho founder of tho
Cantieri Liyornesi. A true captain of industry and a tireless worker, a
great many of the industries of Tuscany owo to him their existence and
their present thriying eondition. It was in tho field of metallurgy, however,
that his work was speeially remarkable, and tho Societa Metallurgica Italiana
represents his most outstanding achievement. Ho becamo Managing Director
of this company in 1902, and oyercoming technical, financial, and business
difficulties, he sueceeded in raising it to the highest level of tho industrial life
of thc country, making of it one of the most solid organizations. Side by sido
with tho Metallurgica Italiana, and always in order to inerease its develop-
inent, Signor Orlando foimded in Tuscany the Societa Livomese for water
conveyance, tho Societa Ligure-Toscana di Elettricita, the Sindicato di
Assicurazione Mutua per gli infortuni sul Lavoro di Firenze; the Societa
Tubi Mannesmann of Lombardy, with works at Dalmine, the Societa Impor-
taziono Metalli, the Societa Metalli Layorati e Porcellane, and seyeral other
less important companies.

During tho War, ho placed all the means he had ayailable at tho disposal
of the National Defenee; created fresh works and increased the efficiency of
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cxisting ones, in order to provide abundantly tho munitions which lItaly
and tho allies rcauircd.

At tho timo of his death hc was Chairman of the Societa Metallurgica
Italiana, of tho Societa Metallurgica Brosciana gi& Tempini, Societa Elettrica
doi Valdarno, tho Societa Litoranea Toscana, the Societa Generale Industrie
Metallurgiche, the Societi G. B. lzar, the SocietA Metalli Lavorati e Por-
cellane, tho Silurificio Whitehead of Fiume, and of the Ferroyia Alto Pistoicse.
He was Managing Director of the Societd, Telefonica Tirrena, of the Societa.
Romana di Elettrieitd, the Societa Forze Idrauliclie dell’Appennino Centrale,
the Societa Elte, the Sociot& 'Edificio, the Societa La Centrale for tho financing
of electrical undertakings, tho Fondiaria Libica, the Colonie Alborto Lodolo,
and of other lesser coneerns. He was for many years the Managing Director
of the Credito Etaliano and of tho Societa del Tirso, of which, indeed, ho was
ono of the founders. He was also Vice-Chairman of the Opera Nazionalo
Orfano di Guerra Anormali Psichici.

His passing is regretted by all who know him.

Signor Orlando was elected a member of tho Institute of Metals on February
15, 1934.
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Lead-tin alloys, . .
eutectic, extruded, yiscous properties,

111.
Lcad-tin-bismuth alloys, castability, 51.
Library, 15.
Local Sections, programmes, 17.
London Meeting, 13.

Magnesium-nickel alloys, constitution,
275.
Malleability of—
Monel metal, 145.
Nickel, 145.
May Lecture, 2S5, 257.
Members,
election, 23, 24, 285, 2S6.
roli, 13.
Monel metal, malleability, 145.

Nickel, malleability, 145.
Nickel-magnesium alloys, constitution,

275.

Obituary notices, 313.
Officers, election, 22,

Palladium-copper alloys, transform-
ations, 255.
Papers, writing, 31.
Plastic flow of—
Soft metals, formuta!, 125.
X
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President,
Address, 26, 20.
newly-elected, induction, 24.
retiring, vote of thanks to, 25.

Research organizationa, 36.
Roli of Institute, 13.

Scientific papers, writing, 31.
Segregation of—
luminium-copper alloys, effect of
gases, 103.
Silieon-copper-iron alloys, constitution,

Silver-l)erylHuin alloys,
constitution, 161, 1SO.
tarnish-resistance, 172, 176.

Silver Jubilee Fund, 14.

Subjecls Index

Student members, election, 23, 24, 285,
286.
Surfaces, mctallic, gases and, 287.

Testing, hardness, Brinell and Diamond
Pyramid, minimum dimensions of
test-samples, 59.

Tin-lead alloys, outectic, cxtrudcd, vis-
cous properties, 111.

Tin-lead-bismuth alloys, castability, 51.

Treasurer, report, 19.

Viscosity o}—
Extruded eutectics, 111.
Soft metals, formut®, 125.

Zinc, diffusion of iron and, at temps.
below m.p. of zinc, 183.
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NAMES

Aldous, C. W. Sec Hankins, G. A.
Allen, Clement Paul. Elected member,

23.

Allen, N. P. Discussion on “ Noto on
the Influence of Gases in an 8per Cent.
Co é)per -Aluminium Alloy on Normal

Inverso Segregatlon 7 100; dis-
cussion on “ The Viscous Propertles
of Extruded Eutectic Alloys of Lead-
Tin and Bismuth-Tin,” 138.

Andrew, J. H. Elcctcd Member of
Councn 22.

Archbutt, S. L. Discussion on “ Noto
on the Influenco of Gases in an 8 per
Cent. Copper-Aluminium Alloy on
Normal and Invcrse Segregation,”
109.

Armstrong, Denys George.
dent member, 286.

Elected stu-

Ashby, Cyril Lawrence George Elected
student member, 2
Ashton, Arnold Broadbent Elected

st_udent member, 24.
Atkinson, R. H. Discussion on * Alloys
of Silver and Beryllium,” 178.

Ayekbourn, Philip John. Elected mem-
ber, 23.

Badock, Stanley Hugh. Elected mem-
ber 24

Balley L. Discussion on “ Notc on

the Influenco of Gases in an 8 per Cent.
Copper-Aluminium AIon on Normal
and Invcrso Segregation,” 108.
Bain, H. Foster. "Elected member, 285.
Bali, Arthur Cyril. Elected member 23.
Bastien, P.  See Portevin, A.
Beddows John Derek. Elected mem-
ber, 24.
Bermann,

Samuel. Elected member,

24,
Bews, William James Linklater. Blec-
ted member, 286.
Booth, Leonard Tranter.
member, 23.

Bradley, Alan Ludwig.
member, 286.

Brandt, Alfred.

Brown, Bernard
ber, 2

Brown, H A. Elected Member of Coun-
cil, 22.

Brownsdon, H. W. Elected Member of
Council, 22; proposes votc of thanlcs
to President for his address, 2G

Elected student
Elected student

Elected member, 23.
Elected student mem-

INDEX.

Buckley, Frank. Elected student mem-
ber, 285.

Bucknall, E. H. Discussion on_“ The
Constitution of Copper-lron-Silicon
Alloys,” 249; discussion on “ The
Viscous Propertles of Extruded Eutec-
tic Alloys of Lead-Tin and Bismuth-
Tin,” 139.

Burkhardt, Arthur. Elected member, 24.

Bum, Robert Davidson. Elected mem-
ber, 24.
Cartland, John. Seconds adoption of

report of Council, 19.

Chadwick, R. Discussion on “ The
Viscous Properties of Extruded Eutec-
tic AIons of Lead-Tin and Bismuth-

Tin,” 131
Chard John Edwin. Elected student

member, 285.

Cholewir'lski, Stanistaw. Elected member,
23.

Colman, Geoffrey William. Elected

student member, 23.

Cook, Gilbert. Discussion on “ A Note
on Some Formuta; Concerning Viscous
and Plastic Flow in Soft Metals,”
134; discussion on “ The Viscous
Properties of Extruded Eutectic
Alloys of Lead,-Tin and Bismuth-
Tin,” 134.

Cook, Maurice. Discussion on “ Mini-
mum Dimensions of Test Samples for
Brinell and Diamond Pyramid Hard-
ness Tests,” 79.

Cowley, Charles Leonard Marshall.
Elected student member, 23.

Cox, H. L. Sec Gough, H. J.

D’Auvigny, Henry. Elected member, 286.

Davies, Ernest Allen. Elected member,
2S6.

Desch, C. H.  Moves voto of thauks to
retlrlng President, 25; discussion on
“ A Study of tho Influenco of the
Intercrystalline Boundary on Fatigue
Characteristics,” 224; discussion on
“ Alloys of Silver and Beryllium,”
180; discussion on “ Note on tho In-
fluenco of Gases in an 8 per Cent.
Copper-Aluminium Alloy on Normal
and Inverse Segregation,” 107; dis-
cussion on “ The Viscous Properties
of Extruded Eutectic Alloys of Lcad-
Tiii and Bismuth-Tin,” 140.
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Eatwell, Henry Thomas. Elccted mem-
ber, 23. ) )
Elatu, C. F. Discussion on “ A Study of

the Influence of the Intercrystalli ine
Boundary on Fatigue Characteristies,”
224,

Ellis, Owen W. Paper : “The Malle-
ablllty of Nickel and of Monel Metal,”

EII|s Ph|||p Meredith. Electcd member,
23.

Evans, U. E. Discussion on “ A Study
ofthe Influence of tho Intercrystalline

Boundary on Fatigue Characteristies,”
222.

Feli, E. W. Paper : “ A Note on Some
Formulfe Concerning Viscous and
Plastic Flow in Soft Metals,” 125.

Forrest, George Kenneth. Elccted stu-
dent member, 286.

Fould, Maurice. Electcd member, 23.

Fowler, (Sir) Henry. Induction of Dr. H.
Moore as Presi ent 24; reply to vote
of thanks as retiring PreS|dent 25.

Fowler, Morris Broad. Obituary notice,
315.

Fry, John. Eleeted Honoraty Trea-
surer, 22; reportas Hon. Trcasurer, 10.

Gayler (Miss) Marie L. V. Discussion
* Some Alloys of Silver and Beryl-
I|um ” 1SO; discussion on “ Tho Con-
stitution of Copper-lron-Silicon Al-
loys,” 251.
Gegg, Christopher Coghlan.
student member, 2S5.
Genders, R. Dlscussmn on “ Note on
the Influenco of Gases inan 8 per Cent.
Copper-Aluminium Alloy on Normal
and Inverse Segregation,” 107.

Elccted

Gibhs, 'William Edwards. Obituary
notice, 316.

Gough, H. J., Cos, H. L., and Sopwith,
IX G. Paper: “ A Study of the In-

fluence oE the Intercrystalline Boun-
dary on Fatigue Characteristies,” 193.
Grant, Ivan Stanley. Electcd member, 23.
Gray, Kenneth. Eleeted Member of

Council, 22.

Greenwood, Hubert. Elccted student
membher, 24.

Greer, H. H. A, Eleeted Member of

Council, 22.

Grogan, .7. D. See Phillips, C. E.

Gwyer, A. G. C. Electcd Vlce Presi-
dent, 22; discussion on “ Minimum
Dimensions _of Test Samples  for
Brinell and Diamond Pyramid Hard-
nessTests,” 80; discussion on “Trans-
verse Tests on Sand-Cast Aluminium
Alloy Bars,” 09.

Nantes Index

Haigh, B. P. Discussion on “ A Stud
of tho Influence of tho Intercrystal-
lino Boundary on Fatigue Charactcr-
istics,” 223; discussion on “ Tho
Viscous Properties of Extrudcd Eutec-
tie Alloys of Lead—Fin and Bismuth-
Tin,” 137.

Hallowes, Arthur Patrick Collis. Elec-
ted student member, 2S5.

Hankins, G. A., and Aldous, C. W.
Paper : “ Minimum Dimensions of
Test Samples Eor Brinell and Diamond
Pyramid Hardness Tests,” 50.

Hanson, D. Eleeted Vice-President, 22 ;
discussion on “A Study of the In-
fluence of the Intercrystalline Boun-
dary on Fatlgue Characteristies,”
220; discussion on *“ Minimum Dimen-
sions of Test Samples for Brinell and
Diamond Pyramid Hardness Tests,”
82; discussion on “ Noto on tho In-
fluence of Gases in an 8 per Cent.
Copper-Aluminium Alloy on Normal
and Inverso Segregation,” 107.

Hanson, D,, and'West, E. G. Paper ;
“ The Constitution of Copper-Iron-
Silicon Alloys,” 229.

Hargreaves, F.  Discussion on “ A Note
on Some Formuta; Concorning Visct>us
and Plastic Flow in Soft Metals,”
136; discussion on “ A Study of the
Influence of the Intercrystalline
Boundary on Fatigue Characteristies,
225; discussion on “ Tho Viscous
Properties of Extruded Eutectic
Alloys of Lead-Tin and Bismuth-
Tin,” 136.

Harris, Jacob Henry.
member, 285.

Eleeted student

Harrison, Stanley Taylor. Electcd stu-
dent member, 24.

Hartigan, Thomas Joseph. Eleeted
member, 23.

Haughton, John L. Eleeted Member of
Council, 22; seconds vote of thanks to
President for his address, 26; discus-
sion on “ The Constltutlon of Copper-
Iron-Silicon Alloys,” 249; discussion

n “ Transformatious in the Copper-
Palladium Alloys,” 272.

Haughton, John L., and Payne, Ronald
J. M. Paper: “ Alloys of Magnes-
ium Research. Part I.—The Consti-
tution oE the Magnesium-Ricli Alloys
of Magnesium and Nickel,” 275.

Hauser, Alesander. Eleeted member,
285.

Hayes, Joseph. Eleeted member, 2S5.

Hedges, Ernest Sydney. Electcd mem-
ber, 23

Hilt, Eugene Henry Hugh. Elccted
member, 23.



Names Index

Hoar, Thomas Percy. Elected member,
23.

Hoblyn, Edward Henry Treflry. Elec-
ted member, 2S5.

Hoblyn, John Bright. Obituary notice,

316.

Hoesen, Henry B. Van. Elected mem-
ber, 285.

Homer, Charles Egbert. Elected stu-
dent member, 24.

Hopkins, Norman Maynard. Elected

student member, 285.

Hora, John Marcel Raymond. Elected
student member, 285.

Humphreys, William Gerald. Elected
member, 23.

Hutton, R. S. Elected Member of

Couneil, 22; diseussion on “ Alloys of
Silver and Beryllium,” 176, 179.

Jacques, Arthur. Elected student mem-
ber, 23.

Jacgues, Frank. Elected member, 286.

Jenkins, John Ephraim. Elected stu-
dent member, 24.

Jones, W. D. cCorrespondence on “ The
Diffusion of Zinc and Iron at Tem-
peratures below the Melting Point of
Zinc,” 191.

Kamienski, Erwin. Elected member, 23.

Keeble, Hubert William. Elected stu-
dent member, 285.

Kerr, Robert. Elected member, 23.

Kirsebom, Gustaf Newton. Elected
member, 286.

Lancaster, H. C. Elected Vico-Presi-
dent, 22; seconds voto of tlianks to
retiring President, 25.

Lewis, Philip Staeey. Elected member,

23.

Lodder, Leslie Arthur John. Elected
member, 285.

Louyot, Robert. Elected member, 23.

Mace, Cyril William. Elected student
member, 23.

McFarland, David Ford.
ber, 24.

MacGregor, tan Kinloch.
dent member, 285.

Mcintosh, Alexander Benjamin.
ted student member, 285.

Matignon, Camille. Elected member,
24; obituary notice, 317.

Mazzola, Mario. Elected member, 24.

Mehl, Robert Franklin. Elected mem-
ber, 24.

Meiklc, G. Diseussion on “ Transverse
Tests on Sand-Cast Aluminium Alloy
Bars,” 99.

Elected mem-
Elected stu-

Elcc-
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Melvin, (Sir) Martin J.
ber, 23.

Mitchinson, Robert.
24.

Moore, Harold. Elected President, 22;
moves adoption of report of Couneil,
19; Presidential Address, 29; reply
to vote of thanks for Presidential
address, 26; diseussion on “ Note
on tlie Influence of Gases in an S per
Cent. Coppcr-Aluminium Alloy on
Norma! and Inyerse Segregation,”

Elected mem-

Elected member,

109; diseussion on * Transverse
Tests on Sand-Cast Aluminium Alloy
Bars,” 100.

Morcorn, E. L. Elected Vicc-President,
22.

Morris, Roland William. Elected mem-
ber, 24.

Mukumoto, Wasaburow. Elected mem-
ber, 24.

Mundey, A. H. Seconds adoption of re-

port of Ilon. Treasurer, 22.

Murphy, A. J. Paper : « The Consti-
tution oi Copper-Iron-Silicon Alloys,”
250.

Nagao, Takeo. Elected member, 23.

Neave, Digby Perey Cornwall. Elec-
ted member, 23.

Nicosia, Beniamino.
23.

Elected member,
Orlando, Luigi. Obituary notice, 318.
Orlando, Salvatore. Elected member,

24,
Orr, Hazlett Francis.
member, 23.

Elected student

Payne, Ronald J. M.
John L.

Pearce,J. G. correspondence.on “Trans-
verse Tests on Sand-Cast Aluminium
Alloy Bars,” 101.

Pearson, C. E. Paper : “ The Viscous
Properties ol Extruded Eutectic Al-
loys of Lead-Tin and Bismuth-Tin,”

see Haugliton,

111.

Phillips, C.E., and Grogan,J. D. 1 aper:
“ Transverse Tests on Sand-Cast Alu-
minium Alloy Bars,” 89.

Portevin, Albert. correspotulence on
“ Minimum Dimensions of Test
Samples for Brinell and Diamond
Pyramid Hardness Tests,” 85.

Portevin, Albert, and Bastien, P. paper .
“ Castability o Ternary Alloys,” 45.

Priestman, Robert Thomas. Elected
member, 23.
Rao, Mannigay Umanath. Elected

member, 23.
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Readman, John Abercromby. Elected
student member, 28G.

Rice-Oxley, Francis Bowyer. Elected
member, 286.

Rideal, E. K. May Lecture : “ Gases
and Metal Surfaces,” 287.

Rigg, Gilbert. pPaper : “ The Diflusion

of Zinc and lron at Temperatures be-
low the Melting Point of Zinc,” 183.

Robinson, John Herbert. Elected stu-
dent member, 23.

Rosenhain, Walter. Mcssa.ge of sym-
pathy, 20; obituary noticc, 313.

Rouppe van der Voort, Paulus Nicolaas
Franciscus Maria. Elected member,
23.

Sallitt, William Baines.
dent member, 286.

Sanders, Alexander.
286.

Savage, Herbert. Elected member, 285.

Schirner, Karl. Elected member, 23.

Schneckenburger, Emil. Elected mem-
ber, 23.

Schneider, W.illiam George. Elected
member, 285.

Shao, Chia Chin. Elected member, 24.

SiS, Alfred. Elected member, 24.

Simpson, Joseph Gordon. Elected mem-
ber, 23.

Slater, Horace. Elected member, 24.

Slater, I. G. Paper : = Note on the
Influence of Gases in an 8 per Cent.
Copper-Aluminium Alloy on Normal
and Inverse Segregation,” 103.

Sloman, H. A. paper : “ Alloys of
Silver and Beryllium,” 161.

Smith, Cyril S. Discussion on ‘The
Constitution of Copper-lron-Silieon

Elected stu-

Elected member,

Alloys,” 251.
Smith/R. L. Discussion on “ Minimum
Dimensions of Test Samples for

Brinell and Diamond Pyramid Hard-
ness Tests,” 81.

Smith, S. W. Discussion on “ Noto on
the Influenco of Gases in an 8 per
Cent. Copper-Aluminium Alloy on
Normal ai«llnverseSegregation,” 108.

Smithells, C. J. Discussion on “ Alloys
of Silver and Beryllium,” 178.

Sopwith, D. G. see Gough, H. J.

Storke, Arthur Ditehfleld. Elected mem-
ber, 24.

Strauss, Kossy. Elected member, 24.

Stringer, Richard Alfred. Elected mem-

ber, 24.

Summerhill, Gordon Charles. Elected
member 23-

Sutton, H. Discussion on “ A Study of

the Influence of the Intercrystalline
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Boundary onFatigue Charaeteristics,”
222; discussion on “ Transverso Tests
on Sand-Cast Aluminium Alloy Bars,”
90.

Taylor, R. Paper : “ Transformations
in the Copper-Palladium Alloys,” 255.

Thomas, Ivor Henry. Elected student
member, 23.

Thomas, Ronald Charles William. Elec-
ted student member, 23.

Timms, William. Elected studentmem-

ber, 24.
Tolliday, Joseph Ernest. Elected mem-

ber, 23. . (
Turner, T. Moves adoption ofreport oi
Hon. Treasurer, 22; discussion on

“ Noto on tho Influenco of Gases in an
8 por Cent. Copper-Aluminium Alloy
o1t Normal and Inverse Segregation,”
100; discussion on “ The Viscous
Tropcrties of Extruded Eutectic
Alloys of Lead-Tin and Bismuth-
Tin,” 139. L

Turner, T.H. Discussionon “Minimum
Dimensions of Test Samples for Brinell
and Diamond Pyramid Hardness
Tests,” 82.

Van Hoesen. see Hoescn.

Vernon, W. H. J. Discussion on
“ Alloys of Silver and Beryllium,” 179.

Voce, E. Discussion on “ The Constitu-
tion of Copper-Iron-Silieon; Alloys,
251.

Von Zeerleder. Sec Zeerleder.

Vowles, Charles D. Elected member, 23.

Waddington, John. Elected student
member, 24.

Warrington, Harold George. Elected
member, 24.

Welsh, Wailliam Cameron. Elected
member, 286.

West, E. G. see Hanson, D.

W hitworth-Jones, Henry Lewis.
ted student member, 286.

Williams, Leslie Ballesat. Elected mem-
ber, 23.

Williams, Noel Igngce Bond. iuectea
student member, 23.

Wood, Ernest. Elected member, 2So.

Elec-

Yarrow, Colin Drake.
member, 23.

Elected student

Zacco, Henrik Yngve. Elooted member,

23.
v. Zeerleder, A. Discussion on
bility of Ternary Alloys,” 56.
Zwanzig, Walter. Elected member, 280.

Casta-
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