Fomi A. (Mtmbtrithip Application)

The INSTITUTE of METALS

36 Victoria Street, London, S.W .I.
Founded 1908. Incorporaled 1910.

To the Secretary,
The Institute of Metals.

Membor of the Institdte of Metals, agree that if elected 1 will be governed by
the Rcgulations and Bye-laws of the Instituto from time to time oxtant and
observe the obligations imposed on Members under the Articlcs of Association
of the Institute, and that | will advance the interests of tho Instituto so far as
may be in my power; and we, the undersigned, from our personal knowledge,

do hereby reoommend the Said........cccccoiiiiiiciiiciiieic s for election.
Name of applicant in FUl......oooiii s
AUGATESS. ...t
BUSINESS OF ProfeSSiON......ccoiiiiiiiiiiitc s
QUANTICALION ...ttt
Degreesand/or honorifio distinCtIONS. ...
Dated this.....ccoeviiieinicins day Of 19.......
Signatures
of tiirec
Members.

Tho Council, having approved the ahove recommendation,

deolare the applicant to be duty elected @S ... cencvccncre s To be fllled up
Membor of the Institute of M etals. by the

Council.
36 Victoria Street, Chairman.

W estiMinsteb, London, S.W .l.

Daled this......cccoieieiiriiece day of...ooeiice 19........
f Fon Qualifications of Members, see Rule G, otiier side.

(I would be a conuenience if the Candidale's Oard were senl with this form.)
52.



EXTRACTS FROM THE RULES

(MEMORANDUM AND ARTICLES OF ASSOOIATION.)

MEMBERS AND MEMBERSHIP

Rule 5.—Members of tbe Inatitute shall be Honorary Members, Fellows, Ordinaré( Members.
or Student Members. *
Rule 6.—Ordinary Members shall be of such age (not being less tlian twenty-one %_ears) as shall
blet dg}grmined from time to time by the Council and/or provided in tbe Bye-laws. bey sball be

(a) persons engaged in tbe manufacture, working, or use of non-ferrous metals and alloys:1
or

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

Student Members sball be admitted and retained as Student Members within such limits of age
17—2%3/?%'5] as shall be determined from time to time by tbe Council and/or provided in the Bxe-laws.
nd sball be eitber *

(a) Students of Metallurgy; or

(ib) pupils or assistants of persons 1uali.fled for ordinary membersbip, whetber sucbh persons
are actually members of tbe Institute or not.

Student Members shall not be eligible for election on tbe Council, nor. shall they be entitled to
vote at the meetings of the Institute, or to nominate candidates for ordinary membership.

il the foregoing two clauses, and as hereinafter provided, election to member-
sinp snall be by the Council, and all applications for membership shall be in writing in the form
[overleafj marked " A,” or such other form as may from time to time be authorized bv the Council.
'imdt_tsutcb application must be signed by the applicant and not less than three members of the

nstitute.
paic5\/Iembership shall not begin until the entrance fee and first annual subscription bave been
Rule 8.-~Application for membership as Ordinary or Student Members shall be submitted to
the Council for approral. The names of the approved applicants shall be placed on a list which
sball be eshibited in the library of the Institute for at least lifteen days immediately after the Council

Meeting at which such names were approyed. 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 membersas
may from time to time be prescribed by the Council.

Any objection to any candidate whose name is so exhibited or notified to members shall be
énsﬁdg_trg\dwrmng to the Secretary within twenty-one days of the date when the list shall first be so

iBited.

At a subseguent Council Meeting the applications for membersbip of persons whose names shall
xiave been so exhibited shall be furtber considered, and tbe Council may, in their absolutc discretion,
elect or rejectsuch applicants, and may refuse any aﬁplication although previously approred without
giving any reason for such refusal. Non-election shall not necessarily prejudice the candidate for
election concerned in any future application for election.

SUBSCBIPTIONS

Rulc 9.—Unless and until otherwise determined by the Council and/or provided in the Bye-lawa
tnc subscription of each Ordinary Member shall be £3 3. per annum, and of eacb Student Member
LI U. perannum. Ordinary Membersshall pay an Entrance Fee of £2 2s. each and Student Members
an Entrance Fee of £1 li. ach.

lluies and/or regulations may be made by the Council from time to time for the transference of
btudent Members from that status to that of Ordinary Members, including tbe fixing of an entrance
fee to be payahle on anﬁ/ such transfer of such a sum as the Council may from time to time nrescribe
and/or the waiver of any such. 1

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

Subscription8 shall be payable on election and subseguently inadvance on July Ist in each vear.
or otherwise as shall be determined from time to time by the Council and/or provided in the Byc-

DUTIES AND OBLIGATIONS OF MEMBERS

Rule 12.—Every member shall be bound :
(a) To further to the best of his ability and judgment the obiects, purposes, interests. and
influence of the Institute. '
(6) To observe the provisions of the Memorandum of Association of the Institute, tbe 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 membersbip to another, and such annual sub-
scriptions as sball 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 bis wilful act or default.

Rule 13.—Every member, in all his Professional relations, shall be guided by the highest prihciples
of honour, and upbold the dignity of bis profession and the reputation of the Institute.
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THE INSTITUTE OF METALS
MINUTES OF PROCEEDINGS.

SILYER JUBILEE AUTUMN MEETING.

The Twenty-Fifth (Sitlver Jubilee) Autumn Mebtdto of tlio Institute
of Metals was hcld in Birmingham from September 18 to 21, 1933.

Monday, September 18.

The meeting opened in the evening in the Medical Theatre of the
University, Edmund Street, Birmingham, the President of the Institute,
Sir Henry Fowler, K.B.E., LL.D., D.Sc., occupying tho Chair, when Mr.
W. R. Barclay, O.B.E., Vice-President, delivcred the Institute of Metals
Twelfth Atjtumn Lecture, On “ Twent.y-Five Years’ Progress in Metal-
lurgical Plant,” a fuli report of whieh is given on pp. 19-38.

On tlie motion of the President a hcarty yote of thanks was aceorded to
Mr. Barclay for his lecture.

Following the lecture, members adjourned to tho Queen’s Hotel for an
informal conversazione.

Tuesday, Septe-niber 19.
Officeal Welcome.

At the morning session held in the Examination Hall of the Central
Technical College, SufTolk Street, Birmingham, the Deputy Lord Mayor of
BirmiDgliam (Alderman J. B. Berman, J.P.) weleomed the members of tho
Institute to the City of Birmingham.

The President thanked tho Deputy Lord Mayor for the kind welcome
extended to the Institute on the oceasion of its return to Birmingham, in
which city tho original headguarters of the Institute were situated.

Welcome to Overseas Members.

The President Weleomed the various overseas members attending tho
meeting. As his name was mentioned, eaoh visitor rose from his seat and
was greeted with applause.

Messages of Greeting.

The Secretary (Mr. G. Shaw Scott, M.Sc.) read the following messages
of greeting received from the under-mentioned Societies and Institution :

“ On behalf of the Institute of Metals Dirision of tho American Institute
of Mining and Metallurgical Engineers, we extend to the Institute of Metals
the very best wishes, as well as my pcrsonal felicitations as Honorary
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Corresponding Membcr of tlio Institute, on the occasion of your Silyer Jubilee
Meeting in Birmingham. It has been my pleasure and my prmlegc to be
assoeiated with your Institute sifce its foundation 25 years ago, and | yoico
the hope of your American friends that the next 25 years will be as suceessful
as the first, and that your fiftieth anniversary will mark st-ill greatcr progress
towards the consummation of the objects for whieh the Institute was
organized.”—W. M. Corse.

“ To the Institute of Metals, on the occasion of its Silver Jubilee, we send
heartiesfc greetings and best wishes for the futuro.”—cr. Masing, President,
Deutsche Gesellschaft fur Metallkunde.

“In the name of the Stattliehen Materialpriifungsamt | send to you on
the occasion of the Silver Jubilee Meeting now being held in Birmingham, our
best wishes for a further period of successful activity.”—R. Otzen, President.

Minutes of Last Meeting.

The President moved, and it was agreed, that the minutes of the last
meeting, held in London on May 10, 1933, be taken as read.

Nomination of Officers for 1934-1935.

The Secretary read the following list of members nominated by the
Council to fili yaeancies as officers for the year 1934-1935 :

President.
Harold Mooee, C.B.E., D.Sc., Ph.D.

Vice-Presidents.

A. G. C. Gwyer, B.Sc.,, Ph.D.
Professor D. Hanson, D.Sc.
H. C. Lancaster.

E. L. Morcom, M.A.

Hcmorary Treasurcr.
John Fry.

Me.mhe.rs of Council.

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

H. H. A. Greer, J.P.

J. Li Hattghton, D.Sc.
Professor R. S. H tttton, D.Sc.,, M.A.

The President : | have to remind members that tliis list is that sub-
mitted by the Council and that, according to the rules, any ten members
may put forward other names, provided that these are communicated to the
Secretary before the conelusion of this meeting at 12.30 p.m. to-morrow.

E lection of Members and Student Member.

The Secretary announced that the following members and student
jtnember had been elected on July 13 and Septcmber 15, 1933 :
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Members Elected on Jur

Jones, Brinley, M.Mot. .
Lancaster, Roderick Locko Hutclleson
Pountney, Cyril Graham .

Scarfa, Professor Dr. Oscar
Tallmann, Addison Herbort, Jr.
Woyski, B runo

15

13, 1933.

Porivalo.

Woybridgo.

Calcutta, India.

Milan, Italy.

Hamilton, Ont., Canada.
Buffalo, N.Y., US.A.

Members Elected on Seftember 15 1933.

BonACEK, Karl Albin

Crasen, Androw Joseph, Dr.- Ing ARSM B.So.

Cottins, Albion Georgo

Cox, Charles Raymond

Diiavernas, Joseph .

Eddy, Professor Corbin Theodora EMet MS
Firth, Ambroso
Forcella, Dr.P ie tro
Frenkel, Gennady, Ph.D., M.A.
Fuijii, Engineer—Commander Yoshiro,
Galt, Carl . . .
Hummel, ProfessorJoseph

Jannin, Lueien Gustave
McPherson, Thomas

MITTON, Erie John .

Parrett, Henry Hilton, B. Eng
Saunders, Horaco

Schofield, Allan

Shaw, Leonard Isaac

1.J.N.

Stedman, Group-Captain Ernest Walter AR.C.Se.

SOTTON, Miss Lilian Mary, M .Sc.
W ebster, Frederick Philip

W otff, James Daniel

Wyatt, Reginald James

Halle-Trotha, Germany.
London.

Durban, South Africa.
Beaver Falls, Pa., U.S.A.
Paris, France.
Houghton, Mich., U.S.A.
Shofliold.

Romo, Italy.
Kingston-on-Thames.
London.

Northfleet.

Pribram, Czeehoslovakia.
Billancourt, France.
Tynemouth.
Birmingham.
Manchester.

Weston Turville.
London.

Birmingham.

Ottawa, Canada.

Leeds.

Wolverhampton.
London.

Wcmbloy.

Student Member Elected on September 15, 1933.

Erichsen, Per. FabritiuS.....coooviieviiveiecciieie

Hampton-in-Arden.

Fund in Connection Wwith Silver Jubilee.

The Prestdent : In tho abscnco of our Honorary Treasurer, it is a great
pleasure to me to bo able to announce to you that in connection with the
Silver Jubilee of tho Institute tho Original Members have united to present,
to the Institute the sum of £525, to be usod as a special fund for Institute
purposes. This very generous gift was received with much gratitude by the-
Council.

It has come to the knowledgo of tho Council that certain other members
and firma in tho industry, both in this country and abroad, would also like
to contribute to this fund. Tho Council would wclcomc such contributions,
and proposes to use this fund to promote the further progress of the Institute.
particularly in regard to its publieations. Such donations should be sent
to the Secretary of the Institute and an early response will be appreciated.

New Method of Publisiiino Advance CoriEs of Papers.

Dr. Richard Setigman, F.Inst.Met., Past-President: The President has
asked me to announce to you a change which is to be made forthwith with
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rcsrard to the publication of tlie Journal. It will be remembered that at tho
be” inning of tho present yoar tliere was sonie liveliness in tlie oorrespondence
cofumns, and suggestions were put forward for tho improvement of the
Journal and for the conduct of tho meetings. A strong committee was
appointed by tho Council to considor these gucstions, and | was asked to tako
charge of its deliberations. Tho wliole field has been mapped out very
carefully for detailed diseussion, and for tho past fivo montlis we havo
eonducted an intonso iiwestigation of the one guestion of tho method o
issuinw tho papers. Asaresult of these deliberations, it has been unammously
decided to abandon tho issue of tho advance eopies of papers, and to publis

them in future month by raonth in the (monthly)Journal of the Institute.

There aro two main reasons for this cliange of proeedure. One is to give
to authors earlicr publication of their papers; tho other is to give members
a longer time in whieh to consider the papers before they aro diseussed. A
further advantage of issuing thc papers as part of the monthly Journal is
that every member will automatically secure all thc papers. Hitherto onlj
those members who have made application for papers have reeeivcd tho
advance copies. Tho new sohemo will not affect the bouncl yolumes
Proceedings, wliich will bo issued as herotofore, and will contam tho papers,
the discussions, and oorrespondence on them as at present.

For tho new method of publishing papers to operat© smoothly, Itfliii bo
necessary for a steady flow of papers to be received by the Institute. Pr°sPc<"
tire authors are, therefore, rcguested to notify tho Lditor without dclay of
any papers that they may intend to present to the Institute. Papers for tho
March Meeting should be receivcd as soon as possible, m oider that thej may
bc refereed and, if accepted, published in the monthly Jounml.well m,advance
of tho Meeting. If thero is delay in subnutting papers thero will be no
opportunity for members to read them before tho meeting.

Communications.

The President eallcd on Dr. Walter Rosenhain, F.R.S., -Fellow and
Past-President, to deliver an address, prepared by mTitation of tlie Council,
on “ Some Stcps in Metallurgioal Progress, 1908-19dd.

Communications by the following authorsi were then presented an
diseussed: H. W. Brownsdon, M.ScPhD M Cook,JSc., Pgg., and
H J. Miller, M.Sc.; D. G. Jones, M.Sc., L. B. Pfcil, D.Sc., A.lIl.b.M., an
W. T. Griffiths, 3il.Se.; 0. F. Hudson, D.Sc., A.R.C.S. In eachcasoa ® rty
yote 6f thanks to the authors was proposcd by the Chairman and carned wit

a°CTholproceedings adjourned at 12.30 p.m. until 10 a.m. on the following
daj', Wcdnesday, September 20.

Aftemoon.

Members and their ladies were tho guests at lunchcon at the Grand Hotel
of the following bodies : Aluminium Hollow-Ware Association, Brass & Coppci
Tube® lon? Brazcd Brass Tube Association, Brass Wire Association,
Brassfounders’ Employers’ Association, Cold Rolled Brass & Copper Associa-
tion, Manufaetured Copper Association, and the Nickel Silver Association.

Mr'ltt? e SnsnASLtLtd

firms : Earlc, Bourne & Co., Ltd.; the Austm Motor Co., Ltd., the General
Electric Co., Ltd.; I.C.l. Metals, Ltd.; the London) Alumimum Co. Ltd.
The ladies, after tea at the Winter Garden Cafe, paid a visit to the
Studios.
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Evening.

In tho evening uiembcrs and tlieir ladies wero tlio guests of the Chancellor,
Council, and Sonato afc a Reception in the Great Hall of tho Uniyersity of
Birmingham, Edgbaston, where tliey were recoiyed by tho Pro-Chancellor
(Mr. Walter Barrow, LL.M.) and Mrs. Barrow.

Prior to the Reception there was a reunion of the Original Members of tho
Institute in a reconstruction of the first offioo of tho Institute in tlie Metal-
lurgical Museum. Professor T. Turner, M.Se., A.R.S.M., on behalf of the
Original Members, handed to tho Presidont a cliegue for £525 whieh had been
subsoribed as a speeial fund in connection with tlio Silver Jubilee of the
Institute.

Wednesday Seplember 20.

The meeting was resumed under tho Chairmamhip of the President, Sir
Henry Fowler, K.B.E., LL.D,, D.Sc.

Communications.

Communications by: N. P. Allen, M.Met.,; W. H. J. Vernon, D.Sc.,
Ph.D.; G. D. Bengough, D.Sc., M.A,, and L. Whitby, M.Sc.; W. E. Alkins,
M.Sc., and W. Cartwright, 0.B.E.,M.Sc.,were presented and discusscd. Papers
by tho following were taken as read and were not discussed : N. Ageew,
Met.Eng., and D. N. Shoykot, Chom.Eng.; H. J. Gough, M.B.E., D.Sc.,
Ph.D., 'F.R.S., and D. G. Sopwith, B.Sc.Tech.; W. Humo-Rothery, M.A,,
Ph.D.; B. Jofies, M.Met.; H. 0°Neill, M.Met., D.Sc., G. S. Parnkam, B.A.,
M.Sc., and J. E. B. Jackson, B.Sc.; D. Stoekdale, M.A., Ph.D. In each case
a heart.y vote of thanks to tho authors was proposcd by tho Chairman and
carried with acclamation.

.Concludino Business.

The President moved: That the best thanks of the members of tho
Institute of Metals in generat meeting assembled be accorded to :(—

(1) Tho Deputy Lord Mayor of Birmingham (Alderman J. B. Burman,
J.P.) for his welcome to the City;

(2) Tho Lord Mayor of Birmingham (Counoillor H. E. Goodby) for his
hospitality;

(3) The Chancellor, Council, and Senate of tho University for permitting
tho use of halls and rooms of tlio University and for their hospitality;

(4) The Birmingham Education Committee and the Principal of the
Munieipal Technical College, for permitting the use of their Examination
Hall and Committee Rooms, and for many facilitios;

(5) The firms in Birmingham and district who have granted permission
for members to visit their works, and for their hospitality;

(6) The Non-Ferrcms Metal Trades Associations, for their hospitality;

(7) The firms and individuals who have entertained the ladies, and for
their hospitality;

(8) The Chairman (Mr. H. O. Smith) and members of the Local Reception
Committee; tho Chairman (Mr. G. W. Mullins) and members of the Executive
Committee; and the Local Secretary (Mr. Graham Sauiers), to wiiom the
Institute is indebted for the well-considered and very successful plans for this
most memorable twenty-flftn anniversary gathering.

The resolution was seconded by Dr. H. Moore, C.B.E. (President
Designate), and was carried with acclamation. The business meeting then
terminated.

POLITECHNIK!
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Aftemoon.

In the afternoon members visited by invitation tlio worka of the following
firms: W. & T. Avery, Ltd.; Joseph Lucas, Ltd.; Henry Wiggin & Co.,
Ltd.; the Birmingham Aluminium Co., Ltd. The ladies proccedcd by motor
coach to Wootton Wawen, whero they were receiyed at tea at Austey Manor
by Mr. W. H. Williams, and jtfrs. Williams.

In the eyening members and their ladies were the guests of tlio Lord Mayor
and Lady Mayoress (Couneillor and Mrs. H. E. Goodby) at a Civie Reccption
held at the Council House.

Thursday, Scpteviber 21.

Members and their ladies took part in a wholc-day motor-coach excursion
to the Cotswolds, visiting Stratford-on-Avon, where thoy inspeoted tlio new
Memoriat Theatre, Broadway, Bourton-on-the-Water, and various other
Cotswold yillagos, returning yia Winchcombe and Eyesham.
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AUTUMN LECTUEE, 1933

TWENTY-FIVE YEARS’ PROGRESS IN
METALLTJRGICAL PLANT*

TWELFTII AUTUMN LECTURE TO THE INSTITUTE OF
METALS, DELIYERED SEPTEMBER 18, 1933

By W. R. BARCLAY,f O.B.E., Yiob-Pkesidekt.

Synopsis.

Dovelopments in metallurgical plant and eguipment over tho last
quarter of a contury are reviewod undor four headings:

(a) Dovelopments in melting and casting eguipment;

(6) Rolling-mill maohinery;

E% Bod- and wire-drawing plant;

Ausiliary eguipment—annoaling furnaces and generat.

Tho outstanding features of those development3 are the introduction
and widospread adoption of oleetrie melting; the use of water-cooled
moulds, and tho I>urvillo system in casting; improvements in rolling
methods and maohinery—particularly individually-driven “ precision ”

mills of “two-high,” *“threo-high,” “ four-high,” and moro complos
types; the wider application of hot-rolling and of “ mirror ” finish rolls
in finat cold-rolling operations. Illustrations of the various stages of

progress in mili construction are included, and attention is directed to
tho main features of modem rolling-mill design and also to dovelopments
now under consideration.

Improvements in annoaling eguipment are doscribed and modern
furnaces are compared with tho older types in common use in the earlier
years of the period. Referenee is mado to extrusion processes and their
inereased application to products other than rods and profiles.

All sections of tho industry sharo in greater or fesser degree the
generat improvoments in methods and machinory.

Introductory.

I THINK that it will be agreed by all who have known the non-ferrous
metal industries for the past thirty or forty years, as some of you have,
that probably no previous period in their history lias been more prolific
of the development of maehinery and eguipment than the last twenty-
five years. My own recollection goes back to about 1893, when I first
entered a works making and using German silver (nickel-copper-zinc
* The title is perhaps too wide. Tho scopo of the lecture being limited to those
industries in which tho Institute is chiefly interested, the subjoct of mining,
smelting, and refining plant is necessarily excluded, as also is plant peculiar to tho

ferrous industries.—W. R, B.
t Consulting Metallurgist, The Mond Nickel Co., Ltd., London,
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alloys). At that time, and for sonie considerablc time afterwards, any
now plant erected, wliether for casting, rolling, drawing, annealing, or
other section of manufacturing production, was designed on strictly
conventional lines. Only types of plant already well tried and tested
were considered suitable for installation in new works or in extensions,
and it is really surprising, when ono looks baclr, liow universally the
older designs were followed in spito of advances then being made in
macliinc construction in otlier industries. This conservatism was
particularly noticeable in rolling and drawing practice. There were
here and tliere a few notable exceptions—for example, | remember tliat
one firm had the audacity (as it was then considered), about the year
1908, to go over to Germany for new and improved types of cold-rolling
mills, but such firms were few indeed, and their example was rarely
followed. It is an exceedingly interesting, and possibly a significant,
fact that a change of outlook, at first slow and almost imperceptible
but none the less real, eoincided almost exactly with the founding and
growth of the Institute of Metals. | do not desire to make exaggerated
claims for the worth of the Institute—its prestige and status cali for
no such justification—and.l will not say that the Institute has been
directly responsible for this indubitable change of outlook, but I do
say that it has not been without influence in this evolution, both directly
and indirectly. While it is true that the pages of its Journal have only
rarely contained descriptions of new plant or new developments in
metallurgical equipment,* it has yet accomplished much to arouso
interest and to inspire inguiry by its many-sided actmties; for it
should be borne in mind that the Institute does much more than
publish technical and scientific papers: it brings together men of
kindred interests in informal and close contact. Its scientific members
rub shoulders with its technological members; these in tum meet
others whose interests are more purely commereial and finaneial—and
a closer relationship among all has been established. These contacts
in the course of the past twenty-five years have engendered a wider,
more scientific, and at the same time more practical outlook on the part
of tliose connected with all sections of the non-ferrous metals industry.

In addition to these opportunities for internal contact, the inception
and growth of the Institute have resulted in provision of fuller oppor-
tunities for establishing contacts with other countries and gaining

* See, however, W. H. A. Robertson, ./. Insi. Metals, 1909, 1, 268-285.
Various Authors, ibid., 1917, 17, 149-301. R. Gonders, ibid., 1924, 32, 313-323.
1). F. Campboll (and discussion), ibid., 1927, 37, 287-327. D. F. Campbell (and
discussion), ibid., 1929, 41, 37-G4. M. Tama (and discussion), ibid., 1929, 42,
103-118. G. L. Eailey (and discussion), ibid., 1932, 49, 203-235. Barclay, Russell,
and Williamson, ibid., 1932, 49, 391-409.
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knowledge of practice and development abroad. Particularly is tliis
true of those centres in America and Central Europe where tlie non-
ferrous metal Industries are specially aetive and progressive.

It was, | believe, some sucli tkopghts and ideas as these that
prompted the Council of the Institute to invite me to address you
to-night on the subject of modern plant development in the industries
we represent.

It is obviously a wide field that we have to cover, and one that it
is impossible to discuss with any degree of adequacy. It is also a field
which suggests the advisability of a symposium from many contributors
rather tlian a lecture by any one individual, whose experience must of
necessity be limited. | hope, howeyer, to set out in reasonable per-
speetive the main features of metallurgical plant development during
the period under reréw, and | shall endeavour to keep particularly in
mind those sections of the industry in which the majority of my hearers
are interested.

For convenience | propose to divide this survey into the following
sections:

1. Developments in melting and casting equipment;

2. Rolling-mill machinery;

3. Rod- and wire-drawing plant;

4. Atraliary equipment; annealing furnaces and generat.

I,—X)evelopments in Melting and Casting Equipment.

In this category | include the production of ingots, which is the
basis of metallurgical manufactures. As a convenient starting point
for a review of this section, we may recall for a moment the type of
casting eguipmcnt in common use in the early years of the present
century. The great majority of the non-ferrous manufacturing works
in this Country were equipped only with crucible furnaces of tlie pit
type—for the most part coke-fired. A limited use was made of oil or
gas fuel for metals and alloys of high melting points, such as nickel and
its richer alloys, but the furnaces used even for this type of product
were essentially of the conventional crucible type. The main develop-
ment prior to the period now being considered was the provision of
forced draught and mechanical tilting. So far at least as non-ferrous
metals are concerned, electric furnaces were non-existent. The idea,
howeyer, was “in the air,Bfor, during the first decade of this century,
the ferrous industries of Europe had begun experimental production of
steel from such furnaces as the Heroult and the Kjellin, and the possible
application of these methods in non-ferrous melting praictice was the
subject of much discussion.
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At that period tlie only furnaces which, to the works’ metallurgist,
held out any substantial promise of successful operation were the
Heroult and the Kjellin types. The former is an arc furnace, the latter
an induction furnace, and the advent of botli tliese types coincided
mwith the beginning of the present century. | bclieve that the earliest
industrial Kjellin furnaces for steel melting were installed in Germany
in the year 1900, and most probably at about the same time in Sweden.
It is not surprising, however, that at this period we -were decidedly
reluctant to experiment on a works’ scale either -with the arc or the
induction furnace, and the proposals for electric melting of non-ferrous
metals most favoured at that time were those embodying the “ resis-
tance ” principle. To make use of the ordinary crucible and surround
it by graphite or other refractory resistance elements electrically heated
was a natural suggestion arising ont of conventional practice. Inves-
tigation of the possibilities of tliis type of furnace, liowever, guickly
revealed not only the practical difficnlties, but also the serious problem
of securing anything like economic operating costs. Apart, therefore,
from spasmodic experiments in individual works and laboratories, little
or nothing was done in this country until soon after the outbreak of
the War, 1914-1918. By this time further esperience liad been gained
in the working of both the “ arc ” and the “ induction ” electric furnace
in steel melting, and in America matters had so far progressed that the
utilization of such furnaces for the melting of brass and other copper
alloys had definitely entered the field of practical possibilities.

A detailed description of the various types of furnaces introduced
during this earlier period of our review is not possible within the limits
of our time. For our purpose it is sufficient to point out that it was
really the advent of the Ajax-\Vyatt low-frequeucy induction furnace
which made the electric melting of brass and copper alloys generally a
commercial suceess and led to the adoption of electric melting on a wide
scale.

In the meantime, however, I must mention one landmark of
importance, namely, that- in 1917 the late Mr. Kent Smith * and |
conceived the idea of utilizing the electric arc furnace for the melting
of copper-nickel alloys for war purposes. Our decision was influenced
rather strongly by the possibility of effecting some degree of refining
during melting operations, an achievement which had been successfully
demonstrated in steel practice. Our earlier esperiments were carried
out in the “ bottom electrode ” type of arc furnace—a design of furnace
introduced by Greaves and Etchell and theu beginning to be adopted

*

Whose untimely death in Detroit was nolified as these sentences were
penned.
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in English steel works-but for a number of reasons we considered that
for our purpose the Heroult “ top electrode ” design would be more
satisfactory, and with the approyal of the Mimstry of Mumtions, a
H roult furnace with a capacity of 1200-1500 Ib. was ereeted in a
forrugated-iron shed at Sheffield (Kg- 1, Plate I). The meident »
worth recalling, sifice this was the first eleetnc furnace, so far as I am
aware ever used for the melting of non-ferrous mokel alloys. _

As is not unusual in new ventures, we passed through penods of
grave anxkty and had to face many difficulties. It is, however, satis®
factory to note that to-day this tn>e of eleetnc furnaee is *ndard
nractice throughout the world for the melting of mckel and its ncher
alloys, although recently the position of the arc furnace has
somewhat challenged by the “ high-frequency furnace

During the last ten years progress has ... exceedmgly rap
the non-ferrous industries both the arc type and the induction type
electric*furnace may be said to be definitely established. The resistance
type of furnace has also been developed with considerable successn
the meltincr Of aluminium and aluminium-rich alloys. For copper an
its chief alfoys, induction furnaces of the Ajax-Wyatt and Buss design
" L favonred (Fig. 2, PM. U) For” 3 u*:
metals, such as nickel and its alloys, the arc furnace of the Heroult type
is most popular. The latter type of furnace design has been appre-
ciably varied by difierent makers both in Europe and America but
essential principle all such furnaces depend on radiation heating vy

een

AFram ‘1 technical point of view, the most interesting adlnce of
the latter part of our period is the introductionandde”~opm ~"e
“ hieh-frequency ” induction furnace, due m the mam to Northrup
in the S e d States. This furnaee (Fig. 3, Plate IIl) is a modern
development, made possible only by advances m the Sdence of electoa
endneerin”, and as a melting proposition, at least m theory, pre
extremcly °attractive features to the metallurgist, smce it proYides the
possibility of melting under conditions ideally smtable for tbecxclus o
of extraneous impurities. 1t must be admitted, however, that the high-
L tZ y furnace is more suitable for high- than for low-temperature
alloys, and conse”uently its adoption in the non-ferrous

has been somewhat slow. By far the great majonty of these high
freouency furnaces have been ereeted in steel works for the melting of
allov steels and in the steel trade during the last few years a number
T iT elSLtiSns have eommenced produetion in America, m
England, and on the Continent of Europe. The high-freguency furnace
as at present designed is unfortunately a somewhat costly proposition
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in Capital expenditure, and it cannot be claimed that it is appreciably
moro economical in power consumption than tlie arc furnace. These
facts have undoubtedly retarded its progress in the non-ferrous indus-
tries. Up to the present time its main use in this field lies in the
production of higli-purity nickel-containing alloys.

An important factor in the working of both high- and low-freguency
induction furnaces is, of course, the furnace lining or Container in which
the metal is melted, and it is worth while mentioning here that electric
furnace development has led to considerable improvements in the
composition and use of refractory materials, and these improvements
liave in turn eSected appreciable economies in furnace operating costs.

Before leaving the subject of mctal-meltang eguipment, perhaps |
may be allowed for a moment to deal with a guestion which | have
been repeatedly asked during the last few years—namely, how does
the cost of electric melting in this country compare with that of coke-,
gas-, or oil-fired crucible praetice so far as non-ferrous metals are
concerned ? The difficulty in replying to this guestion is one relating
largely to the seale of production. It is unguestionable that with
furnace linings of modern composition and construction, and electric
energy at anything like a reasonable price, electric melting is decidedly
more economical than coke-fired crucible melting, if the guantity dcalt
with is sufficient to keep an electric installation reasonably fully
employed. For production on a smali scalg, and particularly where
a large number of individual and special alloys is made, the coke-fired
crucible furnace still holds its own in this country. In countries where
coke is more expensive these remarks apply to gas- or oil-fired furnaces.
In this comparison | have purposely omitted consideration of the
guestion of guality, but it should be remarked that the manufacture of
crucibles, as well as the design and construction of the furnaces them-
selves, have been so greatly improved during the last ten or fifteen years
that many of the disadvantages of crucible furnaces from the point
of view of the metallurgical guality of the product have disappeared.

Moidds.

The production of liguid metal, from whatever form of furnace, is, of
course, only one stage in the production of ingots. A furtlier radical
factor in casting eguipment is the ingot mould. In this type of eguip-
ment again considerable developments have been witnessed, the most
important of which is undoubtedly the advent of the water-cooled
mould. This development, like many others in modern metallurgical
practice, was under discussion long before it beeame a practical propo-
sition. The chief credit for its industrial evolution must be given to
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Otto Junker * and Eriehsen both operating in Germany.f The designs
adopted by both makers are based essentially upon the nse of a mould
lining of copper or some other suitable alloy, surrounded by a steel
jacket through which provision is made for a continuous flow of water,
hot or cold. The lining of the Junker mould (Fig. 4, Plate Ill) has
always been of copper. Erichsen, on the other hand, developed the
idea of using a nickel-iron alloy of the Invar type, and claims thereby
eertain improvements in results in solidity of ingot casting.

The advantages and disadvantagcs of the two types of mould are
somewhat controversial and need not be considered herc. What must
be said is that the advent of the water-cooled mould marks a decisive
stage of progress towards the industrial production of sounder ingots.
Amongst the advantages of the water-cooled mould is the possibility
of obtaining uniform temperatures throughout practically the wiliole
period of solidification. In the older type of mould, which was usually
a cast box of hematite iron, rectangular, sguare, or round, it was almost
impossible to obtain any degree of uniformity in the relation between
the pouring temperature of the metal and the temperature of the
mould into which it was being poured. It is obvious that the
relationship between the two is important in securing uniformity of cast
structure, and the water-cooled mould certainly relieves the operating
metallurgist of considerable ansiety. It must, liowever, be pointed out
emphatically that the use of such a mould does not remove the need
for strict attention to the other factors essential to the production of
sound ingots, particularly the “ feeding of pipe.”

Apart from the possibility of obtaining more accuTate temperature
control, the principal advantage secured by the water-cooled mould is
economy in casting costs; this is without doubt very considerable. In
the use of the older type of cast ingot mould, the wastage, particularly
where fairly high temperature alloys were being produced, was estremely
serious, and was no smali factor in the cost of ingot production. Some
very remarkable results illustrating tliis point were obtained in the
earlier days of experimental work with such moulds when | was engaged
in their development for the casting of nickel-brasses. With the older
type of mould it was no uncommon thing for a set of moulds to deteriorate
after three weeks’ work so seriously as to necessitate either removal
from service altogether or complete reconditioning. In contrast to
this, one of the earliest water-cooled moulds that | installed was in

*

O. Junior, ““ Wassergektihlto Kokiilon {Water-Cooled Moulds), 7. Metall-
kundc, 192G, 18, 312-314. Anon., “ Water-Cooled Moulds in Brass Foundries,
Met. Ind. (Land.), 1927, 31, 465-1CG. O. Junkor, “ The Casting of German Silver
in Water-Cooled Chill Moulds,” Met. Ind. (Lond.), 1930, 37, 103-104.

f “ Chill Mould for Casting Non-Ferrous Metals.” British Patent .299,850.
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continuous service for more tlian eighteen months, and even at the end
of this period the surface of the inner lining was in a much better
condition than the best of our cast-iron moulds.

The modern casting shop, with its eguipment of electric furnaees
and water-cooled moulds (see Fig. 2, Plate II), is the most remarkable
deyelopment of the period we are discussing; the adoption of such
equipment lias not merely raised the whole standard of casting practice,
at the same time effccting considerable economies and making possible
an increase in unit production, but has led to many minor advances in
metallurgical practice. It is no smali item in works’ economies, for
example, to bo able to increase the unit melt of brass from guantities
of the order of a maximum of 250 or 300 Ib. to units of the order of
1000-2000 Ib., and it is decidedly better metallurgical practice.

The introduction of the water-cooled mould is, however, by no means
the only improYoment in ingot casting practice which the last quarter
of a century has witnessed, and, although only brief reference can be
made, | must not omit mention of such improvements as the intro-
duction of the Durville system of casting. This is the outcome of a
study of the technological factors involved in the pouring of molten
metal into ingot moulds. As you are aware, the Durville principle is
that of rotating the mould and the molten metal Container about a
common horizontal axis during the operation of pouring metal into
the mould, thus producing cast ingots with only the minimum of
disturbance in the liquid metal immediately before and during solidifica-
tion. There can be no doubt that this type of mould and the improve-
ments in casting technique thus developed by the work of Genders and
his colleagues at Woolwich, under the auspices of the British Non-Ferrous
Metals Research Association, have made possible the casting, on an
industrial scale, of several metals and alloys which would otherwise
present almost insurmountable difficulties.

A broad review of the subject of casting practice, indeed, reveals
the fact that the developments of the last twenty-five years as com-
pared with any previous period have been literally revolutionary.
Their importance lies not merely in engineering design and construction,
but in their metallurgical advantages. A scientific metallurgist finds
in the tools now at his disposal in this field far greater possibihties of
reaching high standards of quality than were imagined twenty-fiye
years ago.

Il.—Rolling-Mill Hachinery.

The development of rolling-mill machinery, whilst perliaps not so
fundamental in nature as that which has occurred in casting ecpipment-,
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has nevertheless been important and perhaps even moro impressive,
particularly in the production of sheet and strip metal. Twenty-five
years ago the generat eguipment of practically all non-ferrous rollmg-
mills in this country consisted of what are termed tram ro s, i.e.,
a series of two-higli mills of yarious sizes driven by one prime mover
(steam or electric) and linked up either in series or parallel by reduction
gearing. In many cases an entire mili cguipment of fifteen to twenty
pairs of rolls was driven from one prime mover by the aid of a large and
heavy flywheel (see Kgs. 5, 6, and 7, Plates IV-VI). Several such
mills driven by the old “ Watt type ” of beam engme still remam m
this country. , .

It must be admitted that these mills were usually run at a low cost
per unit of power in the prime movcr, but their disadvantagcs increased
seriously as demands became more diverse and erratic, as m the case
of modern industry. It is, of course, practically impossible to run one
mili without running all, and often one or two mills may be employed
at fuli capacity, sifice the product reguired is the size and gauge or
which they are designed, whilst others in the same tram are either
idle or only partly occupied. It is this primary disadvantage, m
conjunction with other minor incidental drawbacks, which has led to
the most spectacular (if not the most important) development of the

P Since 1908, and particularly sifce the outbreak of the Wai, tram
mills ” have repeatedly given place to mills “ mdividually dnyen by
electric power. The chief advantage of such individually dnven mills
is that if a considerable quantity of sheet or strip metal of simi ar
widths and gauges is in demand, such mills can be run mdependently
and continuously without regard to other mills or subsidiary plant, the
product of which may temporarily not be reguired. The development
of the individually driven mili has led, however, to other changes which,
whilst not so obvious to the casual observer, alCyet Yitally important
in regard to both cost and guality of production. It is, mdced, not too
much to say that the advent of the individuaUy driven mili has led to
a revolution in rolling-mill design.

The non-ferrous rolling-mill of a generation ago consisted of rolls
and housings and wobblers and ; i» s n s 2 1m o s« literally thrown together,
with little regard either to precision in construction or economy in
power consumption. A modern individually driven miH whether of
the two-high, or the more complex, type is, on the other hand a fre-
tision machine, designed and built with all the shll and attention to
detail reguired in a kigk-grade machine tool (note, e.g., Ings. 18
Plates XV11-XX). As a conseguence, the rolling process has become
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much more scientific, the porcentage of reduction during passes is
more uniform and regular (with obyious advantages to uniformity in
cold-working), and gauging is more accurate, both in cross-seetion and
longitudinally.

| must, however, here interpose a tributo to tlio really ostraordinary sldll of
tho workmen of a generation ago in tlio manipulation of tlio oldor typo of mili.
| have often expressed admiration for tlio way in which esperionced rollora
succeeded in producing, from mills that had not tho slightest olaim to “ preoision,”
shoet and strip of quite remarkable uniformity of gauge. Much moro labour and
cortainly much greater skill were involved in such offort than in tho modern mili,
and with all this skill, it was very difficult for tho scientific motallurgist to exoreiso
any supervision over such factors as the uniformity of cold-working atid the degree
of cold-working effects. There can be no possiblo doubt that tho advont of tho
“ precision ” cold-rolling mili has marked a definito advanco both mctallurgically

and from the economic point of yiew in the production of non-ferrous Bhcot and
strip metal.

A specially important feature of the modern precision cold-rolling
mili is the adoption of hardened nickel-chromium steel rolls with water-
cooling devices. Such rolls have a scleroscope hardness of from 95 to
100, and possess remarkably good surfaces. Their outstanding advan-
tages to the metal roller are:

(@ The improyed surface obtainable on cold-rolled sheet or
strip metal;

(b) The retention of uniformity of camber and greatly reduced
liability to distortion during heavy service.

Both of these factors are particularly important in finishing operations.

During the last few years considerable publicity has been given to
the more complex individually driven mills of the four-higli and six-high
(cluster) type. Such mills should certainly find an important place in
any ieview of rolling development in our industry. In some respects
they represent a further improvement even on the precision two-high
mili, particularly when, for any reason, metallurgical or economic,
appreciable percentage teductions per pass are required. Fortunately,
tlie four-high mili was not introduced into the non-ferrous industry
until the two-high mili itself had been vastly improved both in design
and construction. The refinements that had already found a place in
individually driven two-high mills undoubtedly gave the four-high and
cluster mills an opportunity to demonstrate their possibilities, which
would have been impossible without the previous experience of precision
construction.

This is neither the place nor the time at which to enter into a detailed
discussion of the comparative values of the two-high, three-high, four-
high, or six-high rolling-mill, but as | was personally responsible for
the introduction ofthe four-high rolling mili into the non-ferrous industry
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in tlins country, | trust that | may be aUowed to say that because the
four-high or six-high mili possesses certain gualities, it does not neces-
sarily follow that in the development of rolling-mill eguipment and m
the replacement of obsolete plant these latter mills shoidd always be
substituted for tho older two-high type. The answer to the guestion
as to whether the installation of four-high or six-high mills is advisable
depends entirely on conditions, and on more than ono occasion | have
in certain circumstances advised the erection of a two-high rather than
a four-high mili.

The more complex mili, with its baclcing-up rolls and rollcr-beanng
eguipment, is undoubtedly economical in power, and with properly
eambered working rolls is exceedingly accurate in product, capable of
gmng big reduetions with uniformity of gauge, but its advantages
cannot be either demonstrated or experienced unless the type of*output
reguired is suitable. These complex mills are essentially — mass
production ” machines, rcguiring guantity and standardization of
product in order to realize their fuli possibilities. The industry as a
whole is, unfortunately, not yet “ standardized,” and in meeting the
varied dcmands which come to the manufacturer of rolled-metal products
in non-ferrous metals to-day it is often more economic to continue to
use the two-high mills rather than incur the incrcased Capital cost of
the four-high or cluster mili. At the same time, | hotd strongly that
the introduction of these latter mills is a further definitc step forward
in rolling-mill design, and it will, 1 believe, pave the way in the future
to still greater improvements.

Amongst other incidental factors, these mills have brought before
us the advantages of roller bearings, and have also made an important
contribution to progress by revealing the possibilities of the smaller
working roli. Their design has been appreciably improved during the
last year or two by the addition of suitable appliances for feeding strip
and sheet into the working rolls, the need for which is obvious when
the smali rolls of these four-high or six-high mills are recessed somewhat,
as they must be from tho face of the housings and backing-up rolls.
At their first introduction it was a matter of some appreciable difficulty
to feed such mills, particularly when in the earlier stages sheet or strip
of a thickness of the order of O-1 in. to 02 in. was being rolled in
preparation for finishing. Tho provision of pneumatic feeding devices
has materially improved the mills in this respect. (See Ifigs. 24 and
26, Plates X X1l and XXV.)

A further development of cold-rolling mills is the Steckel mili,*
which, although not as yet at all widely adopted in the non-ferrous

* British Patent No. 292,494, January, 1928.
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industries, deserves at least a brief mention. This mili is a distinct
departure from conventional rolling-mill design, both from engineer-
ing and metallurgical points of view. The metallurgist regards cold-
rolling as a process of oold-worlcing, and is therefore able to appreciate
the essential diSerence between the lyjie of cold-working effected by the
ordinary rolling-mill operations and the lype effected by * drawing ™
such as is carried out in the production of rods, wire, and tubes, in which
the crystal grains of metal are drawn one over the other and elongated
more or less uniformly, instead of being compressed in one direction
only. The fundamental principle of the Steckel mili is the subjecting
of strip or shcet metal to tho latter type of cold-working rather than
to the former. The strip to be cold-rolled is passed tlirough smali
working rolls which have an action corresponding rather to that of dies
through which metal is drawn than to that of rolls subjected to pressure.
The metal is fed into these working rolls from drums which are elec-
trically driven and capable of rapid reversal. The working rolls of the
Steckel mili are exceptionally smali (2 in. to 2-5 in. in diameter), and
have consequently to be supported by backing-up rolls. The drive is
almost entirely by tension on the strip itself, and the smali rolls thus
constitute in effect a frictionless rotary die. It is claimed for this mili
that by its use considerably greater percentage reduetions can be
obtained without intermediate annealing than by any other method,
and those of you who are aware of the greater percentage reduetions
usually obtainable in the operations of “ drawing ” as compared with
those of “ rolling,” will appreciate the possibility of such a result.

Theoretically, | regard the Steckel mili as being essentially sound
from a metallurgical point of view, but here again it is vital that the
class of product manufactured should be suitable. The Steckel mili,
like the four-high mili, is virtually a mass-production maching, and can
be successfully operated only when strip is being produced in quantity
in very long lengths. Its most generat adoption so far appears to have
been in steel mills, particularly in America, where large guantities of
standard widths and gauges are required in normal conditions of trade.

In the preceding paragraphs | have dealt exclusively with cold-
rolling. | must now turn briefly to the subject of hot-rolling, which up
to a few years ago was not considered to be a very important factor in
the production of non-ferrous metals.

During recent years the importance of liot-rolhng has been more
widely appreciated, and it is being more and more generally adopted as
the result of our inereased knowledge of the possibilities of hot-working
in the production of a large proportion of industrial non-ferrous alloys.
Not many years ago it was considered that very few such alloys could
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be liot-rolled, 60: 40 brass being an outstanding exception. To-day
in modern plants even alloys of the nickel-brass type may be, and are

KCLIn the earlier part of the period under review, very little change
occurred in the mills put down for hot-working non-ferrous metals
They were almost invariably two-high mills of the purely conventional
type. Since the War, however, a change of a land not dissumlar to
that which has occurred in cold-rolling plant has occurred also m hot-
rolling mills, and practically every hot-rolimg mdl put down sifice the
period at the end of the War has been of the indmdually dnyen type
with a number of detailed improvements which have raised the standar
of efficiency and accuracy. N

The majority of the mids recently erected for the hot-rolling of non
ferrous metals are probably of the three-high type, but several important
modern installations, particularly for the hot-rolhng of copper and
brass, consist of two-high mills, although these depart m many ways
from the oldcr designs. _ (t ”

A three-high mili eguipment of the Umversa ' and Lauth
types recently erected in this country for the hot-rolimg ofmckel an
its alloys has been described fully in the Journal of this Institute an
on the Continent of Europe three-high mills havc also been adopted
in most cases for these high-temperature alloys.

Some interesting installations of three-high mdls have recently been
erected both in Europe and America for .nim » iun and its alloys.

The accompanying illustrations, Eigs. 8 (Plate VII) to 28 (Plate
XXVII1), have been chosen in OTder to exemplify the vanous stages o
progress in rolling-mdl design f for both hot and cold operations. | wish
particularly to direct attcntion to the factors makmg for greatei pre-
cision, e.g., the development of machine-cut helical gears;_ the greater
width of pinions and their improved mechanical design, with provision
for more efficient lubrication; the mechanizing of screw-down gear,
with the adoption of fine adjustments; and the remarkable improve-
ment in coupling spindles. Not the least of the recent adyances in
detail of construction of the modern rolling-mill is the provision o
automatic lubrication, which effects considerable economies m power
consumption while at the same time lengthening the life of wearmg parts.

Before leaving the subject of rolling-mills, I must make bnef re er-

ence to the latest of all developments in this field. | refer to what is

* W. R. Barclay, G. A. V. Russell, and H. WiUiamson, J. Inst. Metals, 1932,
49’fFor°a technical dissortation on tho ovolution of the m o * r°Um|

see Johann Puppc, “ Entwicklung der Walzenstrassen,» Stahl u. Euen, 1933, 53,
265-270, 300-305.
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known as the Hazelett rolling process, on which considerable experi-
mental work is now being carried out in the United States of America.
While this cannot be regarded as a development brought to completion
within the period under review, | feel justified in referring to it, sifce
the esperiniental work which has led up to it certainly belongs to this
period. It must, 1 am sure, have occurred often to observers of the
processes of casting and hot-rolling that considerable loss of heat energy,
as well as dolay in processing, occurs in the cooling down of ingots and
their re-heating for rolling purposes. The Hazelett process seeks to
remedy this. Instead of using the normal ingot mould, molten metal
is poured between water-cooled rollers in such a way that immediately
the metal begins to solidify the rollers can be set into operation and
the process of reduction to sheet be begun almost instantaneously.
Fuli details of the Hazelett eguipment are not available for publication,
and the process is still in an experimental stage. The results of this
cxperimental work so far reported are said, however, to be highly
encouraging, and it is at least possible that this process will become an
important factor in the future development of the hot-rolling of metals.
Experiments are being carried out not only with metals of lower melting
point such as copper alloys and the brasses, but also with those of
higher melting points, including the rich nickel-containing alloys. The
fundamenta! idea of tlie Hazelett process is extremely attractive, since
the possibility of economy is obvious. Apart, however, from this factor,
the claim is made, probably with considerable justification, that the
process is capable of producing sounder materiat, sifce pressure is
applied at the very earliest stages of solidification of the metal, with
resultant elimination of blow-holes and defects due to pipe and inade-
quate feeding.

Ill.—Rod- and W ire-Drawing Plant.

In this field new developments of machinery have scarcely been so
far-reaching as in the other fields already surveyed. Cold-drawing
benches for rods and tubes remain to-day much as they were twenty-
five years ago, except for modification in engineering details such as
direct electrically-driven worm-gearing. The improvements in rod and
tube production during the period have been by no means negligible,
but such improYements have resulted from factors other than the
process of cold-drawing. The improvements arise mainly from the
increased use now being made of extrusion processes.

In wire-drawing machinery, however, developments have been very
considerable, and are in some degree comparable with those in cold-
rolling, particularly in regard to the greater precision and efficiency of
modem machines. The production of rod and wire involves, of course,



Prate 1.

1 In the Backffround First Heroult Farnace Used for the Melting of Nickel

1 an¢Tits % oy Z % the Foreground Bottom-Ponring R°d
Moulds. {By courtesy of Henry Wiggm & Co., Ltd., Btrmmgha , -



Plate

“pC1 ‘sresiN

1ol 9 Asspnoo K)

(‘puejbuz ‘weybuiwng

'$0RILNG  UOIONpU|

o993 neAm-xely uym  paddinbg doys Bunse) uwepoN—g B4



Plate IlI.

Fig. 3.—Northrup Electric High-FnHjuency.Furnace (250 kg~ for the Melting of
Nickel Alloys. (Dy courtesy of Henry Wiggm & Co., Ltd., Birmmgluim, *nS

POUTECHNIW]

F,G 4 _ Tunker Water-Cooled Ingot Mould. Note Water Connections on Steel Jacket.
{By courtesy of Otto Junker G.m.b.H., Lammersdorf, Germany.)



Plate IV.



Plate V.



Plate VI.

Asapanod Ag]

(‘Auewsss ‘Bungapbey o'y >pamuosnio ddnuy paLi4 P
'sa|qel Bumyr (psyessdQ-pueH) spniD P S|BBUM s paulyoewun ON  ((B0GT)  winuwnly pue ‘sseig ‘iaddod Ky A Buijjoy —, 6t



Plate VII.

F.c 8 —A Two-High Strip Mili of 1905. An Early F.xample of Ekctncally-Duvcn
Strip Mili. Open Design Pinion Housing. (By courlesy of I-ncd. Krupp

Grusonwerk A.G., Magdeburg, Germany.)
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Plate XXX.

Fig. 31.—Modern Four-High Tape Mili for Rolling Tape or Ribbon from Round
Wirc. Working Rolls 13 in. in diameter, Backing-Up Rolls 4f in. in diameter,
Length 28 in. Note Drive from Motor Arrangcd Inside Mili Supports. A Par-
ticularly Compact Design. (By courtesy of Fried. Krupp Grusonwerk A.G.,
Magdeburg, Germany.)
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the operations of botli rolling and drawing, and in botk * 4 ? % ~*
improvements in the design of equipment have been effected.. Ih
modern rod- and wire-rolling mili, while not widely departmg in funda-
mental principles from earlier designs, has been so greaty A
detail of construction that at can be not

improvement in the two-high rolimg-mill. One of the latest msta
tions illustrating this improYement iNn modern plant is the copper i
rolling-mill of the Phillips Electrical Works at Rockville, Ont., Canada.
The designera and builders of this mili have taken fuli adva® ° *
modern engineering improvements in running machinery ncludmg
roller bearinks and modern helical pinion gearmg. In building tins
mili, special attention has also been paid to the Yery importantjfactor
of lubrication, a feature which was conspicuously mfcrior m the older
type of rolling-mill. The plant also embodies the use of verfcical prnc
rolls in the earlier stage of wire-bar rolling. A fairly complete description
of this mili has been recently published. *

On the subject of wire and rod rolling, | must not omit to rcfer also
to the very interesting work of Dr. W J. P. Bahnof the® Heraeus
Vacuumschmelze A.G., llanau a. M., German).) i. o
esteemed member of this Institute, and lectured sonie l.ttle time a o to
our London Local Section on the subject. Every student of tlie
development of metallurgical equipment should study the interes mg
and ingenious design of Dr. Rohn s mills.

The improvements effected in wirc-drawmg maclnnery are con-
siderable and important. Esigencies of time and space preYent me
from dealing with tliese at such length as | would like, and | must
confine myself to generahties rather than to details 1 am glad to be
able to say, howeYer, that British engmeers haYe been actiYe m th
field, and some of the wire-drawing machines produced b} Bnt
manufacturers compare very faYonrably mdeed with those on t
Continent; | am the more happy to say this here smce it 'vas scar j
possible to say it twenty-fiYO years ago. (Fig. 29, Plate XXM ®

It is interesting to note that these improvements haYe not been
primarily in connection with details of design but liaye amen from what
may be termed “ the greater realization by engmeers of what is reqmred
by metaliurgists.” The essential principle in wire-drawmg is to obtam
absolute uniformity of cold-work throughout the cross-section of the

* R. C. Lotos, “ Coppor Bod Rolling Mili of Eagcno F. Phillips’ Electrical

Bearings on Rolling Mills), Z. Mdallkunde, 1931, 23, 76-86.
YOL. LII.
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wire being drawn. The reguirements, therefore, are obviously that
the wire shall enter the die at exactly the proper angle, in order to meet
the bevel of the die with mathematical accuracy round the surface to
be drawn. In the past, this point has not been by any means uni-
versally realized by designers and manufacturers of wire-drawing
machinery, and there can be no doubt that improvements in this respect
constitute the most important modifications of the modern machine.

On tlie other hand, detailed improvements such as that of effecting
a large number of reductions in one continuous series of drafts has also
led to no inconsiderable increase in efficiency and economy. One of
the most typical examples of what may be called the multiple-die or
continuous wire-drawing machine is that manufacturcd by Breguet in
Switzerland (Fig. 30, Plate XXI1X). In this class of machine, wire
passes successively through as many as eighteen or twenty or more dies,
and very considerable reductions are effected. | am omitting figures
of gauge reductions obtained, since these vary in accordance with the
particular alloy being worked and the speed of running. Reductions,
for example, which can be effected in drawing copper or soft brass are
not comparable with those needed for an 80 :20 per cent. nickel-
chromium alloy or alloys in that class.

Although not coming strictly under the liead of wire-drawing
machinery, | think that it is necessary to refer briefly to the develop-
ment of dies during this period, and particularly to composition dies of
the “ tungsten-carbide ” type. These have to some extent replaced
both diamond dies and steel dies, and their use has certainly led to
great improvements in the life of dies, better service, and more accurate
gauge. The bugbear of the wire-drawer is, of course, the fault known
as “ pulling out,” that is to say, the change in section effected in the
hole of the die by irregular wear. Tlie very much harder surfacc
obtainable from these composition dies as compared with the older
Steel dies is a considerable factor in the progress made in this direction.

|V.—Auxiliary E quipment, Annealing Furnaces, and General.

In this finat section of my review of development, | propose to
deal briefly with a few auxiliary items of non-ferrous metal mili equip-
ment, and also with the subject of annealing furnaces.

ImproTements of importance, both in principle and detail, have
been effected in appliances for the machining and preparation of ingots
for rolling; in the shearing and flattening of sheets; and particularly
in the bright finishing and polishing of sheet and strip metal. On the
former subject special mention should be made of the introduction of
the sguare turning lathe, by Waldrich of Siegen in Germany, which
has been adapted for the machining of sguare ingots, and of the greatly
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improved milling machines by Herbert of Coventry and other English
makers wliich are now available for this class of work.

Some improvements in detail have been made in design anc eon
struction of shearing, strctching, and roller flattening machines, but
there is still much scope for progress in this class of equipment.

We have witnessed also during the last few years a remarkable
advancement in polishing macliines, which, while scarcely involving
new principles, has yet led to appreciably wider applications of roUed
sheet and strip metal. The surface finisliing of metal has unguestion-
ably been given much greater attention during the last few years than
previously, and the product of “ mirror finished" rolls on the one
liand and modern grinding and polishing eguipment on the other has
brought into being an entirely new standard of finish of metal surfaces;
indeed, the technique of surface finisliing of rolled strip and sheet
metal is to-day on a far higher level than it was even so rccently as tliree
to five years ago. The use of rolls with mirror finish is now very
widespread, particularly on the Continent, and it is wortli wliile to
mention tliat experience in the use of these rolls has directed attention
in greater degree than ever before to the subject of the surface guality
of mctals.

The obvious limitation of mirror-finished rolls in the production
of sheet metal is that some amount of “ work-Imrdening is inevitable,
and if dead-soft metals are reguired, the materiat must subseguently
pass througli an annealing process.

This point leads directly to the subject of annealing, for there is no
doubt that the far higher standards demanded to-day in surface finish
have stimulated serious and often anxious inguiries into the possibilities
of improvement in the annealing process. It is of little use to attain
a high standard of surface finish on metal products if such finish is to
be immediately destroyed by the operations of annealing and pickling.
It is perhaps too much to claim that the problem of briglit-annealiug of
non-ferrous metals has been solved within the period of our present
survey, but at least it may be said that it is well on the way to solution.
Outstanding problems relate mainly to the working out of the most
economical methods of technigue.

A movement towards the construction of more efficient annealing
furnaces had begun in the period between 1910 and 1915, and furnaces
built on the semi-producer gas-fired principle came into use about that
time in several newly constructed works and extensions. It was reatly
this movement which started the evolution of the modern annealing
furnace, since for almost the first time in the construction of annealing
furnaces for non-ferrous metals a systematic study was made of methods
for securing uniformity of temperature and efficiency in fuel consump-
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tion. That the ideat annealing furnace is not yet an accomplislied fact
docs not in any way detract froni the testimony due to tlie intcnsivo
efEorts of furnace engineers during recent years.

One can scarcely withhold tlie term “ reyolutionary ” from thc
contrasts between the coal- or coke-fired annealing furnaces to be seen
in every non-ferrous metal works in tlie immediate pre-war period and
the well-designed and constructed annealing furnaces of to-day, wliether
heated electrically or otherwise. | refer particularly at tliis point to the
electric annealing furnace, sifice sucli furnaces were almost unknown
and scarcely conceived of in ordinary works’ practice when tliis Institute
was founded, whereas to-day no new works can claim tlie description
“ modern ” unless electric annealing furnaces form part of its equip-
ment. | need not liere enlarge on tlie advantages of thcse furnaces,
their ease of control, uniformity of temperaturo and cleanliness, and
generat convenienee of operation, but | may perhaps direct attention
to two points, the importance of wkicli is not always realized, namely,
that (1) electric annealing furnaces can be much more readily fitted
into the “ flow of operations ” of the modern works than can furnaces
involving the use of solid, gaseous, or liquid fucls with their reguire-
ments of feed pipes, conibustion chambers, flues, &c., consequently
eonsiderable “ invisible ” economies are effected; (2) by using elec-
tricity as a source of heat, the shape and generat design of furnaces can
be much more closely adapted to specifie requirements. In other
words, the furnace can be made exactly to “ fit the job,” and in laying
out new works particularly it is often a distinct economy to instal a
batch of sevcral furnaces of different shapes and sizes dealing with
specific types of product rather than to adopt the older and more
conventional method of using one or two furnaces for all products. Figs.
32 and 33 (Plates XX X1 and XX XII) show a type of furnace suitable
for annealing strip in batches (Fig. 32) and a furnace for continuously
annealing the same class of product (Fig. 33). Tliese are pppular types,
but by no means represent all the numerous yariations of design which
during the last few years have been applied to the non-ferrous industry.

For the annealing of strip or wire or rod in coil form, furnaces of
the cylindrical type have come into eonsiderable favour. Such furnaces
adapt themselves readily to the use of special atmospheres, and are as
a rule economical in power consumption. In cases, however, where a
very high degree of uniformity of temperature is required, and par-
ticularly where special gases are being used for reducing surface oxide,
the continuous type of furnaces present distinct advantages. Bright-
annealed wire, for example, is now almost exclusively produced from
continuous furnaces.
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m ile tlie development of electric annealing furnaces * is certamly
the most remarkable and symbolic of our times, tnbute must bo paid
to tlie work of gas and oil engineers in improving cnormously tho
efficiency and reliability of annealing furnaces heated with these fuels.
A similar remark applies to developments m the design of furnaces
using powdered coal. In this field, as in others, competition has been
healthy, and has certainly been of inestimable advantage to the non-
ferrous industries at largo. fWwh

There arc yet many furthor developmcnts of thc last twenty-five
years which deserve passing mention, but time does not PcrmlJ-
cannot closc, however, without refernng bnefly to thc subject of i
estrusion of metals. It can scarccly be claimed that the extrusio
press itself has undergone any considerable transformation, at least so
far as fundamental principles are concerned, but extrusion presses of
recent design and construction are as a rule much more powerful and
conyenient of control than those of twenty or twenty-five years ago,
and they are also eguipped witli auxiliaries wliicli make for grea ei
efficiency and economy in operating. The range of extruded products
has consequently been greatly widened, although part of tho credit fo
this should be given to improvements in the quality of die steels and
tools used as well as to the process itself. n

A point that | wisk to emphasize particularly, however, is that the
non-ferrous engineer and metallurgist has during recent years entered
into a much fuller appreciation of the value and potentialities of the
extrusion process, not only as a method of direct production, but also
as a hot-working process of definite metallurgical value.

Extrusion has during recent years become more than a means tor
pfoducing a special type of product. It has begun to occupy an
important place in the “ flow of operations ” of mills producmg metals
in forms other than extruded sections themselves. A case m point
which will occur to you at once is the important part played by extrusion
in the production of special alloy tubes. Waider possibilities are also
opening out, and | have seen efijrusion presses in some degree takmg
the place of hot-rolling mills in the production of strip metal by the
attractive method of extruding, e.g. a rectangular brass section of say
3-5in. or 4 in. wide, 0-25 in. thick, and afterwards cold-rolhng it to
bright finished strip. The relative accuracy of gauge and mdth
obtainable in such an extruded product renders it a very"attractive
proposition for the modern high-speed precision mili. One is tempted

*  For description of some modern installations sec H. c. Klomnger G. Keller,
and H. Meuche, J. Insi. Metals, 1931, 46, 537-559; and .i1so a G Lobley
“ Electric Resistance Purnacos in Great Bntain, advance proof, Seetional ileet
ing of World Power Conferenee, Seandinavia, 1933-
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to yisualize in the not too distant future important extensions of the
application of tliis idea.

I have in the course of a lecture of an hour or so tried to review
twenty-five years’ progress; an immense task, yet well worth attempt-
ing, for | am sure that however superfieial this survey may be it inust
inspire some measure of admiration for tlie work of tlie generation now
rapidly passing. | beg you for a moment to look beliind the bare
reeord of plant and process improvements, and endeavour to realize
something of tlie liuman gualities which have been the prime movers
in this story of progress. The restless search after knowledge, the
courageous attempts to do what had never been done bcfore, the
“ dreaming of dreams” and the “ seeing of visions,” and the grim
resolve to make the dreams come true and the visions attain reality.
Such are the raw materiat out of whicli the achievements here outlined
have been built up. The workers of tliese years have had many dis-
appointments, made many mistakes, and often failed when they hoped
most to succced, but on the wholc their story is a very impressive one.
We have travelled a long way in these industries sifice 1908, and as |
have attempted to re-visualize the period and to recall the years between,
I have become the more convinced an admirer of my contemporaries.

The metallurgist-historian of the future will assign a notable place
to these twenty-five years.
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and discussion not only for the results of research, but also for progrcss
in practical developments in the non-ferrous industries. In tliis respect
the Institute undertook a pioneering task, and although in various
countries organizations liavc subsequently been developed for providing
facilities of a similar nature for their own metallurgists and engineers,
the Institute of Metals has, fortunately, been able to maintain its
place not only in this country, but tliroughout the world. The
sphere of the Institute of Metals has been intentionally confined on
tlie one hand to the metallurgy of the non-ferrous metals, to the cxclusion
of Steel, and on the other hand has excluded the whole field of the
production of metals from their ores—in both cases with the deliberate
purpose of avoiding overlapping with previously existing Institutions,
yet tliere can be no doubt that, in regard to the scientific aspect of
metallurgy, the Institute has provided a centre for pubhcation and dis-
cussion which has stimulated research throughout tlie whole field of
metallurgy and far beyond the immediate scope of the Institute itsclf.
It may fairly be claimed that nowhere else do the scientific aspects of
the subject reccive an equal amount of attention, In thus emphasizing
the valuc of the work of the Institute of Metals on the scientific side,
the writer does not wisli in the slightest degree to under-rate the great
importance of the practical questions which the manufacturing and
engineering members of the Institute bring forward; on the contrary,
itis the function of tho Institute as the meeting-ground of all three types
of members that lends it a special character and greatly increased
importance. If the scientific members of the Institute have played a
very active part in its work, that should not be taken as discouragement
by the manufacturers and users; on the contrary, it is for them to rival
their scientific colleagues in their activities. A greater number of
papers and contributions to discussions on the part of engineers and
manufacturers would bc welcomed by nonc more than the scientific
members of the Institute.

It is not perliaps unnatural for the writer, in commencing the
present review, to refer to the first paper which ho had the honour to
communicate to the Institute of Metals at its initial meeting in Birming-
ham in 1908.1 In that paper he criticized the methods of studying the
equilibrium diagrams of alloys as then carried out, for exploratory
purposes, by Professor Tammann and his pupils. The need for a more
exhaustive study of alloy systems and for more accurate determinations
of equilibrium diagrams has sifice been almost universally recognized,
and indeed the measure of accuracy and completeness which the writer
advocated in 1908 has now been considerably exceeded.

With regard to Professor Tammann, the writer had the privilege, as
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President of tlie Institute, of informing that cminent metallurgist of his
election as Honorary Member of our Institute, and subseguently of
welcoming him personally to the raeeting in Dusseldorf in 192). 1 e
events of many years ago liave not detracted from thc mutua respec
and friendship which have sprung from that pcrsonal contact.

The subject of that carly paper, however, has provcd to be ot tuncla-
mental importance in the progress of non-ferrous metallurgy, and. not
only on the purely scientific side. It was pomted out there that the
very approximate eguilibrium diagrams with which certam investigators
were contenting themselves at that time were inadeguate, and that much
closer and more accurate study was reguired by means of methods o
greater refinement. Some of these methods thc writer was prmleged
to develop, with the aid of his colleagues in the Metallurgy Department
at thc National Physical Laboratory.2-3 At the same time, other
methods of high accuracy have been developed elsewhere in tlns country
and abroad. As aresult, at the present day the technigue of determin-
ing eguilibrium diagrams has attained a degree of accuracy nci cou
scarcely be contemplated in 1908. In that developxnent the use of the
methods of X-ray analysis, to which further reference will be made, has
played a very important part. The va,lue of eguilibrium diagrams,
however, was for a long time regarded witli a good deal of scepticism y
those who were not intimately acguainted with their possibihties. In
his presidential address to the Institute in 1928, the writer cndeavoured
to explain on broad lines, and in the simplest possible way, the meanmg
and value of eguilibrium diagrams and their importance for practica
purposes. It is, therefore, unnecessary to go into this subject agam,
and only one particular aspect necd be mentioned, because o tie
immense practical importance to which it hasrisen. ~ ~

One of the points in regard to which the earlier egmlibrium
diagrams were particularly deficient—and tliis deficiency is stil to e
eneountered in some published work—was the determination of hmits
of solid solubility at the boundaries of different phases, and cspecia y
of the limits of solid solubility of other metals and mctalloids in the pure
or nearly pure metals tliemselves. At first this appears to be a matter
of acadcmic interest only, but the invention of Duralumin presented the
metallurgical world with a new problem, sifice the inyentor of age-
hardening (Wilm) admittedly had no idea of its mecbanism or nature.
It might have been thought that a knowledge of thc processes by * luc i
age-hardening oecurs in Duralumin was a matter of minor importance
in view of the fact that for practical purposes Wilm had discovered an
alloy which has maintained its place in the front rank of keat-treatcd
aluminium alloys to the present day; foTtunately, however, the scientific
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inyestigator cannot help regarding a mysterious process of this sort as a
challenge. This challenge was taken up by two groups of investigators
—namely, those at the Bureau of Standards iu America, under the
immediate leadership of Dr. P. D. Merica,4and at the National Physical
Laboratory here.5>>7 Both groups of investigators arrived at what is
now universally admitted to be the true solution of the problem. Their
solutions differed in detail, and there are still differences of opinion
about certain aspects of what occurs, but a broad generalization was
rcached. Wherever the curve of solid solubility in an equilibrium
diagram is of such a shape that the solid solubility is appreciably higher
at a high temperature than it is at lower temperatures, it is possible by
quenching after heating at the higher temperatures to produce a super-
saturated solid solution. Such a solution may subseguently uidergo
decomposition eitlier at room temperature or at somewhat higher
temperatures. The result of this decomposition is what is now widely
known as age-hardening,” although the term, as Professor A. Portevin 8
lias recently pointed out, is unsatisfactory. The statement made
ascribing hardening in such cases to the decomposition of the super-
saturated solid solution will scarcely be disputed by any scientific
metallurgist. The exact process which occurs in this decomposition,
howeyer, is much more difficult to establish. The so-called * precipita-
tion ” theory, according to which the hardening is due to the separation
of a very large number of extremely minute particles or groups of atoms
in the early stages of precipitation of a dissolved substance, is widely
but not universally accepted, whilst there is also a divergence of view
whether these separated particles produce hardening bj* distortion of the
lattice in wliich they are interposed (the writer’s theory) or by acting as

keys ’which prevent mutual slip of layers of the crystals (Jeffries’slip
interference theory).9 These points, and many of the scientific difficul-
ties still connected with them, have received an immense amount of
investigation, and constitute problems which still stimulate further
research and, conseguently, further discoveries. Meanwhile, however,
a recognition of the fact that alloy systems in which certain kinds of
solubility lines have been found are capable of age-hardening has proved
of the greatest practical interest. It must be remembered that prior
to the discovery of Duralumin by Wilm, steel was the only known
materiat which could be hardened by heat-treatment. Since the
principle of age-hardening was elucidated, an ever-increasing number of
alloys has been cliscovered and developed which are capable of improve-
ment by heat-treatment, in many cases to a most remarkable estent.
Apart from alloys of aluminium itself, perhaps the most interesting
exam ple isthat of the alloy of copper and a smali percentage of beryllium,
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in which a degree of hardness can be obtained approacliing that of
hardened steel. Eveu among the alloys of ironitself, similar faots have
been discovered, as, for esample, in tlie alloys of iron with molybdenum
and with tungsten which are capable of age-liardening, and the ageing
effects which can be produced by nitrogen, and probably by oxygen and
carbon, in mild steel at quite moderate teraperatures. The range of such
alloys is steadily wideuing at the present time, and is placing at the
disposal of the manufacturer and of the user a whole series of products
of a novel and valuable nature. These can be placed definitely to the
credit of scientific investigators, and in particular to the more accurate
study of the ecjuilibrium diagrams such as had been advocated by the
writer in his paper of 1908.1 In this direction the Institute of Metals
has perhaps been more helpful than in any other, since it has furnished
scope and encouragement for the writers of papers on what might
otherwise liave been regarded as abstruse and academic subjects.

Although it is not possible to enter into details of the modern devclop-
ment of aluminium alloys, there are one or two features which it is
perhaps desirable to mention. For some time after the discovery of
Duralumin it was believed that the improvement of properties by
quenching and ageing could be obtained only with alloys which had
undergone mechanical wOrking, such as forging or rolling, and the
application of heat-treatment to castings was not considered feasible.
An understanding cf the principles involved in the heat-treatment of
light alloys, however, immediately led the writer and his colleagues to
the conclusion that such treatment should be applicable to castings.
It seemed probable, however, that the time required for preliminary
heating to seeure coniplete solution of the sccond phase or coustituent
would be much longer for the cast material. Experiments quickly led
to a verification of this view, and the result has been the development of
a series of casting alloys capable of being very materially improved b\
heat-treatment. About the same time, it was realized that the best
available alloys of aluminium lost their strength rapidly with increasing
temperature, and a search was made, under the urgent stimulus of war
conditions, for light alloys which would maintain their strength as far as
possible athigh temperatures,such as 250°-350° C.,which are encountered
in aeroplane and motor-ear engines.

One result was the development of an alloy, since widely known and
used especially for piston purposes, containing copper 4, nickel 2, and
magnesium 1s5per cent.,which has come to bo known, through accidental
lettering used in the laboratory, as “ Y ” alloy. Although the fuli
application of this alloy for practical purposes suffered a lag of some-
thing like ten years from the time when it was first described, it main-
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tained its position for some time, and is still among the best of the
aluminium alloys for its particular purpose, i.e. for use at high tempera-
turos, whether as castings or forgings.

More recently, alloys have been produced which, while largely based
in constitution and mode of treatment on Y R alloy, are capable of
attaining still better properties, a result which they owe in part to the
incorporation of a smali amount of titanium. These, although similar
m type to “ Y ” alloy, ofTcr certain marked advantages, and it is to be
lioped that still other devclopments and improvements will follow.
The resistance offered by industry to the introduction of new alloys is
fortunately much less to-day than it was ten or fifteen years ago, and
tho threatened competition of magnesium and its alloys will probably
serve as a further stimulus to those interested in the alloys of aluminium.

Mention has already been made of the use of X-ray methods in the
stud} of alloy systems, but this application of modern pliysics is proving
so valuable that more than passing reference is reguired even in the
present review. While the proper use of the microscope can and does
carry our knowledge far into the minute structure of alloys, there are
definite limits, due to the wave-length of light itself, which make it
impossiblc to carry magnification beyond a definite degree. Even if
this is placed at so high a value as 10,000 diameters, whilst the orthodox
view places it nearer 2,000, it yet leaves us very far from tho possibility
of studying the arrangement of the atoms in the crystals of our metals.
Fortunately, howcver, the use of X-rays, which may be described as a
yariety of light liaving a wave-length about a thousand times shorter
than that of yellow light, makes it possible to observe phenomena known
as the diffraction of X-rays in crystals which give the key to the arrange-
ment of the atoms t-hcmselves. Thanks to the work of a series of
brilliant investigators, among whom Bragg, Laue, Mark, Polanyi,
Schmid, Bernal, Bradley, Westgren, van Arkel, and others may be
mentioned, not only the experimental technigue, but also the methods
of interpreting results have been developed to an amazing estent. It
is now possible, not only to determine with remarkable accuracy the
dimensions of the crystal lattice of any given sample, but also to correlate
these with the concentrations of solid solutions and with the formation
of intermetallic compounds. The result is that many of the phase
boundaries of alloy systems can now be determined with great accuracy
by these means. They enable us to go further, however, by showing the
arrangement of the individual atoms in the lattice. Some of the lattice
structures which have been described, such as those of the so-called
gamma type of alloy phases, appear to be formidably complicated and
diflicult to understand. The writer 10 lias put forward the view that
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some of these structures can best bo explained by supposiug tliat a
certain type of intermetallic moloculc is formed which cannot be readily
packed togetlicr so as to fili space in a satisfactory manner. Since tlie
leaving of gaps in sucli a structuie wonld entail the storage of a large
amount of energy, it is suggested tliat these gaps are filled by atoms of
either componcnt metal (wliichever liappens to be present in excess),
these additional or “ filling ” atoms behaving much likc the water of
crystallization in a crystal of copper sulphate or similar substance.
Some objections liave been raised to this view, but the writer tliinks that
these are not insuperable, and would commend it to the consideration
of those who study these apparently complex bodics.

The advance of our insiglit into the structure of alloys is of value,
however, not only because of the more accurato determination of
eguilibrium diagrams, but also because it is providing the materiat for a
much better understanding of the nature of the metallic state and of the
laws which govern the formation of intermetallic phases and the constitu-
tion of alloys in generat. It is not perhaps too much to hope that in tho
near future the generat laws governing alloy constitution and behaviour
will be discovored, and will bring order and understanding into the rather
varied and troublesome collection of eguilibrium diagrams with which
the metallurgists liave to deal at the present time. When this result is
acliieved, the practical conseguences are likely to be important, and
manufacturers and users will have occasion once again to tliank not only
the scicntific investigator for his patient pursuit of abstruse and difficult
subjects, but also the Institute of Metals for tho encouragement and
support which it consistently gives to such work.

Whilst the application of age-kardening to a wide Yariety of alloys
has been responsible for some of the most important advances in non-
ferrous materials, interesting developments have taken place in other
directions independent of the age-hardening processes. It isinteresting
to note in this connection tliat whilst age-hardening was discovered in
connection with the aluminium alloys and has hitherto been moro
widely exploited in that field than elsewhere, a whole group of new
materials, consisting mainly of aluminium, has been developcd, which
owe their value mainly to an entirely difierent treatment. These are
the so-called “ modified ” alloys, of which the well-Imown materials
containing from 10 to 14 per cent. of silicon are typical. These and
their properties are so well known that it need only be pointed out that
here also we have an empirical discovery which has led to very important
results, but that, even to-day, after much investigation, it cannot be
definitely stated that the mec-hanism of the process is fully understood.
A nuniber of papers have appeared in thc Journal of the Institute of
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Metals dealing with. the “ modification ” of alloys; the work of Gayler
showed the close connection between “ modification” and super-
cooling.11 She was able to show the relation betwcen the micro-
structure and freezing temperatures of the modified alloys and the
limiting temperatures of the “ labile ” super-coolcd State. Whilst this
has furnished some degree of insight into the mechanism of modification,
it seems that our knowledge is still insufficient to alfowTus to enunciate
a generat principle which would make the extension of the process to
other materials a fruitful line of progress. Gwyer and Phillips 12 have
shown that modification phenomena can bo produced in other types of
alloys, but cven this inclication has as yet failed to produce any alloys
other than those of aluminium which are impiwed to a marked degree
by similar means. It may well be that when the mechanism of the
process comes to be as well understood as that of age-hardening, a similar
fruitful development may occur. Possibly there may be an intimate
connection between “ modification ” and the factors which govern the
grain-size of an alloy.

During the period of twenty-five years under review there have
naturally tieen many other developments of new alloys, some of which
have proved of permanent importance, whilst others, for which great
claims were made, have failed to find or hold a place in industry.
Among those which have succeeded, in varying degrees, in attaining
large-scale importance, a number of alloys of nickel must be mentioned.
Some of these are proprietary and well known. The alloys of copper
and nickel, generally known as cupro-niekel, were extensively studied
during the War, and have sifice received inereasing application, especially
for condenser tubes, where a high degree of resistance to corrosion is
more important than low price. In the same connection, the alloys of
copper with aluminium, the aluminium content varying from 2 to 10
per cent., have also proved important. The “aluminium-bronzes,”
although known for many years previously, were particularly studied
by Carpenter and Edwards13and by Lantsberry and the present writer,14
but found application only very slowly, so that even at the present time,
although a number of alloys of this type and their derivatives eontaining
nickel and other elements are finding some large-scale applications, the
writer considers that they are not utilized as extensively as might be
expeeted from their remarkable properties.  One of the latest develop-
ments in this direction is the aluminium-brass which has resulted from
one of the researches carried out for the British Non-Fcrrous Metals
Research. Association.15 This alloy, eontaining about 2 per cent. of
aluminium, is intended especially for condenser tubes. The aversion to
aluminium as a constituent of brass, and, in fact, to its mere presence in
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a brass foundry or brass works of any kiud, is well known to practical
men; tlie reason for it bas not been apparent, except that it is recognized
tbat a very smali percentage of aluminium (0'L per cent. or even less)
present in ordinary brass may be markcdly deleterious. &inee, liow-
ever, with propcr casting methods an alloy containing 2 per cent. of
aluminium gives highly satisfactory rcsults, there is here need for
investigation.

The casting methods used for alloys containing aluminium, such as
the “ aluminium-bronzes ” which have been used in France for coinage
purposes, have also undergone importaet developments. A most
interesting process, well known under the name of Durville, has
introduced a new method into foundry practice by sliowing the value of
filung a mould, more especially an ingot or billct mould, by the slow and
steady flow of the metal. The process is one which has been used, in
the firstinstance, only for alloys containing aluminium, and it is belieyed
that its success depends on the formation of a tough surface skin on
these matcrials. It seems likely, however, that similar methods of
casting, subject to suitable modification, may be applicable to many
other materials.

Among other new materials which are still in course of development,
one of the most interesting groups is that of the alloys of beryllium,
especially with copper and nickel. Kcfcrence has already been made to
these in connection with age-hardcning, sifce they can be made in that
way to develop remarkable properties. They are of interest also from
the point of view that they embody the first approach to practical
application of what is, for industrial purposes, a new metal—beryllium.
Much attention has been dcvoted to the study of this metal, both in
Germany 16 and in this country.l7 The German investigators have
devoted themselves mainly to the use of the metal as an alloying
element, and have produced remarkable alloys. Au appreciation of
the possibilities of the metal itself as a basis materiat has led to attempts
in this country to produce it in a statc of high purity. This has proved
remarkably difiSculfc, owing to the persistence with which it combines
with practically every element with which it comes into contact, includ-
ing nitrogen and oxygcn. None the less, the materiat has been obtained
in a sufficient degree of purity to demonstrate the factthat it is essentially
ductile, although, in the form ordinarily produccrl, it appears to be
brittle. It does, however, even in the impure condition, combine a
high degree of strength and a relatively high melting point with a very
low density. The investigation of this and similar more or less rare
metals is not only justified, but important, because it has been found
again and again in the past that a rare metal which is a laboratory
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curiosity lias in a few years bccomo a commercial product.  Aluminium
and tungsten are perhaps the most striking examples of this kind, and
it is not likely that we have come to the end of thc list.

Although the present review relates in the first place to the non-
ferrous metals and alloys, and can deal with these only at a few selected
points, there is a group of novel materials which are so important, and
differ so widely from anything formerly available, that mention must bc
made of tliem in spite of the fact that they are perhaps on the border-
line of the ferrous field. These are the modern materials of very great
hardness which have been developed for cutting purposes. The
development of the high-speed cutting steels took place to a large extent
before the foundation of the Institute of Metals, although great progress
has been mado in these also. A step in another direction was taken
when alloys of great hardness and of sufRcient strength to be used as
cutting tools were developed, in the first instance, in America. These
alloys could not be softened, and were used in the state obtained by
casting, any subsegueut shaping being effected solely by grinding.
These alloys, of which Stellite is perhaps the best known, kave achieved
some measure of importance, particularly on the Continent. More
reccntly, however, materials consisting mainly of tungsten carbide have
been developed. These are prepared by methods which had formerly
been followed mainly in the production of tungsten and other filaments
of high-melting metals for electric lamps. The process is well known
as that of sintering and swaging. In the case of the carbides, however,
swaging is not used, but, on the other hand, a binding substance is added
which generally consists of cobalt. Carbide and cobalt are mixed
together in a finely-dmded state, pressed into moulds of any desired
shape, and are then heated in an atmospherc of hydrogen at a sufficiently
high temperaturo to produce a solid sintered materiat. Cutting tools
made in this manner are now widely used, and yield results exceeding
anything that can bo obtained with high-speed steels or other cutting
alloys. The hardness and cutting power of tungsten carbide produced
in this manner does not fali far short of that of the diamond, which, it
may be mentioned, has also come to be used as a cutting tool. Whether
or not materials produced in this way (sintering) can be called alloys, and
whether—sirice they do not contain more than a very smali proportion
of iron or none at all—they may be included in the non-ferrous field, are
matters which may be left open.

Reference has been made above to the development of novel methods
of casting, of which it has been possible to mention only one. For the
production of sound castings, howover, the condition of the metal is of
very great importance, and much attention has been given inrecentyears
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by investigators to tlie problems arising from tlie presence of dissolved
gases in metals and to tlie means for tlieir elimination. A senes of
papers on tliis subject lias been communicated to the Institute of Metals
from the National Physical Laboratory 18519 and from the University
of Birmingham.2 The removal of dissolved gases from alumimum
alloys, in particular by such processes as “ pre-solidification,” the passage
of nitrogen, of the vapours of volatile chlorides such as titanium tetra-
chloride and carbon tetrachloride, and of mixtures of these with nitrogen,
have all been studied. The usb of dry nitrogen itself has also been
adyocated. Mention must also be made of the development by Tullis -
of the use of chlorine and of boron chlori.de. The use of titamum jjfcctra-
chloride for the removal of gas inevitably introduces a smali amount of
titanium into the alloy, and it is a curious coincidence that this fact
should have been studied and published at about the same.time as the
use of smali amounts of titanium in these alloys for grain-refining
purposes was developed. This whole guestion of the grain-refining
effects of certain elements when added to alloys in sometimes quite
smali proportions appears to be a matter requiring much further
investigation. It is being increasingly realized that control of the size
and type of crystal structure not only in castings which are to be used
as such, but also in ingots and slabs intended for subsegucnt mechamcal
working, is a matter of first-rate importance, and may determine the
success or failure of a given piece of materiat. The various casting
processes, including the use of water-cooled moulds, vacuum casting as
developed by Rohn,22the recently described “ R.W.R.”* process of the
German “ V.A.W.” Company,t2all embody features which bear strongly
on this point, and mark a development which has followed on the
recognition of the part which the internal structure of alloys plays in
their practical behaviour during manufacture and use.

Whilst the importance of purifying metals and alloys from undesir-
able contaminations with gas is becoming increasingly recogmzed, the
necessity for eliminating other impurities is also being appreciated.
The important effects which the presence of smali quantities of impuri-
ties may produce in the behaviour and properties of a metal have come
to be realized in recent years. The result has been, on the one hand, an
effort to prepare metals of very high purity in the laboratory for pur-
poses of a detailed study or on a large scale for practical applications,
while, on the other hand, a detailed study of the effects of impurities has
been renewed and carried to greater detail and over a wider range than
had formerly been attempted. Of the latter, a series of researches
carried out at the National Physical Laboratory for the British Non-

* Roth-Wende-Riittel. t Vereinigte Aluminium Werke.
VOL. LII. D
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Ferrous Metals Research Association on the effect of impurities in
copper may be mentioned. This work has thrown much light on the
combined effects of some of the more important impurities which are
to be found in varying degrees in all fire-refmed copper. The great
importance of these investigations has become emphasized by con-
ditions aEecting the British copper industry as a conseguence of decisions
taken at the Ottawa Conference, and it is to be hoped, therefore, that
these important researches will be continued, and that the high standard
which has been achieved hitherto will be fully maintained. The
problems which liave to be faced become more and moro difficult as the
research progresses, but fortunately the increasing experience of the
investigators enables them to cope with their difficult task.

With regard to the preparation of pure metals on a commercial
scale, we have two examples from America in the preparation of high
purity zinc by the New Jersey Zinc Company and of aluminium of great
purity by the Hoope process. So far as this country is concerned,
efforts have been mainly made in the laboratory, and these have been
most successful in regard to the preparation of high-purity manganese 24
and iron.5 Recently, however, the methods developed for the pro-
duction of high-purity manganese (vacuum distillation) have been
successfully used at the National Physical Laboratory in the production
of magnesium of very high purity.28 Whilst it is not suggested that
these materials, which necessarily entail great expense in their produc-
tion, are likely to be of direct practical use, yet their preparation and
study are necessary if the true effects of the impurities present in
commercial materiat are to be properly understood. The study of these
very pure materials is also of fundamental importance in the establish-
ment of correct equilibrium diagrams. In the field of the aluminium
alloys and in regard to the difierences of opinion which exist on the
subject of age-hardening, the study of alloys made of high purity metals
has become particularly important.

When the Institutc of Metals was founded in 1908, it might almost
have been said that the study of the structure of metals and alloys was
still in its infancy. The great pioneers of the subject—Sorby, Roberts-
Austen, Osmond, Martens, and ltowe—had completed their work, but
the battle for the recognition of tlie value of the methods for which they
had laid the foundation had still to be won. To-day the widespread
use not only of metallographic methods, but also of still more abstruse
ways of studying the inner structure of materials, shows clearly that the
battle has been won. Some of the fruits of victory have been dis-
cussed above. The study of alloys in regard to their constitution and
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behaviour has advanced very rapidly indecd, because it pronuses
immediate results. The study of the mcciianical properties of metals m
relation to their crystalline structure, Qllthe other hand, for a time mado
only slow progress. The first account of thc discovery of the mechanism
of plastic deform.ation in metals by the process of slip was published m
1899.27 For nearly twenty years the matter remained very much where
that work had left it, and it is, indecd, only in quite recent years that it
has been advanced, but fortunately that advance has been lapid and
great. It is due in part to the fruitful application of X-ray methods to
tho study of the phenomena of deformation, an application mitiated
largely by tho work of Taylor and Elam 28and carried further, especially
in 'connection with the phenomena of fatigue, by Gough.t9 Many
continental workers have also contributed to the subject in other
directions.® In thc second place, the study of the phenomena of
deformation and fatigue in metals has been rendered much easier by
the deyelopment of methods for producing large single crystals of metals,
and even of some alloys. One of the first steps in this direction was the
preparation, by a process of critical strain and critical annealing, of
large single crystals of aluminium by Carpenter and Elam.3l Sub-
seguently a variety of methods have been developed for the production
of single crystals, first in the form of comparatively thin rods or wires,
and later in massive pieces, during the solidification of metal fiom the
liguid state. It is difficult to sum up briefly the results which have been
achieved by these investigations. In the first place, it may be said that
whereas the work of Ewing and Hoscnliain had shown that deformation
occurs by slip along certain planes in metallic crystals, it has now been
possible to show precisely on which planes it occurs in crystals of
different types both when a steady load and an alternating load is
applied. It has also been shown more definitely than was possible by
purely microscopic rneans that the crystalline character of the materiat
is not destroyed, or even seriously impaired, by plastic deformation.
The writer, however, thinks that it is now elear, in the light of these
investigations, that the lattice structure of a crystal which has undergone
deformation is to some extent distorted and locally damaged, and that
this damage and distortion account for thc hardening which the metal
undergoes as a result of cold-working. Tho modern methods of
iiwestigation have led to a further discovery which had escaped earlier
mmicroscopic observers; this is the strong tendency for the crystals to
assume a common orientation, such that a particular axis of a crystal
tends to be in the direction in which the metal has been elongated.
This “ preferred ” orientation, and the manner in which it behaves
when the metal is subsequently heated and annealed, offers a series of



59 Rosenhain : Sonie Stefts in

discoveries and problems of the most interesting kind. Practical
applications of these discoveries have not yet been developed except in
a few isolated instances, but it seems probable that our increasing
understanding of the nature and process of plastic deformation will
materially afiect our methods of working metals and the results which
we can achieve thereby.

The subject of cold-working and plastic deformation recalls the work
of an eminent Past-President of the Institute of Metals, the late Sir
George Beilby. His beautiful work on the surface films produced in the
polishing of metals, and his cxtension of this idea to that of the produc-
tion of similar flowed films on the surfaces within the crystals where slip
had occurred, appeared to offer a satisfactory explanation of many of
the phenomena in question. The use of the word amorphous
by Beilby and by some of those, including the present writer, who
endeavoured to support and extend his tlieory, was perhaps unfortunate,
because it led to much opposition of an unnecessary sort. As a result
of this opposition, both Beilby’stheory of a flowed surface amorphous
layer and the writer’s theory of an “ amorphous ” intercrystalline layer
have been for many years somewhat discredited. It is interesting to
note, however, that recent researches in which the structure of surface
films on polished metal specimens has been studied by means of the
latest method of physical investigation 2—electron diffraction haye
gone to show that the surface films, if not truty “ amorphous, contain
only slight traces of crystal structure, so that they closely approach the
ideat “amorphous ” condition. On the other hand, it has been shown
that substances which are regarded as truty “ amorphous,” such as glass
and vitreous silica, also show under X-ray examination distinct signs of
crystal structure. It would seem, therefore, that whatever definition
we may adopt for the term * amorphous,” the description of flowed
films of metal as “ vitreous ” is to a considerable extent justified. WIth
regard to the internal surfaces on which slip has occurred, it is now elear,
in the writer’s opinion, that here also the crystalline structure must be,
to some extent, broken down. Without entering into any lengthy
discussion of this point, however, it is sufficient to cali attention to
recent researches on the heat absorbed or rendered latent during plastic
deformation. The work of Farren and Taylor 33 carried out on tensile
test-pieces has clearly shown that heat is absorbed in these circumstances
and has given an indication of the amount. This has been, to some
extent, confirmed by the more recent work on wire drawing carried out
by the writer and Y. H. Stott.3L It can be shown that the amount of
heat absorbed is greater than can be accounted for by the storage of
energy by internal elastic stresses, so that something essentially akin to
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phase change must take place to a smali extont during plastic deforma-
tion, and this, in the writer’s opinion, is due to breakdown of the lattice
at and near surfaces of slip.

Closely associated with this aspect of scientific metallurgy is the
study of the laws of the metallic state based on our knowledge of lattice
structure and the changes of that structure. Much important work on
this subject has recently been carried out by Hume-Rothery.3 The
writer, sonie years ago,3®put forward certain theories on lattice dis-
tortion resulting from the presence of atoms of an alloying element.
Exceptionsto some of the generalizationsput forward in that theory have
sifice been discovered; but it seems that these are due to the fact that
the theory in guestion was an attempt to explain metallic structures and
properties on a geometrical basis, and that the term lattice distortion
originally used in reference only to geometrical distortion will have to be
interpreted in the light of our increasing knowledge of the arrangement
of the electrons in the lattice.

It is impossible to complete a review of this kind, however sketchy
and imperfect, without some reference to corrosion. Research on
corrosion has always formed an important actiyity of the Institute of
Metals, and a large number of reports and papers on the subject are
contained in its Journal. A year or two ago, it would probably have
been said in this review and elsewhere that on the theoretical side the
long-drawn-out controversy as to the mechanism of corrosion had been
settled, and that the electrochemical theory as developed on the principle
of “ difierential aeration ” was widely if not universally accepted. From
one point of view it is unfortunate that more recent work appears to
throw some doubt on the validity of “differential aeration as the
true explanation in all those cases where it has become customary to
invoke it. Disturbing as such a change in our ideas might be, it
should be welcomed, sifice a fuller recognition of the truth, and an under-
standing of the mechanism of one of the important phenomena with
which metallurgists have to deal, cannot but lead to progress and the
overcoming of difficulties which had not yet been mastered. While,
therefore, we must recognize the important services which the existing
theory of corrosion and of “difierential aeration has rendered in
explaining many of the complicated phases of the process, we look
forward with interest to further developments and to the formulation of
a more complete theory which will, no doubt, be built up by a com-
bination of the older and the new knowledge.

Whatevertheory of corrosion may ultimately find generat acceptance,
there is at least one discovery which has been gradually established over
a period of years which not only explains many of the phenomena of
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corrosioh, but is also a valuable means for providing certain metals and
alloys with protection against chemical attack. This is the discovery
of the important part played by the surface film which is formed on
most metals, if not on all, either by the action of atmospheric oxygen or
of moisture or of both. The existence of such a film in the case of
aluminium was always recognized, and it was a logical consecjuence of
this view that those engaged in an attempt to combat the corrosion of
aluminium and its alloys should seek to utilize that protective surface
film and to thicken and to strengthen it. This has been yery success-
fully done by the anodic oxidation process developed by Bengough and
Stuart,37 both of whom-were workers for the Corrosion Research Com-
mittee of the Institute of Metals. The use of “ anodized ” aluminium is
now widespread and successful, the film serving even better as a basis for
a protective pigment or enamel than as a complete protection in itself.
Since the publication and patenting of Bengougli’s and Stuart’s methods,
certain other ways of producing anodic films on aluminium and its alloys
have been developed, some of them with interesting results. The
demonstration that a protective film really exists has, in recent years,
been given by the actual separation of the film both by Evans,3 by
Sutton and Willstrop® at the Royal Aircraft Establishment, Farn-
borough, and by Withey and Millar 0at the National Physical Labora-
tory. The important function of a film of this type, presumably con-
sisting mainly of chromium oxide, for the protection of rust-resisting
steels from corrosive attack, is also fully recognized. Even in cases,
however, where the surface film is not sufficiently strong or chemically
resistant to serve as a complete protection against corrosion, its presence
and nature materially affect the way in which corrosion occurs and the
circumstances which favour its progress or inhibition.

It is believed, in many quarters, that it is the repeated rupture of
such a film, even when not of a highly protective nature, which leads to
the comparatively rapid failure of metals under alternating stress when
exposed at the same time to mildly corrosive infiuences. An immenS$e
amount of work on this subject has been done by D. J. McAdam, jr., in
America, but it is interesting to note that one of the earliest, if not the
earliest, record of the influence of corrosion on fatigue resistance was
made by B. P. Haigh in a paper Tead before the Institute of Metals in
1917, whilst subsequent work on the subject has been fully described by
Gough in his Autumn Lecture to the Institute in 1932

In thus glancing backwards over twenty-f)ve years of metallurgical
progress, the writer, whilst seeking to summarize as briefly as possible
some of the achievements of those years, cannot help looking forward in
almost every instance to the future developments which the present
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silation of our klwledge suggosts. It has sometimes been said that

the rate of progress which the application of science has brought about

during the last thirty or forty years cannot possibly be mamtamed.

The younger workcrs in such a field are sometimes heard to express their
envy of those M*Dworked thirty or forty years ago, “ when so much still

remained to be discovered.” This, however, the writer regards as a

State of mind which musthave existed for liundreds ofyearsr-itcertamly

existed in his own mind thirty years ago. So far from believing that

the field of discovery and advance is approachmg exhaustion, he ieels
satisfied that if world conditions remain favourable to the development

of scientific thought and scientific methods and to their application o

the practical problems of mankind, then discovery and progress are

certain to continue at an increasing rate. W hether or not these con-

ditions can be maintained, howeyer, must depend on the use wluch man
contrives to make of the materials which research and mdustry together

place at his disposal. If they are used for destructive competition,

whetherin war orin commerce, progress cannotbe maintamed, and even

our existing status must crumble.
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CORROSION-FATIGUE CHARACTERISTICS OF
AN ALUMINIUM SPECIMEN CONSISTING
OF TWO CRYSTALS.™*

Bv 1. J. GOTJGH.t M.B.E., D.Sc., F.B.S., Membee, and
D. G. SOPWITH.1 B.Sc.Tech.

Synopsis.

An aluminium specimen consisting of two crystals has been tested
under alternating torsional stresses in a slow stream of tap-water; tho
main obiect of tho experiment was to investigata the efieet of an mter-
crystalline boundary on failure by corrosion-fatigue. The boundary was
not attaeked by tho corrosive medium, nor did it influenco m any vyisiblo
manner the method of failuro of the specimen, which took place pnmanly
by the formation of cracks in areas undergoing lieavy plastic deformation.
On the surface of the spccimen theso cracks were gcnerally parallel to tho
traces of tho operatiye slip-planes; in several casca they had their ongm
at holes situated in tho most higlily stressod regions; of tho ongm of
theso holes no definito ovidenoo is available.

Whilst gonoral attack in the form of oxido film and smali pitting
occurred throughout tho duration of the oxperiment (about G weeks).
this did not, to any apprcciable extent, eontribute to tho failure of tho
specimen.

|l.— Introdtjction.

Although a great deal of research work kas been devoted in several
countries to the problem of corrosion-fatigue, such investigations have
been almost entirely confined to the determination of the corrosion-
fatigue resistance of various metals and alloys, the efieet of heat-treat-
ment, different corrosive environments and frequencies, and similar
aspeets. Apart from the examination of failures in practice due to
corrosion-fatigue, very little metallographic work has been done.
Accordingly, when in 1929 a programme of research on corrosion-
fatigue, for the Department of Scientific and Industrial Kesearch, was
drawn up, one of the main items included for investigation was a study
of the changes in microstructure which occur in a specimen (or machine
component) while undergoing alternating stress in the presence of a
corrosive environment.

*
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Meeting, Birmingham, September 20, 1933.
t Superlntendent Department of Engineermg, National Physmal Laboratory,
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Two guestions appcared to be of particular importance—the point
of initiation of a corrosion-fatigue crack and its subsequent course.
As to the former, it was thought that a eorroSion-fatigue experiment
on asingle crystal, in affording an opportunity of correlating the observed
micro-structural changes with the applied stresses and the crystalline
strncture, would provide interesting information. The materiat
selected for the purpose was aluminium, and the corrosive medium a
slow stream of tap-water. The main results of this first experiment
may be briefly summarized as follows:* (1) The specimen failed
after about 24 million reversals of a range of stress (+ 0-6 ton/in.2
resolved shear stress) which would not have produced fraeture in a
similar crystal tested in air. (2) Failure was due primarily to pre-
ferential corrosion along the site of previously formed slip-bands, lead-
ing to the formation of a large number of cracks following the traces
of the operative slip-planes. (3) Smali pits occurred over the whole
surface, their distribution bearing no relation to the stress distribution
in the specimen. These, during the 6 weeks occupied by the tests, had
not developcd to such an extent as to contribute materially to the
failure of the specimen. (4) Larger holes also occurred, again un-
related to the stress distribution. These likewise did not seriously
afTcct the fraeture.

This experiment did not yiekl any information as to the effect of
intcrcrystalline boundaries. The present paper describes the results
of a similar test carried out on an aluminium specimen consisting of
two large crystals separated by a boundary, the principal object being
to determine whether more intense corrosion occurred at the boundary
and, if so, whether its effect would be sufficient to produce an inter-
crystalline fraeture.

Il.— Desckiption of Specimen and Method of Test.

The specimen (test-mark AL12A) used in the present test was
prepared by Carpenter and Elam’s critical strain and heat-treatment
method. It consisted of two large crystals separated by an irregular
boundary. From this bar a cylindrical specimen was maehined,
having a central test portion 0'5 in. in diameter by 1-2 in. long, joined
by fillets of large radius to enlarged ends 0-75 in. in diameter, these
latter being gripped in the chucks of the testing maching. The length
of the test portion was so chosen as to include the whole of the
boundary separating the two crystals.

* H. J. Gough and D. G. Sopwith, " Tho Bchaviour of a Single Crystal of

Aluminium under Alternating Torsional Stresses while Immersed in a Slow Stream
of Tap-Water,” Proc. Roy. Soc., 1932, [A], 135, 392.
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The type of stressing system adopted was alternating torsion, which
possesses two advantages for the present purpose, viz. the absence,
even at fracture, of any large amount of distortion of the specimen as
a whole, and the variation of resolved shear stress round the specimen.
The Stromeyer alternating torsion machine was used, the specimen
acting as a coupling between an oscillating shaft and a heavy flyw ee .

The corrosive medium employed was tlie ordmary laboratory tap-
water, an analysis of which showed that it contained 28-16 parts per
100,000 of solid matter, mainly CaC03 (18-10 parts). The specimen
was enclosed in a rubber water-jacket fitted with mlet and outlet water
tubes about i in. diameter (Fig. 1). The average rato of water fiow
was about 10 Ib. per liour, the actual rato varymg somewhat owmg
to pressure fluctuations in the mains. The tests were conducted
througliout at the comparatively low speed of 400 stress reversals per
minute. These conditions were precisely similar to those employed m
the case of the single crystal previously tested, as was also the stress
applied tliroughout the tests, vh. £ 0-615 ton/m.- nominat shear
stress, egurolent to a value of + 0-6 ton/in.2 maximum resolved shear
stress  The previous test had shown that, provided the boundary
produced no very marked offect, this stress would lead eventually to
failure; also, the adoption of the same stress valuc would enablc further
evidencc to be obtained regarding the corrosion-fatigue phenomena
exhibited by each constituent crystal.

XXX—X-Ray and Stress Analysis.

After machining, the surface of the specimen was etclied to remove
any disturbance due to the machining; the specimen was then sub-
iected to X-ray analysis at each end of the test portion. Tho results
of the corrected X-ray analyses arc shown plotted in the stereographio
diagram éFlg 2).

in order to check whether any relation existed between the orienta-
tions of the two crystals in this specimen, the spherical co-ordinatcs
of the 112 and 123 plaiics were also calculated; it was found that the
two crystals did not possess any common planes of the types 100,
111, 110, 112, or 123. The two crystals thus appear to bc at a com-
pletely random orientation.

The resolved shear stresses due to torsion on one octahedral piane
in the direction of its intersection with another have been shown to be
given by :—

SrjS= A cos (X—a)

* J. Inst. Metals, 1926, 36, 185.
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where Sr= resolved shear stress\ ~ surface of specimen.
S —nominat >

X= angular distance between reference

piane and point under consideration.

A, a = constants derived from the orienta-
tions of the two octahedral planes.

Table I gives the caloulated values of the constants A and « for all

the twelve possible slip planes and directions in each crystal. lhe
symbols used follow the usual conventions,* single symbols mdicating

Reference Mark

CRYSTALB
CRYSTAL A

" Tui)

« f5 1 S t e A S

of Specimen.
the octahedral planes, and double symbols the intersection of two of

theThc esolyed shear stress curves are sliown in Fig. 3 (Plate X XXIII)
(forboth crystals Aand B). Thereguired maximum resolved shear stress
value being + 0-6 ton/in.2 as for the previous single crystal specime ,
and the maximum stress factor (from Table 1) being 0-975 (on piane
in direction of intersection with piane 1, crystal A) the reqgmredv al|
of nominat shear stress S was + 0-6/0-975- #0-615 ton/m*. This
value has been adopted throughout the expenment, the necessary
torerae being calculated in the usual way from the formuta

S = 2TInrs
where T = torgue applied,
r = radius of specimen.

* J. Inste Metals, 1926, 36, 185.
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Table |.—Yalues of Comlanls in Resokcd Shear Stress Equalions.
Crystal A. Crystal B.
Octahedral Contained
Piane. Dircction.
A ac. A a°-
01 0-684 288° 5 0-805 107° 2
0 02 0-000 230° 48' 0-550 137° @
03 0-782 183° 27' 0-42S 200° 45
12 0-572 2° 47" 0-716 273° 53'
i 13 0-926 199° 12' 0-772 72° 18'
10 0-411 222° 20 0-283 4° 24°
23 0-273 70° 2 0-501 285° 8
2 20 0-080 58° 34 0-514 255° 42°
21 0-415 51° 2 0-278 351° 2
30 0-307 200° 30° 0-502 108° 12"
3 31 0-975 207° @' 0-529 344° 50'
32 0-070 90° 12 0-491 43° 37

The stress curves (Fig. 3, Plate X X X11) givc the liumerieal values of
resolved shear stress in the various directions, corresponding with the
above value of the nominat shear stress.  The slopes of the traccs of the
octahedral planes in both crystals are also shown in Fig. 3, the trace of
the operative slip-plane at any point being shown in fuli lincs.

IV.—The Course of the Boundary.

As it was desired to trace the course of events at the boundary
throughout the test, and it was also desirable that the surface of the
specimen should be highly polished for the actual tests, tho position of
the boundary was mapped before the finat polishing. After the specimen
had been machined, it was etched in order to remove the disturbing
effect of the machining on the structure, the etching being somewhat
deeper than usual in order to bring up the boundary. The boundary
was then surveyed under the miscroscope, using a 40 mm. lens with
oblique illumination, and its course plotted. The central section of
Fig. 3 shows the developed surface of the parallel portion of the speci-
men, with the course of the boundary. The latter is quite irregular
and cannot be correlated with the traccs of any of the crystallographic
planes; it lies completely within tho parallel portion of the speci-
men. The resolved shear stress curves and slope diagrams are also
shown in Fig. 3, alongside the crystals to which they refer (viz. crystal
“ A 7 nearer the reference end, and crystal “ B ™ at the other end).
The position of a point on the surface will be referred to by its two
co-ordinates (X, d), where X is the angle between reference piane and
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axial plaue tlirough point, and d is digtance in mm. from a piano per-
pendicular to the axis passing tlirough thc mid-point of thc specimen,
(reckoned positive towards thc right, i.e. towards crystal B

anc
away from rcfercnce end).

V.—DeTAILS OE THE E xPERIMENT.

The dctails of the various tests and intermediate examinations are
most concisely stated in tabular form (Table I1).

Tarle Il —Details of Tests and Ezaminalions.

Itesolved  Number Total

Treatment
Eeference  ~ Sheur of NUmDer  petails of Esamination, &c. before Next
o Tonr  Stress,  Reversals oo Of Test.
. i *
rousfin.x.  (millons). /Gy,
» 1-022  Slip distributiou  mapped, Surface lightly
1 17022 photographs and panorama cleaned
taken
¥ 3-023 Two cracks visible, slip and Surface lightly
2 2-001 cracks mapped, photographs cleaned
and panorama taken, also
6 panorama of crack 1
3 « 1-977 5.000  Slipand cracks mapped, photo- Nono
| graphs and panorama of
! crack 2 taken
6 Surface lightl
7-005 12-005 Test stopped on account of gntly
4 H slight increase in range of cleaned
strain. Photographs taken.
5 5-7G3 17-768  Cracks mapped None
N 29-293  Cracks mapped and photo- Cross-section
¢ \ 11-525 graphs taken. Test discon- cut and pol-
tinued ished
Oross-section—cracks and
boundary  mapped and
photographs taken.
V |—Ghanges in Microstructure During Test.

(@) General Attack; Oxide Film and Pitling.

On remoyal from thc machinc after the first test (one million rc-
versals) the surface of the specimen was found to be duli grey in colour
with some brighter streaks ioughly parallel to the axis, particularly
at about x= 40° and 300°, i.e. approximately symmetrical about the
water inlet (the water cntcred vertically upwards at X= 0° near the
reference end of the specimen, in all the tests). The position of thc
inlet was marked by a ring of oxide colours about in. in diameter, this
being the only trace of oxide coloration visiblc to the naked eye. The
outlet (at thc other end of the specimen at X=r 180°) was indicated by a
slightly brighter ring and a roughly triangular area with its base on
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the fillet and apex at about X= 180°. This triangle was somewhat
lighter than the surrounding surface, probably due to water at either
side moving towards the inlet, so that less water flowed over this area.

Under the microscope tho surface was seen to be entirely covered
by a film of oxide of varying colours, the background being usually
fairly bright yellow, with varying amounts of smali patches of other
colours, mostly green or brown. On tho whole, the film was very
much more uniform than was the case at the same stage in the previous
single crystal specimen, probably on account of the 1aTger water spaces
in the type of water-jacket uscd since the first test onthe latter specimen.

The depth of the film as judged from its colouring could not be
related to the stress distribution, and was apparently affected only by
the varying water velocity at different points of the surface.

The only evidences of pitting at this stagc were some minute dots
visible at yarious points on the surface. There were at many places
appearances as of larger pits, but on closer examination it was seen that
these consisted in most cases of smali patches of oxide, and were often
red or green, and not black or grey. Examination under higher mag-
nification showed that these were certainly not depressions. It must
be conSuded, therefore, that these spots were not pits, except in a few
cases which could be accounted for as polishing pits. Owing to the
extremely minute size of tho pits—only about one-tenth the (linear)
size of the first unmistakable pits on the single crystal (after 107 re-
versals)—no quantitative estimate of their frequency of occurrence
has been attempted.

After a further two million reversals, the specimen was found to have
cracked, there being two cracks visible to the naked eye. One of these
was about » in. long, and tho other, close to it, about half that length.
Both cracks, particularly the larger, had masses of yellowish-white
deposit on them. This deposit also occurred at the junction of the
fillets and the enlarged ends, probably being trapped there when washed
away from the parallel portion. The surface was again greyish-
black in colour, and rather more uniform than after the first test. The
ring of oxide colours at the inlet was still present. Under the micro-
scope the generat appearance was much the same as after the first test,
a photographic panorama of the surface taken near the centre-line from
x= 180° to 360° showing very much the same coloured patches as the
previous panorama of the same areas. The only noticeable difierence
was the disappearance of some vaguely defined dark areas previously
observed. A few larger pits were observed at this stage. (See e.g. Fig. 4,
Plate XXXIV.)

At several points on the surface, especially near the shoulders, black
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CRYSTAL A - CRYSTAL B.
Resolved ShearStress,Tons/sq.in.  Slopes oFTraces of Planes
Slopes of Traces of Pfanes. Resolved ShearStress,Tons/sq.in. Value of d-(mm.) q P .
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Diagram Showing Position of Cracks and Holes
after Last Test.

2-2 Extent of cracks after 2? test 3-023*I0Ccycles

3-3 JI’ 1] n 1 3" n 5-000 ii n
44 % ¥ B i 4~ n [2-005 ii n
5-5 u ii ” n 54?2 i 17-768 7 »
6-6 n i u u 6~ ’> 29-293 n «

1'jg. 3.—Coirosion-iatigue of Aluminium Boundary Specimen AL12A.
[Toface p. 04.



Plate XXXIV.

p!C 4 _ Crack 1 Crossing boundary (after second test).
(A= 93-5°,d = 5-4). X 100.

I'IG s.—Typical slip (after second test).
(A= 86-5°,d = - 11-2)) X 100.

J.'lG g —Merging of smali pits (after third test).
(A= 15°,d = - 8-3) X 100.

All reduced by } in reproduction. [Tofacep.



Plate XXXV.

Fio. 7— Prefercntial corrosion on slip band {aftcr second
test).
(A= 259-5°,d = - 9-4) X 100

Fic. 8.— Largc hole on crack 1 (after second test).
(A= 95°,d= 3-5) X 100.

Fig. 9.—Same hole as Fig. 8 (after third test).
(A= 95 d = 3-1) X 100.

All reduced by i in reproduction.



Plate XXXVI.

Fig. 10.—Cracks Crossing boundary (after finat test).
(A= 81°,d = - 1-3) X 100.

Fig. 11.—Branching of crack 1 (on cross-section). X 330.

Fig. 12—Crack 1 and boundary (on cross-section). x 100.
Ali rcduced by £ in rcproduction.



Plate XXXVII.



Plate XXXVIII.
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dots surrounded by brigbt white or ycllow rings occurred. lhc sur-
rounding materiat was at first tliouglit to be a dcposit of corrosion
products, but closer examination, together with a comparison of the
appearance before and after lightly cleaning the surface, showed that
the rings were of comparatively uncorroded materiat. Some of these
dots will be seenin Fig. 5 (Plate XXXI1V). Merging of smali pits (Fig. 6,
Plate XXXI1V) occurred to some extent inisolated places during the third
test (total five million reversals). These were positions of high resolved
shear stress; this is in agreement with the occurrence of joining up of
pits in the previous single crystal specimen but the amount of such
joining was, liowever, too limited for any generat conclusions to be
reached at this stage. The pits were rather more numerous and more
evenly distributed, no relation between the number and the resolyed
stress being uoticeable. The ringed pits were still in evidence, showing
no change sirice the previous test.

During the remainder of the tests, the generat appearance of the
surface became gradually darker, making it increasingly difficult to
observe such features as pits and slip bands. So far as could be judged
from the lighter areas, no great inerease in the size or number of pits
occurred. In fact, the number of pits appeared to decrease, coufirming
a previous opinion that some of the apparent pits were really patches
of darker oxide film, and not actual depressions. No further merging
of pits was observed.

(6) Slip Bands and Cracks.

The number and distribution of slip bands on this specimen were
very similar to those observcd in fatigue tests on single crystals con-
ducted in air. Both were in good agreement with the resolved shear
stress distribution (calculated on the assumption that the boundary
had no efiect on the stress conditions), the agreement becoming even
closer as the test pTocceded. Little slip occurred after the third test
(five million total reversals). Typical slip is shown in Fig. 5 (Plate
XXXI1V) (after second test).

In the previous test on a single crystal, slip production had ceased
some time before a definite crack appeared, and before the intermediate
stage of preferential corrosion along previous slip-bands became
apparent.

In the case of the present specimen, however, very little of this
intermediate stage was obscrved, the only example being that shown in
Fig. 7 (Plate XXXV) (taken after three million total stress reversals). No
further progress occurred in this region up to the end of the experiment
(atotal of twenty-nine million reversals). On the other hand, after the

vol. Ln. B
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second test two definite cracks were present. The positions of these aro
shown on the map of the cracks after the complction of the tests (Fig”,
Y4t WYTTT1 This finure indicates the positions and exte

The p.rtioos of tho »“ " -] S I£&

inoluded
,»f tho upper two cacks (ot c’

J ™ o ooonrrod ,,0at tho
b~idIT o n atthissfgo, thotager ot.ok

once and the smallcr twice. This position is near one of the *vo
largest stress maxima in the specimen (crystal A, dircc lon

or 267°) and is the one of these two positions m which the greater
part cf tho tost po,.;™ Oftto~ooto ».“J" b ly T

r th» ii
tho stress m

og[MS ertrcmcly ,™U with

Staoos of tho opo»tive “ p tlIs

wmcen sno”b | Aftcr crossing into crystal B,

U h crackTstop; this probably reflects the relative stress distributions

w e s s:=K Es “fS £
[ g-=

ustdily indicate§the presence of a hole, of smalles

the outline of which was marked by aring of ]materia’f darker in coiour
tne outiine ul rfn

...rtnre between these holes
than the remamder of the surface. The

and rings was much less heavily corroded, as is shown m g.

( Except for a very slight extension at each end, cracx 1 did™not

pauorama”ofjfhis at"his"stage “ d “

lig. 13 (Plate XXXVII). 1t shows the three pomts a

crosses the boundary and also several holes anc corr

viously described. This crack was j~L ded

the larger crack 1. One of the larger XXXVII) (after
. : 2 A o

SO ideL AR ir ASREIBEHSAR By S ests thatdh M-t koen

place in two ways-by the extension of.the, org,nal

formation of a new hole slightly to its le
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support tliis suggestion—the corroded ring surrounding tho left-hand
part of the hole and running into it near tlie centre of tlie original hole,
and thc fact that possible traces of tlie original surface are discernible
between the old and new portions of thc hole.

Both cracks extended during tlie fourth test, crack 1 to the fillet

at either end of the test portion of tho specimen, and crack 2 only a
short distance at each end. The extent of both is indicated in Eg. 3,
4 .. .4).
( The n()aw parts of crack 1 were comparatively freo from large lioles,
but tho right-hand extension sliowcd hcavily corroded arcas. The
smaller crack 2 extended further into crystal “ B ”, the new portion con-
sisting of a narrow hole following the trace of the operative slip-plane.
This hole is therefore probably the result of heavy corrosion on a con-
tinuation of the crack (Fig- 14, Plate XXXVIII; Xx= 84 ,d 03).
It will be noted that this test was of much longer duration than the
previous tests.

After the finat test two new cracks were found, and crack £ Had
extended to meet crack 1. The position of these cracks at this finat stage
is shown in Fig. 3 (Plate XXXI11). In addition, two smaller cracks had
started from crack 2 at a point near one of the places where it crossed
the boundary; these are shown in Fig. 10 (Plate XXXVI) x= 81 ,d —
—1-3). These cracks also change slope when Crossing the boundary,
and run parallel and close to crack 2, finally running into an e~tension
of the sloping part of crack 2 at about Xx= 80°, d= —0-7. The end
of this extension can just be seen at the right-hand side of t e
photograph, slightly above the main crack.

Apart from the above, little change had taken place in cracks 1
and 2. More holes had formed, particularly on thc portion of crack 1
in crystal “ B,” the whole of which was considerably widened mto a
groove of irregular width. At nono of the places at which these two
cracks crossed the boundary (five in all) could any signs of preferential
corrosion either at the junction of the crack and boundary, or along
the latter, be detected. Cracks 1 and 2 join at a point where crack 1
approached the boundary very closely and where there is a hole (present
after the fourth test).

Cracks were found to have commenced from both ends of a Iajge
hole at Xx= 201-5°, d = —4-4, which was present after the fifth test. The
long, narrow portion of this hole had developed into a defimte crack,
which, after proceeding about half-way towards the left-hand fillet as
a groove, or series of irregular holes, continued to thc et asa ne
crack, with occasional interruptions. The crack proceeding to t e
right from the hole was of narrow width throughout, and stopped
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before the boundary was reachcd. The two portions of this crack on
either side of the hole were not collinear, but both agreed well with the
operative slip direction in this region, which represents the masimum
of the 13 direction. -0

The crack in crystal “ B ” started at a large hole at X--245 ,
d = 13-4 which was present after tho fourth test, and proceeded in
both directions, rouglily along the root of the radius m an lrrc8u ar
manier, and also up the radius. Most of this crack consistcd of a
series of holes joined by short cracks of no particular orientation, and
its propagation has probably been decided rather by stress concentra-
tion at the root of the radius than by resolved shear stress considerations
as in the case of the other cracks.

(©) Local Attaelc— Large Holes.

Bv the term “ large hole ” is meant a definite hole of much larger
size than the smali pits previously described. The latter were>never
more than about 0-02 mm. in diameter, and usually very ~ h smalle
whilst those holes described as large were at least ten times this (Imea )
size. No such holes occurred during the first test »ut afterthe se
test a large hole was found on crack 1, at X—95-0, d —
crack will be seen running from each end of the hole, the two
being parallel, but not collinear. This suggests that the hole was
present before the crack, and that it may indeed have been the point
at which the crack originated. There were severar smaller holes on
crack 1 and on crack 2 (the holes on which were on the average smaller
than on crack 1), and one and a doubtful second away from the cracks
at Xx= 175° d= 6-2 and x= 80° d = 9-6, respectively. The latter
holes were ¢onsiderably smaller and obviously shallower than those on
the cracks, and no traces of cracks could be seen in their vicimty.

A fairly large hole was found after the third test with no crack, at
X= 102-5° d= —2-0. This is fairly close to the large crack 1, an
indeed occurs within the comparafyely uncorroded surrounc”
the largest hole on the crack. It is similar to the holes found on the
cracks but has no surrounding rings. The position is away rom the
boundary and in a region of high shear stress contairimg fairly hea y
slip. No increase in the size of this hole occurred m the remammg
twentv-four million reversals of the test. n,

The occurrence of other large holes has been referred to above in
connection with cracks.

(d) Effect of Boundary.

In all the esaminations of the surface, spccial attention was paid to
the yicinity of the boundary. The observations may be summed up m the
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statement that no indication was observed of any effect cxertcd by
the boundary on the corrosive action, either by prefercntial corrosion
at the boundary or by changes in the oxide film, or by crack propaga-
tion along the boundary. The devclopment of crack 2 shown in Fig. 13
(Plate XXXVII) shows this very clearly, the position of the boundary
being indicated only by the three changes of slope of the crack.

yjl]\__E xamination of the Cross-Section of the Specimen.

After the specimen had received twcnty-ninc million reversals, it was
considered that no further uscful information would be obtained by
continuing the tests. The specimen was therefore mounted in fusiblo

Reference
Mark

Fig. 15.—Diagram showing Traces of Cracks and Boundaiy on Cross Section.

alloy and cross-sectioncd at the centre of the test portion. The cross-
section was then metallurgically polished and exammed under the
microscope, the position of the cracks being mapped. Afterwards
the section was etched in order to render visible the mtercrystalime
boundary. . . iK

The positions of the cracks and boundary are shown in lig. 15,
looking towards the end away from the reference end of the specimen.
It will be seen that except for a very short distance along crack 1, the
cracks show no tendency to follow the boundary. Thcy appear to
start parallel to the trace of the operative slip-plane, later becommg
more or less radial. As shown in the diagram, most of tlie cracks were
single, but in one place crack 1 branched out in a similar manner to
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that observed in scveral of the cracks on the single crystal specimen,
this portion consisting of an intricate network of very fine cracks as
shown in Fig. 11 (Plate XXXVI) (x 328). Fig. 12 (Plate XXXVI)
shows the portion of the crack 1 which follows the boundary.
Owing to the specimen having been deeply etched in order to bring up
the boundary, the edges of the crack are very indistinct.

VIlIl.—G eneral Discussion.

As regards the main object of the experiment, viz. the guestion as
to whether more intensified corrosion would occur at the boundary and
so lead to intercrystalline failure, the test shows quite conclusively that
this is not thc case in aluminium. The conditions—a specimen con-
sisting of two large crystals separated by a boundary of a total length
of about 3 in.—were particularly favourable for the development of
such intensified corrosion. In spite of this, not the slightest evidence
was found of this occurring; had not thc cracks crossed the boundary
and changed their direction it would havc been impossible to detect,
without previous knowledge, that the specimen did in fact contain a
boundary. This is in agreement with generat experience in corrosion-
fatigue; even materials which under normal conditions fail by inter-
crystalline cracking usually fail in a trans-crystalline manner imder
corrosion-fatigue.*

The eSect of the boundary on the strength of the specimen is some-
what indefinite. As compared with the single crystal, this specimen
cracked considerably earlier (after three million reversals as against
fifteen million), the first cracks occurring near the boundary. On the
other hand, in the case of the single crystal, after a further nine million
reversals, the surface was covered by a profuse system of cracks, and
the total range of strain had increased greatly; whilst the boundary
specimen withstood a further twenty-six million reversals after the
cracks first appeared, at the end of which time only two new cracks
had formed, and the strain, except for a slight temporary increase at
about t\velve million reversals, remained constant throughout the test.
The boundary has also had extremely little efiect on the stress-distribu-
tion as indicated by the slip, which agreed extremely closely with the
calculated resolved shear stress : this is in agreement with similar two-
crystal specimens tested in air.

Pitting, whilst generally similar to that in the single crystal, was
rather less in extent, and joining-up of pits, although occurring in one
or two areas of high resolved stress, was much less generat. It can,
however, be said quite definitely that the smali pits had again no

* Sco cfj. H. J. Gougli, “ Corrosion-Fatigue,” ./. Insi. Metals, 1932, 49, 70.
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influence on tlie failure of the specimen. The pits, after ieachmg a
certain very smali size, appeared to develop only by ]Oimng up, and i
no case did such joined-up pits develop into either a hole or a crack.
The behaviour of this specimen as regards the occurrence of large
holes differed in some respects from that of the smgocr> <.
“ mlcr of hole, much to, and to au they o « « d -
stress maiima, to mony case, contribnting laigely to the faihire of t
K S T by ft. formation of cracks. These hole, conld be d,v,dod

‘““HoksTom which craclts devclopcd lator, eJj those at 1 -
201-5°, d = —4-4 and X= 245°, d = 13-4, and possibly that at X-

96'qii)JH olioc|<rm g on otacto after these had been in enstcnce fo,
some time, e.g., several of those on cracks 1 and 2

(iii) Holes occurring away from cracks and no * ¢

ol crystal specimen were cjuite excep-

tional but in the boundary specimen the two holes mentioned were
observed originaUy to have no traces of cracks proceeding from them,
whereas cracks subsequcntly developed. The only hole ofEclass>(u),
which in the single crystal was very numerous, was one at X- 1U-o0
d= -2-0 It is noticeable that whereas the holes which occuir on
cracks, or which lead to cracks, progressively mcreasc>i n *
was not larger after twenty-nine million cycles than after fhe_milbc

Both specimens contain large numbers of holes of class( | t
occurring on all the cracks in both specimens Thm result ro
creased corrosion set up at the cracks, resulting
developing into a groove and later to local increases m breadth m the
form of these large holes

The hole at X= 95-5°, d = -1-3 may be of either class (i) or ( )
but its appearance so closely resembles that of the one a
d = -4-4, that the probability is that this hole preceded the crack on
n “ ation and growth of the class
explicable, the guestion of the initiation of those of c asses « and U
is as yet unsolved. The opinion was expressed m the N PP
that such holes might be due to etching pits, *punties «
In the present case, all the large holes occiir i
maxima It is also quite elear that the boundary has pjayed no pa
in their initiation; similarly, it appears
could have developed from the smali pits, otherwise holes ot
mediate size should have been observed.
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The cracks on the single crystal specimen occurred, due to pre-
ferential corrosion, along the site of slip-bands previously formed, sifce
the formation of slip had ceased some time before their appearance.
In the boundary specimen, however, slip went on for some considerable
time (at least two million cycles), and it tlius appears more probable
that, at least in the case of crack 2 which definitely did not originate
at a hole, any preferential corrosion along slip-bands took place along
operalive slip-planes. In either case, the cracks occur in the regions
of greatest plastic deformation, i.e. at stress-masima, and follow the
traces of the operative slip-plane. An exception to this is the isolated
crack in crystal “ B,” the course of which is apparently controlled by
stress-concentration at the root of the radius.
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NOTES ON THE PREPARATION OF LEAD
AND LEAD ALLOYS FOR MICROSCOPIC
EXAMINATION.*

By BRINLEY JONES,f M.Met., Mbmber.

Synopsis.
A method is outlined for tho )r,apiEi preparation of lead and tellurium-

lead for low- and high-power microscopic examination. .

Time devoted to preliminary polishing is restricted, tho tnie structure

of the metal being rovealod by Chemical solution of*surface layers.. Afte

the removal of recrystallized layers, sections may finally be preparod for

high-power oxamination by a treatment of alternate polishing and

etching, the finat polishings being vigorous.

Since the pTesentation Of tlie paper by W. Singleton and Bnnley Jones
on “ Some Effects of the Addition of Tellurium to Lead,” i a number of
inguiries has been received as to the methods adopted for the pre-
paration of micro-sections of lead and tellurium-lead. In view of these
reauests, it has been deemed desirable to make this the subject of a
separate contribution. The methods of preparation of micro-sections
of lead and tellurium-lead used in connection with research work carried
out by Singleton and Jones, are described below.

Two important features of any satisfactory method of preparmg
lead and lead alloys for microscopic examination are: (1) rapidity;
(2) production of surfaces suitable for high-power esamination.

Two photomicrographs taken from a section of lead pipe showmg
defects due to annular lamination are included in this paper. Appros-
imately 35 minutes were spent in producing Eig. 1 (Plate 1), an extra
10 minutes being reguired for Eig. 2.

The preparation of these photographs may be diyided into four
sections : (1) preliminary pobshing; (2) preparation of the surface,
(3) etching; (4) drying.

Preliminary Polishing.

Attempts to produce a perfectly smooth surface, by polishing alone,
prior to etching, have been abandoned owing to tediousness and uncer-
tainty, and as little time as possible is devoted to initial pohshmg.
Saw-marks are first removed by filing, and the specimen is then gently
rubbed on progressively finer grades of well-used emery paper.
saturated solution of paraffin was in paraffin is used as a lubncant.

» Manuscript rreceived May 4, 1933. Presonted at the Annual Autumn

Meoting, Birmingham, September 20, 1933. . iwk-nlo
t R%search Lgarl)oratoﬁgs g} Googlass Wall and Lead Industries, Ltd., Pen

va e,
Middlesex. 1 J- Mdala>1933>51>
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The specimen is next rubbed for a sliort time on Selvyt clotli, which
has been previously soaked with an emulsion of metal polish, soap, and
the paraffin wax solution. It is quite sufficient at this stage to produce
a surface free from unreasonably deep scratches.

Preparation of the Surface.

The next operation consists in removing a considerable surface
layer of metal—recrystallized, scratched, and dirty by vigorous
chemical attack, and in accomplishing this without producing pitting.
After cleaning with benzine, the section is treated with a solution o
ammonium molybdate, such as is used for the determination of phos-
phorus. Drops of the reagent are repeatedly poured over the surface,
whick is continually washed with water, aud to prevent irregular
action, the specimen is freguently drawn across Selvyt clotk moistcned
with this solution. The true structure eventually begms to cmerge,
becoming more and more perfect as the dissolving and washing procecd.
Por low-power work, no further treatment is required, and the section
may be washed, dried, and photographed. The grains are now revealed
in contrast and with clarity, but high-power examination is not yet
feasible. Fig. 1(Plate XXX1X) illustrates a specimen treated m thisway.

E tching.

After low-power examination, the specimen is again polished on
the Selvyt cloth soaked with the emulsion previously describcd and
then immersed in the following solution, recommended by Vilella and
Beregekoff : * glycerol 4 parts, glacial acetic acid 1 part, conc. nitric
acid 1 part. The nitric acid is added immediately before use, and the
solution should be heated to a temperature of approximately 80° C.
Alternate polishing and etching should now continue untilthe structure is
satisfactory. An extremely bright, silvery appearance is soon obtamed,
and it isimportant to note that slow and delicate polishing is not now so
necessary, sifce there is no longer a recrystallized layer of metal. The
Selvyt cloth must be maintained in a soaked, slippery condition, so
that the finat polishing can be carried out with sufficient rapidity to
give a perfectly flat surface. Fig. 2 (Plate XXX 1X) illustrates a section
after the finat etching.

Drying.

When it is certain that the structure has been completely developed,
the specimen is dipped into boiling water and dned m an air blast so
that evaporation of moisture is almost instantaneous. This is t e
simplest method which has been found to leave an unstained surface.

* “ Polishing and Etching Lead, Tin, and Somo of thoir Alloys for Microscopie
Examination,” Indust, and En<j. Chem., 1927,19, 1049—200—



Plate XXXIX

Fig. l.-Lead Pipe Showing Defects due to Annular Lamination. Etchcd with
Ammonium Molybdate Solution only. X lo.

Fig 2.—Lead Pipe Showing Defects due to Annular Lamination. E” hed wilth
Ammonium Molybdate. and followed by Giycerol Reagent. X 50.
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AN INVESTIGATION OF THE IIEAT-TREAT-
MENT OF “STANDARD SILVER.” *

Bv HUGH O’NEILL,t M.Met.,, D.Sc., Member, G. S. FARKHAM.t B.A,,
M.Sc., Member, and J. F. B. JACKSON,s B.Sc.

Synopsis.

The procipitation-hardening of guenched “ Standard silver ” (7°25 por
cent. coppcr) has been investigated by Meyer hardness analysis.

Precision X-ray spectrograms obtained with Cu-radiation from thick
diso specimens of the heat-treated alloy indicato that surface prcparation
may considerably affect the lattico parameter results. Pohshmg should
be avoided in this work, and etching may have bad effects. (Juenched
“ Standard silver ” whon relieated for 30 minutes in the 300 O. region
is in a sonsitive condition, and appeara to precipitate oompletely when
deformed. If precautions aro takon, the lattico parametcrs mdicato a
normal progressive precipitation of copper constituent as the quenched
alloy is rcheated at incrcasing temperatures.

Introduction.

Incidental t0 a study of the hardness changes which accompany the
reheating of quenched “ Standard silver,” certain inconsistencies were
observed in X-ray work undertaken to reveal the corresponding variations
of lattice parameter. In sonie cases, at least, these inconsistencies appear
to be due to the method of preparation of the specimens. “ Standard
silver ” gnenched from 750° C. contains copper in supersaturated solid
solution, the cftect of this dissolved copper being to reduce the size of the
cube edge (a) of the atomie space lattice of the silver. Progressive reheat-
ing of the gucnched alloy followed by cooling should canse the coppeT
constituent to be continuously rejected from the solid solution, and thus
bring about a progressive inerease of the solvent lattice paTameter. This
cliange was duty found in some series of observations, but difierent effects
were noticed in others, whilst occasionally the X-ray spectra appeared
to contain mixed lattices. Such factors as the polishing and etching
of the specimens used, the attack of salt baths, and the possiblc
heterogeneity of the alloy have all been considered in the course of this
work. ”
H e AT-TrEATMENT OF THE ‘ STANDARD SILVER.

The alloy was originally cast by the makers in the form of ingots 1£ m.

thick, and supplied to the authors as hot-rolled plate 2-92 mm. thick, the

* Manuscript received April 28, 1933. Presented at the Annual Autumn
Meeting, _Birmintt]ham, September 20, 1933. . . , N

f Senior Lecturer, Department of Metallurgy, The Umversity, Manchester.

% Research Metallurgist, The University, Manchester.

§ Department of Metallurgy, The University, Manchester,
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analysis of which was silver 92-65, and copper 7-25 per cent. It was
sawn into pieces, which were clcancd on emery paper, and then quenched
and reheated for 30 minutes according to the particulars given in
Table 1. After reheating, the specimens were cooled in air, and in all
cases except series 4, described below, tliey were rubbed on emery paper

before reheating..

Table |I.
. . Brinell
. llcfer- Hcat-Treatment. Ileating Bath. Slicrostnictnre. No.
ence No. HI0/20
0 Hot-rolled, aa received streaks of eutectio 72-5
’ copper
Q Soaked 30 minutes BaCU, CaCU, “ austonitio” 50-5
750° C., guenched in NaCl
cold -n-ater . 60
7200 Quenehed as above, re- paraffin do.
heated 30 minutes
200° C., cooled in air
T300 do. 300° C., do. S5NaN03, apparently 110
45Xai\'02 " austenitie ”
T500 do. 500° C., do. " sorbitie " gg
T750 do. 750° C., do. BaCl2 CaCuU, pearlitic
NacCl
Table Il.—Healk-Treatnmit and Slrain-llardaning of
“Standard Siher ™ (7-25 per cent. Copper).
After Subseguent Cold-
After Heat-Treatment, Bolling (92 Per Cent.
Reduction of Thiekness).
Heat-Treatment. Hardness. Hardness.
° Increase,
Kgﬁlfj'* M I%necrr?::f. Kg.Ffrrr]mm.’. Per Cent.
Quenched 750° C. . 80 f 2-5S8 P
do.; aged 6 days . 84 "6 2-56 IGO o]
do.; rehoated:
200° C., 30 minutes . 100 19 2-47 165 3
300° C. 149 7 2-26 179 12
600° C. 127 51 2-30 165 3
750° C. 108 29 2-34 156 -3

* This valuo was obtained from a 10-kg. impression and tho assumption that
n — 2-0. The rolled metal was too thin to permit of indentation at various ioads.
% Indentations completed within 12 minutes of cjuenching.

Hardness Tests by Meyer Analysis.

Tho various specimens were indented with a 1 mm. (D = 1) steel bali
at different loads, and the constants to the Meyer cxpression L = adnwere
determined by logarithmic plotting. From these constants: n — the
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hardenability; whilst the hardness Pu— *

127301 (wherc
«when D = 1).

Hardness values in terms of Puare strictly “ mparaWe,
for they relate to bali impressions having always a constant angle of im,

It is"evident from Fig. 1 that the hardness-reheatmg temperature

m fnr  TrO2ressive “ precipitation” treatment passes through a
maximum whilst the n-reheating temperature curve has a corresP°°. “ 8
S T Tempering beyond the hardness maximum leads to a soften-
iner assoeiated with the “ coarsening” of the precipitate, an
accompanied by a slight steady nse m the n yalue.

The cold-rolling experi- —
ments make evident the
differences in thc harden-
ability of the alloy after
the various reheating treat-
ments. The generat effect
is to level out the peak
in tlie hardness curve, as
Norburyl has previously
indicated. The specimen
which showed maximum
hardness on precipitation-
treatment was still the
hardest after 92 per cent.
reduction, and the “ pearl-
itic” specimen did not

,00 300, 5ﬁ0 700
strain-harden as much as .EI EATING TEVPERA C
" S R P10. i,—Quencked and Rehcatcd
the “austenitic” (cpienched)

“ Standard Silver.”
one.

E xamination by X-rays after Yarious Surface Preparat or

The techniaue employed to obtain X-ray spectrograms was a modified
form of D etiuPs “blk-refiection” method using hgh-order planes
such a the (511). The specimens, however, instead of bemg m powder
orrmS e | ofrath thiek plate such as are smtable for small-bal
hardness-testing and microscopic examination. The actual hardness-test
spec”™aens were used, and were fixed to a reciprocatmg mountmg whbch
the authors devised for attachment to the Hilger ™versal X-r y g
meter and which was operated by its eloekwork med\a® m. M
Unfiltered Cu-radiation was employed from an X-ray tube work ng
m amp and the time of exposuiefor silver alloys was generally
TMsaoft radiation oaly s.ct alloys to a yery smali
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depth—perhaps 0-001 mm. below the surface—and it is for this reason that
surface preparation is so important.

Fig. 2(a) (Plate XL) shows a precision spectrogram of cast, pure silver
which was annealed at 400° C. in a salt bath, after polishing. Wiliilst
being X-rayed the specimen was stationary in this case, and the resolu-
tion is good. The samo specimen after rubbing on “ 000 emery paper
gave the result shown in Fig. 2(6), the lines being more continuous, but
more diffuse, owing to the cold-worked surface layer. These spectro-
grams gave a lattice size for silver of a= 4-077 A. which compares well
with Owen and Yates’ value of 4-0772 A.

As etching will rapidly remove the distorted Beilby layer, the authors
were led to use etched specimens in the work which is described later.
Actually it was then found that etching introduced troubles of its own.
The first set of specimens was given a motallographic polish, etched in
dilute sulphuric and chromie acids (as recommended by Norbury) and
examined imder the microscope. X-ray spectrograms subsequently
obtained from them yielded the following results:

Senes 1 Q. T300. T500. T750.
a =4-06 4-072 4-064 4-061 A.

These values for the lattice parameter were most unexpected, as
equilibrium results obtained by Ageew and Sachs 2led the present authors
to believe that a would increase progrcssively from about 4-03 A. in the
quenched specimen to about 4-08 A. in a fully “ pearlitic ” one. It was
suspected that the spacing values obtained in series 1 were unreliable, and
this not because of the heat-treatment, sifice the Brinell tests corresponded
fairly wellwith Norbury’s. The authors’belief was that variations in the
surface layer were responsible for the discrepancies. The peculiar danger of
surface distortionin this particular case liesin the fact that strain-hardened
metal reaches equilibrium more rapidly than unstrained metal; conse-
quently in heat-treatments such as these, where time is known to have an
effect, the outside layer may run ahead of the core of the specimen and
yield X-ray values which are not representative, and do not necessarily
correspond with hardness-test results. A second series of specimens was
therefore prepared, which will be referred to as series 2.

Series 2was treated as series 1, but no polishing was applied after finat
heat-treatment. When the metal had been taken from the hot bath and
cooled, it was cleaned by etching in a solution of nitric acid 10, chromie
acid 1, and water 89 per cent. The results for lattice parameter are
reported in Table 111, and neither agree with series 1 nor give the espected
range of values. Specimen 2 (T300) gave two sets of lines. As specimens
Q and T200 always etched slowly and the others relatively quickly, it was
decided to prepare another series with only a slight etching attaek.

Senes 3 was treated similarly to series 2, i.e. no polishing was applied
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subsequent to heat-treatment, but in tbc first place it was accorded
what will be designated as treatment (3x) and was given a fiasli etch
of a few seconds’ duration in an ammonium persulpbate solution.
Tliis was applied to remove the slight effects of salt batb attack. T e
results reported in Table 111 for the three treatcd specimens seemed to
be too high, and it was decided to dissolve away some of the surface
and to re-test. Treatment (3?) consisted in the removal of a layer
0-0025 in. thick from the face of the specimen by attack with 50 per
cent. nitric acid, foilowed by washing. As Table 111 shows, this treat-
ment gave results similar to those for series 2, except that two of the
specimens now showed double rings, i.e. two lattice sizes. It was
suspected that the inner metal had a different chemical composition,
and the specimen was therefore etched still further. Treatment (3y)
consisted of the removal of a further 0-0025 in. of alloy with mtne acid
in the case of two of the specimens, Nos. T200 and T300. The uniform
parameter results of 4-075 A. in both specimens (Table I11) mdicated
that there was either heterogeneity in the alloy, or a breakdown of the
supersaturated sobd solution by the etching reagent, or a pre erentia
solution and removal of copper by the etching reagent. An attempt
was first made to prepare metal free from any possible heterogeneity,
it being realized, for instance, that “ inverse segregation” might give
a silver enrichment in the core of the plate of about 0-3 per cent.

Series 4, therefore, aimed at a more thorough solution treatment
and the avoidance of polishing before reheating. The alloy, as rc* ived,
was cold-rolled to 1-68 mm. (43 per cent. reduction), soaked at 800 U
for 5 hrs., quenched, cold-rolled again to 1-04 mm. (38 per cent. rcduc-
tion), and soaked at 800° C. for anotker hour before quenching.

Specimens (4a) were given a flash etch in ammonium persulphate
and X-rayed. The quenched specimen gave a result (4-064 A.) similar
to the quenched metal in series 1, and this was considered to be high
and unrepresentative. The surface was therefore removed by etching.

Specimen (4?) was thus the same as quenched (4a) after OO0o m.
had been removed with nitric acid. It gave two spacings—4-038 A. and
4-075 A, the first of which seemed to approach the cxpected yalue.

Specimen (4y) was (4(Y) etched until only 0-5 mm. thick, i.e. it was
practicaUy the core of the alloy. The X-ray spectrogram was Sux-
prising being simply a collection of spots scattered over the film,
together with a faint 4-075 A. spectrum. This indicates almost un-
believable heterogeneity or else mised etching products.

Specimen (48) was specimen (4y) after polishing and re-quenchmg
from a further soak of 30 minutes at 750° C., foilowed by finat
polishing. The idea was to remove etching products and heterogeneity
if these were present, and also to avoid etching effects by finishmg in
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the lightly polished condition. This resulted in some blurring, but as
etching seemed to introduce troubles of its own, a blurred film was still
most likely to settle the question of the lattice size of the quenched
alloy. The X-ray spectrogram of this specimen gave the result
a = 4-038 A. and this is believed to be the true value.

Table IlI.
Parameters (A). Eilm
T Hﬁat- Surface Preparation. Reference.
reatment. Jng N | Bing )
750° C., Serios 1 polish + etcti 4-004
Q QS00° C. ., 2 etch 4-050
4a flash ctch 4-064
4/3 deep otch 4-038 4-075 )
. 4y very deep otch  scattored spots 4-075 Fig. 4
. 43 roguenehcd and 4-038 Fig. 3
polished
Q750° C.,  Series 2 etch i—ggi Fig. 3
° ., 3a flash eteh . )
12007 3/3 deep etch 4-042 4-075 Fig. 4
3y very deop etch 4-042 (faint) 4-075
do. ropolished 4-042
i i 4-072
° Sories 1 polish + etch .
o0 w2 etch 4-049 4072 Fig. 3
» 30 flash etch 4-072 Fig. 4
3" deop otch 4-049 4-072
» 3y very doop etch 4-075
750° C.,  Series 1 polish + etch 4-064 .
Q T500° C. ,» 3a flash etch ) 4-075 Fig.' 4
33 deep otch 4-004 Fig. 3
<3750° C., Series 1 polish + etch 4-061 .
T750° C. - 2 etch 4-061 Fig'.'3
Q800° C., do. + polishing 4-061
TS00° C. ,» 4a flash otch 4-064 _

It is natural to inquire why specimen (4a)Q should not have given
this result. The authors can only suggest that either the salt bath had a
deleterious effect, or else that the outer skin did not quench efficiently.
As regards the (3x) series, it is beiieved that these did not yield proper
results because the polishing after quenching caused the outer layer,
on reheating, to accelerate its precipitation. When this skin was dis-
solved away as in specimen (33)T300, the correct result was obtained,
but very deep etching caused the high-silver ring as shown in specimen
(3y)T300. Incidentally, Norbury’s work shows that the strained alloy
recrystallizes at 250°-300° C., so that the polished layer will not go
through the same process in treatments Q and T200 (see Table 1) asm
the others.
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It is evident from Table |11 that the deeply-etched specimens when
X-rayed tended to give a ring corresponding with a = 4-075 A. This
strongly suggested that the reagents used dissolved away most of the
copper atoms in preference to the silver (Ag= 4-077 A.) or elseprecipitated
the copper. Avoiding these etch results, it appears that the specimens
examined gave evidence of a surface layer differing from the remainder
to the following extent:

Specimen. Q. T200. T300. T500. T750.
Surface (A) 4-056-064 4-061 4-072 4-075 4-064
Remainder (core) (A) 4-038 4-042 4-049 4-064 4-061

It is believed that the parameters given above for the * core
of the specimens are those which must be considered in relation to the
hardness results.

The * As Received ” Specimen.

The alloy in the original, rolled condition was examined for hetero-
geneity by taking an X-ray spectrogram from the unetched sraface
after cleaning with “ 000” emery paper. The specimen was then
etched away until it was very thin, and again X-rayed. This brought
up the 4-075 A. ring, and so the metal was slightly polished to remove
the etching effect. The subsequent spectrogram showed two parameters,
the 4-075 A. having disappeared, as was expected. The values obtamed
may be summarized as follows :

Surface, cleaned on “ 000 ” emery paper 4-077 A.
Core (after very deep etching) . . 4-061-4-075-3-63 A. (faint).
Core after repolishing . e 4-061 ... 3-63A. (faint).

The very indistinct line at 3-63 A. must be due to the precipitate of
copper-rich solid solution, for copper has a spacing of 3-60(8 A. The
as received specimen therefore appears to be heterogeneous, with
a = 4-077 A. at the surface, and a= 4-061 A. in the interior. There is
a difference of opinion as to the solubility of copper in silver at room
temperatures, but Stockdale 3 suggests that it is greater than 0-8 per
cent. at 200° C., and this appears to give a spacing of about 4-071 A.2

Tests on Yacuum-Quenched Specimens.

It is obvious that any possible effect due to salt bath attack could
be avoided by quenching the alloy in vucuo. Cleaned pieces of metal
were therefore heated and quenched in a Rosenhain furnace. The
vacuum obtained was not sufficiently perfect to prevent a slight
tarnishing of the specimens, and it was unfortunately considered
necessary to clean the metal by very gentle treatment on “ 000 ” emery

paper. The results obtained from this series were as follows :
VOL. LIl F
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Yacuum quenched 750° C. e 4-038 A.
V.Q.750°, T200° C. in oil " . e o 4042 A-
do. T300° C. in oit . . m - 4072A-
do. T500° C. in vacuo . 4-061A-

Repeated attempts were made in this way to secure a specimen reheated
at 300° C. which would give tlie 4-049 A. spacing recorded in labie Il1.
The slight polishing treatment apparently upsets the equilibrium con-
dition in such a way that the worked layer jumps over to the preeipitated
state  This effect was confirmed by taking the specimen from
series 2 which showed the 4-049 A., and a faint 4-072 A., spacing After
polishing it by hand on “ 000 ” emery paper, only the 4-072 A. rmgs
could be obtained, the remaining solid solution havmg apparently
become preeipitated by the energy applied during polishing.

A further experiment, though iu itself not entirely critical,
(rave results consistent with this eonclusion. Pieces of alloy after re-
heating at 200° and 300° C. were cold-rolled to 92 per cent. reduction
in thickness. Whatever the surface preparation of the unrolled speei-
mens may have been, the original “ ehanged layer ” after this amount
of reduction can have only a practieally infinitely smali thickness,
consequently an X-ray spectrogram will be representative of the body
of the metal. The spacings obtained after rolling were 4-042 A. and
4-072 A. respectively, iudicating that deformation had fully preeipitated
the specimen T300 but not the T200.

Density Results.

From the parameter values obtained by the authors for the core
of the specimens, it is possible to calculate their densities and to obtain
comparisons with actual determinations made by Norburyl for a
similar alloy quenched from 770° C. For this purpose it is necessary
to know the equilibrium amount of dissolved copper correspondmg
with the .lattice parameters of the yariously heat-treated specimens,
and the difference between this and the total copper must be treated
as preeipitated “ copper constituent.” The latter is practically pure

Tabte IV.
Amoont by Weigbt of Dis- Density Deter -
) Lattice 5olved Qopger C(I)?respondling AD\éirsai%; N mti)ned t]gy
Specimen.  parameter, A. topt\g'ezvza;ﬁg] ggirh(sf)rom (Calcnlatcd). S%”:T,VAHO(;;
Per Cent. '
403S 6-65 10-32 10-322
%OO 4-042 5-S5 10-335 10-330
T300 4-049 4-56 10-35 10-342
2-10 10-36 10-353
T500 4-064

T750 4-061 2-75 10-34 10-345
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copper and can be assigned a cubc edge of 3-61 A. An average density
for tlie two phases is then calculated in tlie ordinary way. Equilibrium
solubility valucs have been interpolated from the graphs of Ageew and
Sachs 2and arc recorded with the other data in Table IV.

Norbury’s values, reported in Table IV, are interpolated from his
published curves, and the agreement between tliem and our calculated
values may be considered satisfactory.

Refeeence to Other Work.

When the authors’ experiments were concluded, the results of Ageew,
Hansen, and Sachs 4were examined for any evidence of the trouble which
had been encountered in this investigation. The alloy which they
describe most nearly corrcsponding with that of the present authors
contained only 6-3 per cent. copper, but the generat type of the results
should be the same.  Only one of their treatment temperatures actually
corresponded with those of the present investigation, and the particulars
of this are given in Table V, which has been compiled from their cuives
and spectrograms.  (Eigs. 17 and 9, respectively, in their paper.)

Tabie V.—Silver + 6-3 per cent. Copper (after Ageew,
Hansen, and Sachs).

Quenched at 770° O
Quenchcd at 770° O.
in tacuo.

.; Tempcred at 300°C. for

10 minutes. 20 minutes.  3G0 minutes.
Approximato 48 55 70 ' 95
Brinell No. . L
X-ray spectrum Suporsaturated  stablo  precipita- stablo  precipitation
lattice tion lattico 4* lattice only (4’075
trace of supor- A. approx.)
saturated lat-
tice

Their X-ray evidence obtained with Cu-radiation indicates that precipita-
tion of the quenched alloy to the finat stable form is to all intents and
purposes complete after 20 minutes’ heating at 300 C. This condition
mirrlit be expected to give a microstructure of the troostitic or sorbitic
type, yet such a structure is not found as a result of the treatment.
Furthermore, complete precipitation in this alloy would suggest that the
Brinell number would by then have reached its maximum value or would
be declining. Actually, however, the maximum in the Brinell hard-
ness appeared only after much longer heating than the 20-minute
treatment. The authors are therefore inclined to wonder whether the
large “ precipitation latticc ” shown for the reheating at 300° C. for 20
minutes is not due to au unrepresentative surface layer, such as might
be caused by rubbing the specimen with emery prior to reheating.
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Then agaiu, Ageew, Hansen, and Sachs found that tlie behaviour of
a cjuenchcd single crystal of their alloy diSercd remarkably from that
of a single aluminium crystal containing 5 per cent. dissolved copper.
The latter preserves essentially its mono-crystalline eharacter during
precipitation at 250°—300° C., whereas the former appears to decom-
pose into a disarranged complex.” 5 The authors would point out that
this latter result may be obtained if the silver alloy is distorted by
polishing during the course of its preparation.

Summary.

(1) The reheating of a supersaturated solid solution (guenched
“ Standard silver”) to bring about progressive precipitation gives a
hardness (P,,) curve passing through a maximum which corresponds
with a minimum in the Meyer n value curve. The coarsening of the
precipitated micro-constituent is accompanied by a fali in hardness
(Pu) and a slight rise of w.

(2) The lattice parameter of quenched “ Standard silver” (7-25
per cent. copper) after reheating for 30 minutes at 200 C., 300 C., and
500° C., has been measured by a method taking precision X-ray spectro-
grams from relatively thick plates or discs of metal. The results in-
dicate a normal progressive precipitation of the copper constituent
with increase of reheating temperature.

(3) Wlien X-radiation from copper is employed for this work, great
care must be taken with the surface preparation of the specimens.
Polishing and etching after quenching should be avoided, and heat-
treatment in a high vacuum is to be recommended.

(4) The quenched alloy after reheating to 300° C. seems in par-
ticular to be in a very scnsitive condition. There is evidence in this
case that plastic deformation after reheating brings about a further
degree of precipitation than is induced by the reheating alone.
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MAGNESIUM  ALLOY PROTECTION BY
SELENIUM AND OTHER COATING PRO-
CESSES. PART II.*

By G.1). BENGOUGH.f M.A,, D.Sc., Membek, and L. WHITBY .t M.Sc., Member.

Synopsis.

Smali losses of weiglit of Elektron alloy AZM (sheet) resulting from
corrosion by immersion in, or spraying with, sea-water have been found
to be associated with serious losses of elongation. Visual mspeetion clid
not suggest the extent of tho damage, which occurrcd evon when tho
a-lloy was protect-ed by Chemical coatings and paint.

The methods of comparison used were loss of weiglit, visual inspection,
and change in tensile properties. Some tensile residts, obtained by
Dr. L. Aitchison, are given in Table I, and refer to Elektron AZM, in

Tabie 1.—Effect of Corrosion by Sea-Water on Bare and Selenium-
Coated Elektron AZM Specimens.

Proof Stress,  Ultimate Stress, Elongation, Per Loss in Weight,

Corrosion Treatment.

Tons/in.*. Tons/in.*, Cent. on 2 in. Grm.
Uncoated Specimens.

Nil 7-65 1S'9 10
21 days’ spray 0-3 10-1 % 101
> 5-8 10-8 ‘ 1-58
21 days’ immersion 2-5 3-0 nil 2-37
15 2-9 2-25

Selenium Coated.

Nil 7-G 19-3 135 05e

21 days’ spra 8-0 12-9 2-5
y)» prey 7-7 137 2-5 0-42
21 days’ immersion 7-7 12-2 2-5 0-34
7-8 14-4 35 0-25

sheet form, sprayed tliree times daily with, or immersed in, natural
sea-water for 21 days. The test-bars were only I-6 mm. thick X 1'5
cm. wide and it is elear that a great deterioration of properties of the
* Manuscript received June 2, 1933.
Meeting, Birmingham, September 20, 1933.

f Chemical Research Laboratories, Department of Scientific and Industrial
Research, Teddington.

Presented at the Annual Autumn
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bare alloy has been brought about by both types of test; also, that a
selenium coat preserves, to some extent, the proof and maximum stress
figures, but does not prevent an almost complete loss of elongation.
Moreover, this loss is much greater than would be expected from the
losses of weiglit and visual inspection. Figs. 1 and 2 (Plate XLII) are
photographs of uncoated and coated specimens after corrosion, and
although the latter shows much less attack, the ductility of both has
almost yanished.

Tabre |l.—Effect of Chemical Coals and Paints on Subsequent
Corrosion of Elektron AZM Sheet.

Elongation,
Ultimate Per Cent. on Loss iit Weight,
Treatment. Stress, Gnn.
Tons/in.*.
2in. Lin.
Selenium only 18-4,17*7 14-0,11-0 14-0,100
Selenium and pamt ‘after stormg
for 4 months 18-6,1S-3 14-0,13-0 15-0,12-0
(3) As (2), but after 4 ihouths’ sea- .
water spray . . 1G-7,16-S 0-0, GO 7-0, 6-0 §F!g. 5) 0-03, 0-03
As (3), hutscratched . 15-3, 157 45, 45 5-0, 50 Fig. G) 0-05, 0-04
Alum-dichromate treatment only 18-9, 18*9 15-5, 1G5 14-0,19-0
As 5) but painted and stored for
on ......................................... 19-1,19-0 13-5,15-0 14-0,1G0 .
butsprayed for 4months . 12-8/13-0 2-5, 2-0 20, 2-0 (Fig. 4)0-75, 0-42
I G treatment only 18-6, 18-4 15-0,11-0 17-0,100
but painted and stored for
on 18-8,19-0 15-0, 35-0 15-0,1G0
As 9? butsprayed for4 months . 16-1,15-9  5-0, 4-5 4-0, 4-0 0-05, 0-09
Panalumin treatment only . 19-0,18-7 17-0, 1GO 1G-0,15-0
12 As (11), but painted and stored for
4 months . 18*6,18-5 12-5,11-5 12-0,ii-0
As (12), but sprayed for 4 months 13-8,15-9  2-0, 4-0 20, 40 0-33, 0-12
Blanks (no treatment) 19-3, 19-1 18-0,17*5 1G-0,1G-0
15 As (14), but painted and stored for
4 months . 18-7,18-7 12-0,12-0 12-0,12-0 . .
(16) As (15), but sprayed for4 months 118, 11%6  1-5 2-0 1-0, 2-0 (Fig. 3) i**25,1-19

It is elear that the selenium coat alone has not given adeguate
protection, and its value must depend on its behaviour as a paint base.

Table 11 relates to specimens with paint under-coats of zinc clirom-
ate in sulphur-treated oil and top coats of zinc oxide in thermoprene
resin superposed on bare metal or on metal coated with a selenium
film* an alum-dichromate film,! or other chemically produced paint
base; uncorroded (control) specimens were used for each protection
scheme. The test-pieces were strips 15-6 cm. long X 1*5 cm. wide
between test marks, x 1-6 mm., and were sprayed with sea-water thrice
daily for 4 months.

Table Il shows notable variations between duplicates, which
may be partly due to variations in the alloy itself, so that interpre-

* J. hisl. Metals, 1932, 48, 151. (The selenious acid bath was used.)
f Sutton and Le Brocq, J. Insi. Metals, 1931, 40, 53.
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tations must be made eautiously. Ali the coating processes seem to
have lowered the elongation of the specimens by amounts up to 6 per
cent. before any corrosion has occurred. Table I, however, based on
another batch of materiat, shows that the selenium process has not
decreased it. In both Tables losses of weight greater than about 0-1
grm. almost eliminate ductility.

The paints used, when applied to bare metal or over a Panalumin
coat, seem to have lowered the elongation by 4 or 5 per cent. before
spray treatment, but liave had no important effect when applied over
the selenium, alum-dicliromate, or I.G. process coatings.

None of the sprayed specimens retained its initial elongation;
the selenium-coated specimens behaved best, and retained more than
one-third of the original amount, or 6-7 per cent. in all; the I.G. process

Fig. 7.

specimens were next best, with about 4 per cent.; the otbers resembled
the uncoated metal. Figs. 3-6 (Plate XLIII) show some of the test-
specimens after spraying. A scratcli, sufficiently deep and wide to
expose the alloy itself through coats of selenium and pamt, caused a
drop of elongation from about 6 to 4-5 per cent.

These results are serious, because visual inspection and loss of weight
measurements again failed to give any idea of the real damage to the
mechanical properties; for instance, the painted selenium specimens
lost only 0-03 grm. in 4 months, and appeared to be almost unattacked
(see Fig. 5), yet serious fali of elongation had occurred. Fig. 7 lllustrates
the relation between loss of weight and elongation; the curve rather
resembles a rectangular hyperbola, a form that would indicate that
elongation was inversely proportional to loss of weight; close agreement
with this relation would not be expected, sifice some of the shallower
corroded areas would not affect the tensile results. Since elongation is
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not a definite property of a metal, but varies with the eonditions of
test, the eurve-form cannot be regarded as typical of the alloy tested,
but only of the alloy in the special eonditions of test.

The paint scheme used for the tests of Table Il was not as good as at
least one other tried by us, as judged by loss of weight tests. This
included a top coat of cellulose medium pigmented with aluminium
over selenized metal and the under-coat of Table Il. Tensile tests will
be made on this and other promising eombinations.

Acknowledgments.
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DISCUSSION.

Dr. Ulick R. Evans,* M.A. (Member): | am particularly glad to express
accord with this paper, because I shall be forced shortly to express dissent with
some of Dr. Bengough’s recent statements about differential aeration. On
that subject, I would ask that finat judgment be suspended until both. sides of
the case have been lieard, and would suggest that those who share Dr. Rosen-
hain’s misgmngs on the matter should refer to a paper published by T. P.
Hoar and myself,f in which the velocity of corrosion, ealeulated from purely
eleetrical data by the help of the differential aeration principle, has been
eompared with the values obtained by direct experiment. The excellent
aceord gives an assurance that the differential aeration principle has not yet
outlived its value.

The authors’ first paper on the present subject was most promising; the
present paper is pitehed, perhaps, in a minor key, and, whilst we all regret the
need for that, the authors have clearly been wise in stating quite openly the
imperfections of the protection process in its present form.

A paper by Herzog and Chaudron,f tabulates, for several metals and
corrosive eonditions, a eertain index number, obtained by dividing the per-
centage loss of strength by the percentage loss of weight. If the corrosion has
taken offa uniform slice of materiat, thatindex number should clearly be unity,
and as a matter of fact for many eases of approximately uniform corrosion the
index does fali between 1-0 and 1-2. In the case of loealized or intergranular
attack, the index is much higher; in one case, the figure 8-6 is quoted. |
believe that if Mr. Whitby cared to calculate tho Herzog-Chaudron index for

* Cambridge.

f U.R. Ev-ans and T. P. Hoar, Proc. Roy. Soc., 1932, [A], 137, 361.

J E. Herzog and G. Chaudron, 8"' Congris de Chimie Industrielle (Chim.
et Ind., 1929, Special Number (Feb.), 335).
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Fig. 1—Untreatcd Elektron AZM Alloy Test-Bar after Immersion in Se.a-water.
Corrosion Product Removed.

Fig.2.—Selenized Elektron AZM Alloy Test-Bar after Immersion in Sea-water.
Corrosion Product Removed. Several of the dark marks are due to selenium

not removcd by cleaning bath.

(Ali test-bars shown fuli sizc; corrosion products in situ in Figs. 3 6.)

[Toface p. 8s.



Prate XLIII.

Fig. 3.—AZJI Alloy Test-Bar Painted and Spraycd for 4 Months.

Fig.4.—As Fig. 3, but with Alum-Dichromatc Film as Paint Base.

Fig. 5.— As Fig. 3, but with Selenium Film as Paint Base.

Fig. 6.—As Fig. 5, but Scratched.

(All test-bars shown fuli size; corrosion products in situ in Figs. 3—6.)
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hisown results, they would show still higher numbers. The necessary data are
not published in the paper, but they are doubtless ayailable in his notebook.

No%v, why does corrosion produce abnormal weakening in certain cases and
notin others ? Speaking guite generally, one would expeot to obtain weaken-
ing where the pitting ends in a sharp V-point, and this will beeome serious
unless the pit becomes saucer-shaped as it deyelops. On theoretical prin-
ciples,* which, however, may not quite apply to magnesium, a V-sliaped pit
would be expeeted to turn into a saucer-shaped pit, unless stresses are present,
in which case it is likely to continue as a knife-shaped crack. Whether the
theoretical treatment is applicable or not, one does tend frecjuently to obtain
a saucer shape when no stresses are present, and (as is very well shown in
Dr. Gough’s work §) a knifc-edge type where there are stresses continually
present. That may megn that under scrviee conditions, where stresses arise,
the results may be even worse than are shown in the present paper. This is
notsaid to critieize the work, but it is necessary to consider all the facts before
a possible line of improvement is suggested.

How can the corrosion be expected to go in such a way as to avoid this
weakness ? The best hope of ayoiding undue weakening appears to rest on
a combination of coating and alloy which will produce a maximal rate of
penetration parallel to the surface and not at riglit angles to it; this will
cause local stripping of the coat, but that would be preferable to the alarming
loss of strength aetually obtained. |Is it hopeless to expect this parallel pene-
tration ? | believe that it is not, because it does occur in many other cases.
The familiar weathering-off of scale from steel plates exposed to the weather is
simply due to the fact that corrosion starts at a break in the scale and, instead
of progressing downwards, proceeds sideways, loosening the scale, which
after a few months peels off. If it penetrated downwards as quickly as it
proceeded sideways, the exposurc would be yery dangerous. Another example
isthe transfer to glass or cellophanc of the oxide films responsible for the inter-
ference tints on heated metal, notably nickel, which has been heated in air.
The edge of the specimen is simply trimmed, exposed to anodic treatment,
and the corrosion penetrates just under tho skin, hardly touching the rest of
the nickel. Other examples could be giyen of prefercntial yelocity at an inter-
face between oxido and metal or between some other foreign body and metal.

It appears, therefore, that a combination of film and metal is needed, which
would giye the maximum yelocity horizontally instead of downwards. This
may mean modifying the metal and perhaps ayoiding some constituent which
is causing maximum yelocity along the edge of crystals. Herc tho yiew of
Akimow } may proye helpful. It may also mean modifying the film eovering
the metal. Theoretically the matter has been treated elsewhere on the basis
of adhcsional work,§ but the theory is possibly rather speeulative, and the
authors may be wise to approach the problem empirically. One hopes that
in due course a satisfactory combination may be obtained which will fulfil all
practical purposes and yetgiye a Herzog-Chaudron index notgreatly exceeding
unity.

Mr. H. SUTTON,|j M.Sc. (Member): The form of corrosion test employed
by tho authors appears to me a suitable one to provide information on the
behayiour of tho treated materials under marine conditions. The results,

* U. R. Evans, J. Inst. Metals, 1932, 49, 116.

t H. Gough, ibid., 1932, 49, 71.

j G. Akimow, Korrosion u. Metallschutz, 1932, 8, 197.

§ U. R. Evans, J. Iron Steel Inst., 1933, 127, 440.

|| Senior Scientific Officer and Head of Metallurgical Department, Royal Air-
eraft Establishment, South Famborough.
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therefore, should be of practical yalue to all who are interested in this aspect of
the subject. C

The coating on selenized magnesium alloys seems to be more satisfactory
with paints of the sulpliur-treated oil type than with othcrs. With enamcls
and yarnishes of the more usual types thc film appears to roughen, and yery
smali bubbles or blisters can be scen wlien thc films of paint or enamel are
examined closely. | should be interested to know whether the authors
associate the formation of these blisters or bubbles with oxidation of
selenium.

The authors have referred to a cliromate treatment developed at iarn-
borough. Since Mr. Le Brocg and | presented to the Institute our paper* on
this subject, there has been some improvement in the chromate treatment of
magnesium alloys, particularly with regard to the protection afforded by
cliromate treatment supplemented by cnamels. There appears to be no
harmful effect of chromate treatment'films on enamels and paints of the usual
types, so that from the practical point of view the chromate treatment pro-
cesses have an advantage there.

In the case of the alloy of magnesium with 1-5-2-5 per cent. of manganese,
chromate treatment followcd by enamcls has so far given results at least as
good as, and generally better than, selenium treatment supplemented by the
same enamcls. The manganese alloy is preferred for parts exposed to marine
conditions, on account of its higher intrinsic resistance to corrosion, and for
many purposes the manganese ailoy is preferred because it can be wekled in a

The loss of ductility is a very interesting feature of the authors’ tests, and
its cause provides eonsiderable seope for the imagination. It is early, perhaps,
to ask the authors for their views on this point. In some samples of wrought
aluminium alloys examined recently intercrystalline corrosion was first
detected at a magnification of 1000 diam., and then clcarly scen. In some
cases it is extremely fine, and particularly so in tliin-gauge sheets.

I was much interested in Dr. Evans’s lucid cxposition of possibilities in
relation to new methods of protection of magnesium, and as regards the
extension of the deep crack or fissure and the propagation of wcakening in that
way. He has made a suggestion which seems a very probable one with
reference to the way in which the corrosion-resistance of the manganese type
of alloy is achieyed, and perhaps it would be fitting to refer to that again.
Dr. Eyans suggested in the discussion of Mr. Le Brocq’s and my paper,f that
the anodic parts receivcd a deposit of an insoluble corrosion product, in the
form of manganese oxide or some such compound of manganese, and that
indeed seems to be the case. It is possible to detect traces of fihns on the
manganese alloys, and there seems little doubt that other methods niay bo
employed of proteeting those parts which become anodic through ordmary
corrosion reactions, by providing something in the alloy which, with the
corroding agent, will form a solution depositing an insoluble product on the
anodic parts.

Mr. Whitby [in reply) : Dr. Eyans made some yery interesting suggestions
as to the possible mechanism of the loss of elongation. We are yery glad
indeed to have these suggestions, since we must eonfess we had none of our
own at all! The guestion was quite open. No cracks could be scen from
the corrosion pits, but that was under a magnification of only 300 diam.
and Mr. Sutton has suggested that under much higher magnification we
might have been able to see some type of intergranular action.

* J. Insi. Metals, 1931, 46, 53-72. t Ibid., 1931, 46, 75, 76.
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Dr. Evans has also been extremely optimistio about the possibilities of
overcoming thistrouble, and lias suggested a possible means, butunfortunately
liasnotgone far enough and told us exactly what type of film to use.

We aro very glad to havo Mr. Sutton’s confirmation of the advisability of
using this type of test for all kinds of marine corrosion. He asks if blisters
on oertain types of paint over selenium may be duo to oxidation of selenium.
I donotthinkthatwould be thc case. Selenium is extremely stable, far more so
even than sulphur, and it would not, | imagine, oxidize m air. It is possible
that there is an intermediate coating between the selenium and magnesium of
magnesium selenide, which is easily hydrolyzed by water vapour, so that
blisters may be due to the evolution of traces of hydrogen selenide.

| am glad to liear that Mr. Sutton and Mr. Le Brocg have improved tllelr
ehromate proeess, and | can only hope that they will bo able to publish 11

W ith regardTo the A.M.503 alloy, to which I think Mr. Sutton referred, itis
interesting to know that eertain other methods of treatment have given satis-
factory results. We found A.M.503 alloy esceedingly difficult to deal with at
times; one never seems to bo able to get two successive batohes of the metal
the same so far as its subseguent corrosion rate is concerned Sometimes the
materiat resists attack extremely well for some months, while a second batch
may corrode badly and disintegrate entirely in a few days. V hether tins is
due to local segregations of a manganese-rich phase of some sort we do not
know, but on the wliole the alloy, while yery easy to proteet when it is good,
is on oceasions exceedingly difficult to proteet, so that its relImbility is rather
an open question at the moment.

CORRESPONDENCE.

Dr. Bengough {in reply): Dr. Wormwell and | have dcalt fully ~th
Dr. Evans’s experiments elsewhere,* and see no reason for further discussion
until further experiments are fortheoming.

The 4tjthors (in reply): We see no advantage in the use of tlie proposed
Herzog-Chaudron index. The introduction of a new term such as this is
justified only if it indicates something more than the expenmental res“*ts
themselves or givesabetter or wider comparison. The proposed ifflex does
not do this; its yalue would not depend solely on the materiat, but ~ould
vary with the shape of the test-bar-just as tlie expenmental results do, so
wliy not use them directly instead of a deriyed index . q

We have not found tlie roughening or blistenng mentioned by Air. Sutton,
escept with very porous paints wliicli would be unsuitable for n
of the well-known types of protective film on magnesium In addition to
sulphur-treated oil, we have obtained satisfaetory results with tung oil, Jmseed
oil, glyptal resins, and varnishcs; on AZM alloy all these pamts gave bett
results on selenium films than on any other.

* Proc. Boy. Soc.f 1933, [A], 140, 401 ci scq.






NOTE ON THE GREEN PATINA ON COPPER:
ENAMPLES EROM ELAN VALLEY (WALES)
AND DUNDALK (IRELAND) .*

By W. H. J. VERNON,t D.Sc., Ph.D., Member.

Synopsis.

Tlie patina from a coppor structure in mid-Wales containcd 20-70 per
cent. basie copper chloride, as compared with S'15 per cent. in the patina
from a copper spire at Dundalk, on tho east coast of Ireland (appioximate
ratio 2*51 1); this result is attributed to the influenco of prevailing
winds. Basic copper sulphate constituted the bulk of the deposit m
each case, relationship of formuta with period of exposure connrmmg tho
conclusions of preyious work.

Examples Of green patina on copper previously studied J have repre-
sented a fairly wide range of open-air conditions; nevertheless, a
furtlier cxample lias been sought that would iltustrate tlie charac-
teristic green coating under conditions as remote as possible from the
town, yet not too near the sea. Such conditions appeared to be
realized in a specimen recently obtained, through the kindness of
Mr. J. W. Wilkinson, M.Inst.C.E., Chief Engineer of the Department,
from the territory' of the Birmingham Water Department, in the Elan
Valley, mid-Wales. Recently, also, through the courtesy of the
Rev. T. F. Campbell and of Mr. Il. G. Tempest, plates dismantled from
the old green copper spire of St. Nicholas Church, Dundalk, Co. Louth,
Ireland, have been secured, from which the patina has been removed
in the Laboratory. Analyses of both products have yielded results of
some intrinsic interest, which are tlierefore now recorded.

Souece of Materials.

Elan Yalley : There are three valve towers in the Elan Valley (two
on the masonry dams and one on the Foel lunnel Inlet in Caban
Reservoir), each of which is covered by a coppor dome, 15-30 ft. in

* Manuscript received May 23, 1933. Presented at the Annual Autumn
Meetirg}, Bi_rminigham, September, 20, 1933. L T *e

j* Chemical Research Laboratory, Department of Scientinc and Industrial
Research, Teddington. .

% Vemon and Whitby, J. Insi, Metals, 1929, 42, 181; 1930, 44, 389. Yernon,
ibid., 1932, 49, 153
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diameter. Patina is displayed both by the domes and also by the
lightning-conductor strips which lead from them, and from which, in
fact, the sample of patina used in the analysis was obtained. The age
of the structures is approximately 30 years. No products of com-
bustion are. liberatedginthe vicinity; the village of Rhayader is about
4 miles to the east, I.anay from tli¢ prevailing wind; at this point
also the local branch railway line is nearest. To the west the country
is wild and hilly, the whole gathering ground of nearly 45,600 acres
having a population of less than 200, distributed over scattered farm-
steads. The long average annual rainfall over this area reaches the
high value of 67-2 in. The sea is about 30 miles distant, Aberystwyth
(lying due west) being approximately the nearest point on the coast.

Dundalk: The copper spire of St. Nicholas Church, erected in
1787, had long displayed a fine green patina, and was known locally as
“ the old green spire ”; for many years “ crooked,” due to the twisting
of the underlying timbers, lightning finally led to its demolition in
1932. (It has sifnce been replaced by another copper spire, laid this
time on a steel frame.) Its heiglit was 50 ft. above a supporting stone
tower, which itself rises 60 ft. from the ground, or 75 ft. from sea level.
Dundalk is a sea-port town, the population of which has grown from
about 5,000 to a little over 14,000 during the “ life-time ” of the old
spire. The ehurch is about £ mile from the tidal estuary of the river
and 2| miles from the open sea.

Discussion of Results.

Ultimate analyses of the products (Table 1) and proximate analyses
(Table I1) generally confirm the conclusions of the earlier work. lu
particular, the proportion of basie copper sulphate in the Dundalk

Table |.

Elan Yalley. Dundalk.
Per Cent. Per Cent.

C U e 52-11 54-53
19-92 18-16

4-47 1-30

0-82 0-75

0-12 Very smali trace

2-20 1-54

nil 1-92

Organie matter 0-33 0-35
Siliceous matter . 0-26 0-05

sample is the highest yet encountered. Whilst the combined amount
of basie sulphate and basie chloride is approximately the same in each,
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it is remarkable tliat basie chloride is considerably ttigher in the Lian
Yalley than in the Dundalk sample, notwithstagnding that the sea (to
the influence of which the presence of basie chloride must be entirely
due) is at a very much greater distance. The explanation is believed

Table Il. Proximate Analyses of Products.

Elan Yalley. Dundalk.

Basic copper sulphate  73-5% (CuSO,,.2011(011);)  85-25% (CuS043Cu(0H)2
Basic cogger chlgrido 20-75% (CuCl,,.2Cu(OH),) ~ 8-15% (CuCl~.3Cu{0H)2)
Basic copper carbonate  2-6% (CuCO3.07Cu(OH)2 2-75% (CuC03.Cu(0H)9

Copper sulphido 0-35% (CuS)

Wind-borne materiat:
Ferric oxide 2-211 1-54\
Alumina 10.RO/
Organie matter 0-33|%8/0 0-38_3-85%
Siliceous matter 0-20) 0-05]

to lie mainly in the influence of prevailing winds (from west or soutli-
west). This would be expected to favour the formation of chloride in
the Elan Yalley, sirice the sea lies to the west and south-west, the large
English industrial districts lying to the east and north-east. On the
other hand, at Dundalk, where the prevaihng winds blow towards the
sea and from the land (including both the town immediately behind
and the greater part of the rest of Ireland), the formation of basie
sulpliate should be favoured at the expense of basie chloride.

A noteworthy feature is presented by the formutce of the basie
sulphates and basie ehlorides in relation to the period of exposure. In
the Dundalk sample, taken from a structure after 150 years exposure,
the formulse conform exactly to the requirements of the co-ordination
theory, i.e., CuS04.3Cu(0H)2 (brochantite), CuCI23Cu(OH)2 (atacam-
ite). Onthe other hand, in the Elan Valley sample (30 years exposure)
maximum basicity has not yet been reached, and basie sulphate, foi
example, has the formuta CuS04.2Cu(0l1)2.

Basic copper carbonate is low in each case, confirming prelious
results. The actual values approximate very closely to each other
(2-60 and 2-75 per cent.) and also to values obtained in other com-
parable examples (e.g., the copper spire of North Mimms Ghurch,
Herts., 2-7 per cent.; weathercock of Moulton Church, iNorthants.,
2-2 per cent.). Higher values of basie carbonate appear to be
characteristic of more urban conditions of exposure.

Extraneous (wind-borne) materiat is also particularly low, as would
be expected from the rural environment of the Elan Valley domes and
the comparatively high altitude of the Dundalk steeple.
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From the foregoing results it is elear that conditions in this country
are such as to favour the formation of basie sulphate even in the most
rural distriets.

Acknowledgmcenfc is due to Mr. E. G. Stroud, by whom the analyses
have been carried out. The work has formed part of a larger inves-
tigation under the Corrosion Research Committee of the Department of
Scientific and Industrial Research; and for permission to publisli this
note the author is indebted to the Chairman, Professor Sir Harold
Carpenter, F.R.S., and to Professor G. T. Morgan, O.B.E., F.R.S,,
Direetor of Chemical Research.

DISCUSSION.

Dr.J. A.Newton Fjriend *(Member): The paperis of interest to me from
two points of view. First, there is tho fact that it does deal with problems of
corrosion, and secondly there is the fact that it is of very great interest
mineralogically. Dr. Vemon has given analyses of the difierent patinas, and
there are one or two remarkable points about them. It will be noticed, first of
all, that the composition corresponds to five quitc well known minerals.
Omitting the copper sulphide, there are four. There is the malachite,
CuCO03.Cu(0H)2, which occurs in the Dundalk specimen, and there is a some-
what smaller percentage of basie copper carbonate in the Elan Valley speci-
men; Dr. Vernon’s analysis there corresponds very elosely indeed to azurite.
All his analyses indicate less basicity in the Elan Yalley, which seems to suggest
that an early produet of earbonation would be more or less basie copper
carbonate, which would gradually lose carbon dioxide and take up water,
giving azurite; this would gradually lose moro carbon dioxide and take up
more water to give malachite. Of course, itis quite well known that malachite
is frequently formed from azurite. | have a specimen herc of azurite, the
outer surface of which has been eonverted in places by aerial oxidation to
malachite. There is also an interesting specimen of copper pyrites which,
sifice it was dug up, has undergone a certain amount of osidation, and has
given a surface layer of brochantite, the materiat which Dr. Vernon found
predominantly in the patinas of both the Dundalk and the Elan Valley
specimens.

I should like to-ask Dr. Vernon whether the figures which he gives on
p. 95 are round figures, or if he has definitely ascertained that the analysis is
so elose that the basie sulphate, for example, may be definitely represented by
CuS04.3Cu(OH)2. That brings me to the second point. | take it that the
patina is limited in quantity; indeed, from the specimen herc it can be seen
that there could not have been very mueh to analyse. | should like to ask
Dr. Vernon what weight of patina he was able to analyse, what was the
sensitiveness of his balance and what the percentage error would be.

I do not know if Dr. Vernon has seen the copper top to the Lickey Tower.
| have been told that the Black Country sido of the copper dome appears to
have corrodcd difEerently from the other sido. | certairdy think that is worth
looking at, and | am going to make a journey there as soon as | can.

Dr.J. C. Hudson f (Member): | am happy to be able to give immediate

* Head, Chemistry Department, Central Technical College, Birmingham.
t Investigator, Corrosion Committee, lron and Steel Institute and National
Fedcration of Iron and Steel Manufacturers, Birmingham.
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eonfirmation to the correctness of Dr. Vernon’s explanation of the abnormally
high content of basie copper chloride in tlie sample of patina from the Elan
Valley in Central Wales. It so happens that one of the main corrosion
stations of the Corrosion Committee of the Iron and Steel Institute and the
National Federation of Iron and Steel Manufacturers is situated at Llanwrtyd
Wells, about 20 miles from the Elan YaUey; routine determmations of the
atmospheric pollution are made here by collecting tlie rain water in a suitable
gauge and analysing it for the total deposits of insoluble matter, soluble
matter, chlorides, and sulphates. Tho results for the last period of 1- months
are given below. Parallel results obtained at Woolwich, which has a nula
industrial atmosphere, are added for purposes of contrast.

Pollution (grm./Dm*/year).

Rainfall,0
Inches.insoluble Soluble Sulpliates. ~ Chlorides.
Matter. tatter.
Llan”-rtyd Wells 79 960 2,960 350 880
WOOIWig/h 20 0,410 6,580 2,200 450

npproximate.

The results for Llanwrtyd Wells probably apply fairly well to the Elan
Valley. The low figure for tho insoluble matter agrees with the tact that
Dr Vernon found yery little wind-borno materiat in his patina sample. lhe
most significant fact, however, is that not only is tho total pollution at
Llanwrtyd Wells much lower than that at Woolwich, 3920 and 12,990 grm./
Dm.2/year, respeetifely, but there is also a marlced inversion of tho sul-
pliate : chloride ratio. Thus, at Llanwrtyd Wells tliis ratio is 0-4, as agamst
5-0 at Woolwich. Chlorides preponderate at Llanwrtyd Wells, no doubt, as
Dr. Vernon states, as a result of the iieavy rainfall which carries mland a
certain amount of sea-salt, and tho charaeter of the atmospheric pollution thus.
explains tho high chloride content of his sample from the Elan Valley. Un the
other hand, at Woolwich and probably at mostinland places m this country the
deposit of sulphates is greater than that of chlorides.

Apart from tho bearing of these figures on Dr.\ ernon s observations, they
are of interest in illustrating the variation in the charaeter of the atmospheric
pollution to bo expected in this country, which is of practical importance as
regards atmosplierie corrosion. It seems to me that the sulphato : chloride
ratio in the pollution at any particular locality is a very good indication of the
generat charaeter of the atmospliere, because, in generat, most of the sulphates
come from the combustion of coal. | might add that for some time | have
advocated that instead of using solutions of sodium chloride for laboratory
spray tests on corrosion, as has been customary Intherto, a mixcd solution
should be used containing both sulphates and chlorides m which the
sulpliate radical predominates, because this approximates more nearly to
practical conditions. A solution containing 16 grm. of ammonium sulphato
and 4 grm. of sodium chloride per litre would represent the charaeter of the
obserred rain water deposit in industrial atmospheres more closely than a 6 o
per cent. solution of sodium chloride.

Dr. C. H. M.Jenkins f (Member): Tho rather high chloride values of the

f Senior Assistant, Department of Metallurgy and Metallurgical Chemisstry,
National Physical Laboratory, Teddington.
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samples exposed in the Elan Valley are of interest, and suggest to me that
the effect of spray on the. corrosion product might be worth consideration.
An examination of the dam usually shows that eonsiderable guantities of spray
arise from the water, and | should therefore like to hear the author s views on
the influence of this factor.

The Atjthoe (inreply): The examples described by Dr. Fricnd of changes
taking place at the surface of minerals bear most cognately on the subject of
the paper, because in the early stages of patina formation there is a tTansitional
period during which the metal has a characteristic black appearance, and
during this period there are sulphides and oxides present. As Dr. Friend
has show, atmospherie exposure of thc corresponding minerals rcsults in the
formation of basie sulphate, or brochantite, at the surface. Glearly, such
parallel mineralogical changes must bo taken into account in considering the
meehanism of patina formation. The deyelopment of malachite by way of
azurite, as illustrated by Dr. Eriend’s minerals, is also of much interest; a,nd
I guite agree that the evidence supports the view that a similar transition
results in the malachite found in the patina.

W ith regard to the accuracy of thc analyses, we have been greatly helped
by a method of weighing, due originally to Professor Conrady, that is capable
of weighing to the nearest thousandth of a milligram on ordinary loads. Such
prccision is obviously not necessary when thc finat accuracy is dictated in
other ways, and | do not suggest that it has been consistently attained in the
present work, but our methods have been choscn as far as possible so as to
restrict other sources of error, and the system of weighing has permitted, at
all events, precipitatcs as smali as 2 mg. in weight to be dealt with satis-
factorily. It is difficult to quote a definite pereentage error, because this
depends on the particular radical under estimation and the amount of materiat
available for analysis. To permit each constituent to be estimated in a
separate operation, a minimum guantity of 025 grm. of patina is desirable.
In the case of tlie Dundalk patina we had a generous supply of the materiat,
and the pereentage error must be yery low. This is shown by the fact that
the composition of basie copper sulphate in the depositis in theoretical agree-
ment with the brochantite formuta; e.g., the experimental “ basicity figure ”
of 3 in the formuta CuS04.3Cu(0H)2is not merely a “ round number,” but
accuratehj 3-0. Incidentally it is perhaps a little unfortunate that the corre-
sponding value for thc Elan Valley sample happens to bo very nearly 2; in
this case, of course, the round number is purely a coinoidcnce.

| am sorry that | have not seen the Lickey dome, but | hope to do
particularly in order to examine the directional eifect to which Dr. Friend
refers.

Apart from their intrinsic interest, the data contributcd by Dr. Hudson aro
most welcome as confirming, by a different method of approach, the con-
clusions of the present paper. A useful purpose would seem to have been
served by both groups of results in demonstrating the importance of prevailing
winds as”a factor in atmospherie corrosion. | am in fuli agreement with Dr.
Hudson as to the undue reliance that has been placed in the paston the salt-
spray test; clearly itisillogical as a test for atmospherie corrosion in which the
major part is played by the sulphate radical. Dr. Hudson’s suggestion to use
a spray in which sulphates and chlorides are jointly present is very pertinent,
and is certainly in greater accord with obseryations in the field.

The point raised by Dr. Jenkins is an interesting one. It seems unlikely,
lioweyer, that contact with spray from the reseryoircould contribute, in yirtue
of the chloride content of the water, to the high content of chloride in the
corrosion product. Possibly it may indirectly fayour the aecumulation of
basie chloride as distinct from basie sulphate. On the whole, howeyer, it
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seems more reasonable to regard tlie eflects observed as being due simply to tho
hi~h proportion of chlorides in tlie wind blowing from the Atlantic, and this
view is supported by Dr. Hudson’s figures, which show, in the ram-water
collected in that district, an abnormally high chloride-sulphate ratio.

CORRESPONDENCE.

Tiie Autiior (iii further reply to the discussion cit the meeting): Regarding
Dr. Jenkins’suggestion, whilst the evidence as a whole offers no support for the
idea that contact with water spray may account for tho high proportion of
basie chloride in the corrosion product, there is nevertheloss one direction in
which somo influenco may be credited to this factor. From Information
supplied by the Chief Engineer of the Birmingham W ater Department it would
seem that patina made its appearance on the domes in an abnormally shorfc
period of time—(“ colour appeared after about four to flve years exposure ).
Very probably, therefore, the fact that the domes are kept wet for long penods
encourages the formation of basie salts and reduces the duration of the transi-
tional “ black stage,” without, howover, affeeting appreciably tlie reiatiye
proportions of chlorides and sulphates, which would still be dictated essentially
by purely air-borne agencies.

Mr A.N. Cathcaiit* (Member): | am glad that Dr. Vernon has continucd
his investigation of tho green patina on copper with further notes 011 Elan
Valley and Dundalk. . Lo . .

The appearance of the green patina at Elan Valley m the comparatw ely shori
time of 30 years is rather surprising in sueh a remote locality, as | have recently
heard of an esample of similar ago, the copper spire at Kea Churcli in Gornwall,
where eonditions are apparently more favourable, but where there is no
appreciable change. Kea Church is about 3 miles south-west of Truro where
there is a good example of patina on one of the spires of the Cathedral (com-
pleted about 1885). The prevailing wind here would come from the sea oyer a
sparsely populated country with 110 towns, and consequently no products ot
combustion, while the Cathedral is in the centro of a smali town. Keais, |
believe, rather low, whilst the Cathedral is, of eourse, a high building, and thero
seems to be no doubt that altitude plays a great part in the early production
of the green patina. .

The central dome of the Imperial Institute, South Kensington, now a
conspicuous feature of that part of London, was green long before the lower
domes and copper ornaments. This same downward progress ean be seen at
the presenttime at the Imperial Hotel, Russell Square, The central spire was
completed about 2 years later than the lower spire (about 1903). lhe loner
part has only partly changed, but the upper portion of tho lugher spire isguite
a delicate green. The lower central dome of the adjacent Russell Hotel,
although several years older than the Imperial Hotel, is much less pronounced
in colour.

The Author (inreply)* I am indebted to JIr. Catheart for the further
interesting examples he has guoted. Tho longertime taken for the appoarance
of green patina at Kea as compared with Elan Valley is no doubt due in part
to the fact that prevailing winds in the one case bring practicaUy only ehlond.es
from the sea, whereas in the other they also carry sulphur dioxide from the
industrial districts of South Wales. Very possibly, however, the factor

* Ewart and Son, Ltd., London.
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suggested by Dr. Jenkins may also play a part, sifce at Elan Valloy tho metal
surface must remain wet for longer pcriods than at Kea.

Comparing Kea with Truro, the difference in ago of the struetures is probably
quite sufficient to aecount for the observed dilfercnce in appearancc; but liere
again prevailing winds would 'avour Truro more than Kea. In addition, there
is tho influence of altitude whieh, within limits, is undoubtedly favourable to
patina formation. It is interesting to learn that the topmost dome of the
Imperial Institute was green “ long before the lower domes even wken all
domos had been green for some years the upper ones appeared to rather greater
advantage than those lower down.* | am glad that Mr. Catheart has referred
to other and at present better examplesin London in which the influence of
altitude may bo observed.

* Vernon and Whitby, J. Inst. Metals, 1929, 42, 193.
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WEAR IN THE POLISHING OF PLATED AND
OTHER SUREACES. *

By O. F. HUDSON,f A.R.C.S., D.Sc., Member.

Synopsis.

A series of tests was mado in the laboratory of tho British Non-Ferrous
Metals Research Association to determine tho comparative rates of wear of
platcd and other metal specimens under conditions of polishing as distinct
from abrasion. Tho apparatus used is described, and the results obtamed
with the folléwing materials are given, using magnesia on wet parchment
as the polishing medium : pure platinum, puro paliadium, platinum piat-
ing on brass, palladium plating (** soft,” “ bard,” and burnishod) on brass,
nickel plating (“ soft” and “ hard”) on brass, silver plating on brass

60 Considered as loss of thickness, the rato of wear of tho palladium-plated
specimens was found to be greater than that of the platinum-plated speci-
mens, but ¢onsidered as loss of weight the wear of the palladium coatings
was slightly less than that of the platinum coatings; whilst tho precious
metal coatings genorally were more resistant than the same metals in
massive form. Of tho three types of palladium plating, that in tho * soft
condition showed tho greatest wear, but the differences were not great;
there was little differenco in tho rates of wear of the two lunds of nickel
plating. No definito or consistent relationship between hardness and rate
of wear in polishing was revealed in theso tests.

In some recent work carried out in the research laboratory of the
British Non-Ferrous Metals Research Association, a series of tests on
plated and other metal specimens was made to determine the com-
parative rates of wear under conditions of polishing as distinct from
abrasion. A brief description of the apparatus used and the method
of making the tests, together with esamples of the results obtained,
may be of interest.
|.— The Apparatus Used.

One of the chief requirements of an apparatus for tests such as
these is that it shall give uniform wear over one surfaee of a specimen
approximately 1 in. in diameter and about Wy in. thick, a condition
by no means easy to fulfil. After a number of preliminary trials, a
fitting for attaehment to one of the polishing machines used for metallo-
graphic work was designed, and is illustrated in Fig. 1. This fitting

* Hanuscript reccived May 20, 1933. Fresented at the Annual Autumn
MeetinRg, Birmingham, Septomber 19, 1933. o

J* Research Superintendent, British Non-Ferrous Metals Research Association,
London.
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consisted of a brass frame, A, carrying two spindles, B, which were
rotated through gearing, C and H, from the central spindle, F, fitted
to the rotating disc of the polishing machine. The spindles B were
free to move up and down vertically, and were supported by springs, D.
The top of each of these spindles
was provided with a smali plat-
form on which weights could be
placed, and the bottom ends
carried detachable holders, E, in
which the specimens were fixed.
E-- The holders were recessed, as seen
in the spare holder shown at the
base of the maching, to receive
the specimen discs, allowing the
surface to be polished to project
slightly beyond the rim of the
holder.

The mean diameter of the path
of the specimens on the polishing
disc was 4 in., and the length of
run in each test was controlled by
a counter to within 40 ft. The
speed of test averaged 10 ft. per
second. The counter used was an
ordinary “ cyclometer” fixed to
the frame as shown and operated
by one of the gear wheels (C).
This simple device was considered

Fic. 1. sufficiently accurate for the pur-

pose of these experiments, en-

abling the length of run in each test to be determined to within 1 per

cent. The majority of tests consisted of a total run of 40,000 ft.,
although some were only 10,000 ft.

Il.—M ethod or Carrying Out the Tests.

1 Adjusting the Specimens in the Holders. The specimen discs
were secured in the holders by a smali guantity of “ Sira ” wax, just
sufficient to allow of a smali adjustment of level under heavy pressure.
The holders were then placed on the lower ends of the spindles, with
the test surfaces bearing evenly on the polishing disc, but not tightened
until the vertical position of the spindle had been adjusted to a gauge.
When the holders had been firmly secured to the spindles by means of
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set screws, the specimens were pressed down on the polishing disc,
using a second gauge * in. smaller than the first in order to obtain
in all tests as far as possible uniform light loachng of the specimen
against the springs holding up the spindles. Tests made under these
conditions are referred to as tests under “ light loading.  Other tests
referred to as tests under “ heavy loading,” were made with a weig
(100 srm.) placed on the top of the spindles.

2 Polishing Medium. In these tests the polishing conditions were
kept as constant as possible, magnesia on wet parchment bemg use
throughout. In starting each test, magnesia was worked into the wet
parchment along the path of travel of the specimens, and fresh magnesia,
in the form of a thin cream with water, was fed on to the polishing
disc at freauent intervals with a camel-hair brush.

3. Procedure of Tests. In all tests two specimens were used, one
on each spindle, to allow of direct comparison of diSerent materials.
The standard complete test run of 40,000 ft. was run in four stages
each of 10,000 ft., the specimens being cleaned, weighed, and change
over from one spindle to the other after each stage.

Ill.—Materials Tested.

1. Pure platinum, annealed, diamond hardness No. 53 inereasing
to 110 at the extreme surface layer.

2. Pure palladium, annealed, diamond hardness No. 49 inereasmg
to 134 at the extreme surface layer.

3. Platinum plated on brass; thickness of coating 0-0001 m.,
diamond hardness No. 600 (approx.).

4. Palladium plated (“soft”) on brass; thickness of coating
0-0001 in.; diamond hardness No. 200 (approx.).

5. Palladium plated (“hard”) on brass; thickness of coating
0-0001 in.; diamond hardness No. 400 (approx.).

6. Palladium plated (* burnished ) on brass; thickness of coatmg
0-00015 in. . .

7. Nickel plated (“ soft ™) on brass; thickness of coatmg 0-00/ in.;
Brinell hardness No. 150 (approx.).

8. Nickel plated (“ hard ) on brass; thickness of coating 0-00- in.;
Brinell hardness No. 300 (approx.).

9. Silver plated on brass.

10. Brass (60 : 40); diamond hardness No. 130 (approx.).

The platinum and palladium specimens and the platinum- and
palladium-plated specimens were supplied by the Refinery and Research
Laboratory (Actop) of the Mond Nickel Co., Ltd., who also kindy
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provided the iiiformation regarding the hardness. Before the brass
discs were plated they were polished on one face (the test surface) with
the apparatus used for the tests.

For the tests on nickel-plating, silver-plating, and brass, discs were
cut from a 1-in. diameter 60: 40 brass rod. The nickel-plated speci-
mens were prepared at the Research Department, Woolwich, by the
kindness of Mr. D. J. Macnaughtan and Mr. W. A. Hothersall. The
nickel-plated specimens were plated under conditions to give a coating
with an approximate Brinell hardness number of 150 for the “ soft”
coatings and 300 for the “ hard ” coatings. The silver-plated specimens
were plated by the usual commercial method.

IV.—Results of the Tests.

The results of the tests are summarized in Tables | and 11, of which
Table | gives the average figures for the rate of wear (loss of weight
and loss of thickness), generally in three or more tests under conditions
of “ light loading ” and “ heavy loading,” and Table Il gives the ratios
of the rates of wear (loss of thickness) of the materials when tested in
the same test run.

Tabire | —Rate of Wear.
" Light LoaUing.” " Heavy Loading.”
Materiat. Loss of Loss of Loss of |_oss of

No. of ~ Weight, ~ Thickness, No.of Weight, Thickness,
Tests. Mg./cm./ Mm./1000 Tests. Mg./cm.*/ Mm./IOOO
1000 It. ft. 1000 ft. ft.

Puro platinum 3 0-053  0-000025 3 0-09S  0-000045
Platinum-plated . 5 0-030  0-000014 2 0-0s0  0-000037
Puro palladium 3 0-065 0-000058 3 0-117  0-000103
Palladium-plated (soft) 3 0-038 0-000034 3 0-069  0-000059
Palladium-plated (hard) 4 0-031  0-000027 1 0-060  0-000053
Palladium-plated (bur-

nished) . 2 0-028  0-000025 1 0-049  0-000043
Nickel-plated (soft) 3 0-0is  0-000020 3 0033  0-000037
Nickel-plated (hard) 3 0-025 0-000027 3 0-028  0-000031
Silver-plated 5 0-077  0-000073 3 0-094  0-000089
Brass 60 :40 7 0-039  0-000046 5 0-066  0-000078

The figure obtained for loss of thickness represents the average loss
over the whole area of the disc. Actually it was not found possible in
these tests to ensure perfectly even wear, and the platinum and
palladium coatings were partly stripped in all tests, generally, although
not always, near the edges. The tests were not, however, continued
after about 10 per cent. of the area of the disc showed brass, and in
most cases were stopped well before this stage was reached. Thethicker
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coatings of tlie nickel-plated and silver-platcd discs showed no sign of
being worn through in any of the tests.

Table Il.—Ralios of Depth of Wearfor Same Lengtli of Test.
ium- Nickcl-Plated.
Platinum- Palladium-Platcd. ickcl-Plate Silver- Brass
Plated. Platcd. CO: 40.
Soft. llard.  Burnishcd. Soft. Hard.

“ Light » Loading.

1 2-3 2-4 4-9
1 0-90 0-65 1-7 %.-;
1 1-04 3
1 2-3
1 1-13 3-7 2-4
1 3-0 2-0
1 0-7

“ Hcavy ’ Loading
33 1-9 i

1 11 i-9
1 17

1 0-7S n-7
1 4-5 3-8

The tests were carried out during a period of several months, and,
although considerable differences in the rate of wear were obtained in
separate tests of the same materiat made at different times, owing to
difficulty in reproducing exactly the conditions of test, particularly the
condition of the polishing pad and pressure of the specimen on it, the
average figures obtained, and especially the ratios obtained for tests
made at the same time, are believcd to be reasonably -representath e
of the comparative rates of wear of the different materials when polished
with magnesia paste on wet parchment.

V.—Conclusions.
The results obtained in this investigation have shown that:

1. The rate of wear of “ pure” palladium, considered as loss of
thickness, was about twice as great as that of “pure platinum in
these tests under both conditions of loading. Considered, however,
as loss of weight, the wear of palladium was only slightly greater than
that of platinum.

2. The rates of wear of platinum-plated and palladium-plated
specimens were less than the rates of these metals in massive form, the
palladium-plated specimens having a greater rate of wear, considered
as loss of thickness, than the platinum-plated specimens. Considered
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as loss of weight, the wear of the palladium eoatings was slightly less
than that of the platinum eoatings.

3. The differences in the rate of wear of the three types of palladium
plating were not great, although the “ soft” coating showed definitely
the greatest rate under both conditions of loading.

4. On the whole, the rate of wear (loss of thickness) of the precious
metal eoatings was roughly of the same order as that of nickel plating.

5. There was little difEerence in the rates of wear of the two kinds of
nickel plating.

6. Silver plating was definitely the least resistant to wear by
polishing, of all the eoatings tested.

VI.—R elation between Hardness and Rate of Wear by
Polishing.

The results of these tests have shown generally very httle relation-
sliip between the rate of wear and the Brinell or diamond hardness
numbers; thus, the two kinds of nickel plating, of which the “ hard ”
had approximately double the hardness of the “ soft,” gave about the
same rate of wear. The *“ hard” and “ soft” kinds of palladium
plating showed a smali difEerence in the rate of wear in favour of the
“hard ” plating, but the difference was nothing like so great as the
difierence in hardness. Except in the very broadest sense that the
hardest surface (platinum-plated) had the greatest resistance to wear
(loss of thickness) and the softest (silver-plated) had the least, the
hardness number of the materials tested cannot be taken as a guide
to the wearing properties, under conditions of polishing. Where there
is abrasion, the hardness number may have greater significance.
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DISCUSSION.

Dr. W. Rosenhain,* F.Inst.Met., F.R.S. (Past-President): | am part-,
tioularly intercsted in tliis paper because of tho polishing materiat wk
Dr Hudson has selected. | think that | am nght m saymg that the use ot
magnesia as a polishing agent for metallographic purposes was introduced
by myself about 1904 and has sifice been yery widely adopted. | a t that
tirne very anxious to obtain polished surfaces of spc”ens consisting of t*vo
metals, namely iron and copper, in juxtaposition, and tho difficulty was”hat
the ordinary polishing reagents used, such as rouge and _chromium o:ude
dra”eed the one metal over the other to such an extent that tho boundarj
ITneietween the two became difficult to trace. | found that magnesia did
less ofthat dragging than any other agent. It did not ento,y abohsh rt,
butitmadeitvery muchless. That was the reason why | used it extensiveiy,
and why afterwards it aeguired a great deal of poputanty.

The esplanation whieli was always presentin my mrnd for tks behav»
of magnesia was that it was not a true polishing agent, but rather a yery
fine-grained abrasive. To diseuss the theory of pokshmg :
much too lonc a time; it is conneoted with the solubility of the polishin0
atrent in the metal being polished, and | can imagme that magnesia has
very littlc of that property, and that therefore its ac|j>n is W
abrasive and not wholly polishing That can heverified byahig-power
examination of a surface of Steel, for mstance, winch has bten pohsh<”by
magnesia, on which can_always bo seen at any rate an !PS r e nolished
su_gﬁests tho presence of Yery minute scratches whereas if a surface
with rouge or chromium oxide is exammed that isnot the case. U hether
it is merely a ouestion of the de?ree of scratching I do not know, but it is an
importsmt matter, and I suggell to Dr. Hudson that Pjsib y the rate o
wear which ho gets would be rather different if he used rouge mstead ol
magnesia. No doubt/ he has realized that. . . .

he other point to which I wish to refer is that it has been shown m recent
years that abrasion, and | am speaking now defimtely of abrasion, m spite
of the fact that the author does not tako abrasion as commg mto his>
is partly a ehemical action, and oxidation plays a yery c°n3lder® ,"
and therefore when metals like platinum on the one hand and rnckel and”®even
silver on the other, are compared, they are not compared under identica
conditions unless the action of oxygen is excluded. The failure,to'
between hard nickel and soft nickel is due very possibly to the fact that they
are chemieally attacked at yery much the same rate It is true that the
exneriments to which | refer haye been carried out defimtely with abrasion,
bu?TTuggt that abrasion cannot be eliminated from Such expenments as
these on polishing, and in fact if there is no abrasion | cannot seehow there
could be any loss of weight, although there might be a loss of thickness.

The Author (in reply) : This paper was put forward as a record of certam
experiments which had been carried out with one
If the opportunity occurs for us or for others to carry out further tests
with different polishing materials—rouge, for example—I1 feel sure that some

T 3 S 3 S operation3 .u* .. thl. .ta.
isreally abrasion, and probably it is guite correct that abrasion of a sort does
take place. When | refer to the distinction between

T mean the distinction between an operation such as the hnal polislimg o1
metallographie specimens as compared with the grinding by abrasive such as
emery before the finat polishing stage.

London,
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Capt.R. H. Atkinsok,* (Mcmbecr): It has occurred to me that particulars
about the plating eonditions of tho palladium- and platinum-plated dises
would add to the interest of Dr. Hudson’s paper.

The soft palladium was deposited from an ammoniacal solution of tetr-
amino-palladous chloridc used as the catholyte in a diaphragm celi. The hard
palladium was deposited by the so-called soluble anode process, in which
a palladium anode was used and an eleetrolyte containing sodium palladonitrite
and sodium chloride. The fuli description of these two processes is contained
in a paper by A. R. Raper and myself.f

lir. A. B. Coussmaker, of Messrs. Johnson, Matthey & Co., Ltd., who did
the platinum plating, has contributed the following remarks :

The platinum plating batli used contained 10 grm./litre of platinum
in the form of sodium hexahydroxyplatinate (Na2Pt(OH)6) dissolved in 5 grm.
of caustic soda. To this solution 30 grm. of anhydrous sodium sulphate and
5 grm. of sodium oxalate were added. The method of preparing the plating
bath is fully described in Patent Specification No. 391,119.

The deposits on the test-pieces were obtained by plating for 20 minutes
at 65° C. at a currcnt density of 0-05 amp./in.2 the voltage across the plating
vat being approximately 1-2 v.

It may bo of interest to point out that the rato of wear of a platinum-
plated specimen is to some extent influenced by tho metal on which the
platinum is deposited, that is, the metal of the specimen, or of any undercoat
which may be applied, such as silver, copper, &c.

It is found, for example, that a deposit of silrer on to nickel-sih-er or
brass improves both the wearing and tarnish-resisting properties of a subse-
quent platinum plate. In practice, such an undercoat is usually applied,
and platinum is found under these eonditions to provide a highly satisfactory
commercial plate, in spite of its extreme thinness.

Mr. H. N. Bassettd (Corresponding Member to the Council for Egypt):
Dr. Hudson’s paper is very interesting indeed, but the fact that impresses
one is that what he has measured actually is the rate of abrasion using a
materiat which has only slight abrasive properties, and under eonditions not
precluding the formation of a surface film.

Dr. Rosenhain referred at the Meeting to chemical aotion as responsible
sometimes for tlie formation of films under eonditions similar to those under
which Dr. Hudson’s work was done. In the work carried out by French §
on the wear testing of metals, in which bearing bronzes were tested in the
Amsler machine, it was found that films of two generat types were formed.
In the case of lead-free bronzes these films were apparently copper oxide,
butwith leaded bronzes the film (also black) was citherlead ora lead compound.
Tests which included X-ray analysis failed to establish the precise composition.
Such films had considerable efTect on the bearing properties of the bronzes,
and on the rate of wear. A noticeable fali in torgue freguently accompanied
the formation of the film, this fali being wiped out, and the torgue inereased
when the film broke down with prolonged wear. It appeared that the films
were most often formed in alloys containing from 15 to 25 per cent. of lead
cast in sand moulds. Films were formed also on Steel ring and ptug gauges
tested dry, the film causing seizing. The films were apparently iron oxide,

* Assistant Works Manager, Acton Refinery, Mond Nickel Co., Ltd., London.
t Electrodepositors’ Tech. Soc. Advance copy, 1933, April.

J Chief Chemist, Egyptian State RaHways, Cairo, Egypt.

§ Proc. Amer. Soc. Test. Mat., 1927, 27, (1), 212.
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and their formation was ascribed to tho fact that the smali metallic particles
torn from the contact surfaces were pyrophorio, boing of such smali mass in
proportion to the energy reguired to tear tliern from the body of metal that
they burned, or at least oxid.ized, and when forced against the metal formed
a coating or film. The films were not formed so easily when the testing was
earried out in the presenee of water.

Beilby sliowed many years ago that pollshlng of a metal, when properly
earried out, caused aflowof the surfaee layer of moleeules, sothat an impervious
layer frec from discontinuities resulted. It would be interesting to know
to what extcnt the surfaces prepared by Dr. Hudson aro possessed ot tlus
“ Boilby film,” and whether in the ease of the oxidizablo specimens the sur-
faces were free from oxide or contaminated with it.

The formation of a metallie film under pressure was observed also some
years ago in connection with the “ Keenok ” gear, using a lubricant eontaming
zinc oxido. It was found that with a grease containing zino oxide in excess
of 50 per cent. tho corrosion formerly experienced in the gear was overcome
eompletely. Tho film which formed was of mirror-like appearanee, and was
of a thickness bolow the limit of microsoopie visibihty. From chemical
analysis it was estimated that its thiekness was of the order of 0-0004 mm.
The building up of this film was due, no doubt, to electrie stress caused by
rapid variat®ion of local contact pressure, and the conditions were therefore
somewhat difierent from tliose in the experiments made by Dr. Hudson.
It would be interesting to know, however, whether any of tho polished
surfaces contained traces of magnesium.

Tho Authoii (inreply): I thank Capt. Atkinson and Mr. Coussmaker for
supplymg particulars of the palladium- and platinum-plating processes. It
is evident from this contribution that further tests on platinum and palladium
platin” in relation to the undercoat would probably give interesting results.

| also thank Mr. Bassett for his eomments. There is much still to
learned regarding what actually oceurs in various polishing processes. In
the experiments described in the paper no yisible oxide films were noted in
any of the specimens after polishing. Dr. Rosenhain pointed out m the
verbal discussion that magnesia caused far less “ dragging ” than other pohsh-
ing materials, and | am of the opinion that there was very little of what Mr.
Bassett referred to as tho “ Beilby film ” present on the polished surfaces of
tho specimens. No attempt was made in these expcriments to determine
whether any magnesia was present in tho polished surfaces.

be
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THE CONSTITUTION OF THE ALUMINIUM-
RICII ALUMINIUM-COPPER ALLOYS
ABOYE 400° C*

By D. STOCKDALE.f M.A,, Ph.D., Member.

Synopsis.

A part of the work of Dix and Richardson on tho solubility of copper in
aluminium has been repeated and their results have boon closely con-
firmed. Alloys near the composition CuAL2 hav& been oxamined in
dotail by tho micrographic method. A eonsiderable range of solid
solutions has been found, but no evidenco for tho existcnco of tho
compound CuAl, has been obtained.

The aluminium used in these experiments was given by Messrs. The
Aluminum Company of America, and contained not more than 0'03 per
cent. of impurities other than copper: these impurities were chiefly
iron and. Silicon in about equal proportions by weight. The copper,
which contained not more than 0-004 per cent. of impurities other than
oxygen, was supplied by Messrs. Thomas Bolton and Sons, Ltd. The
author wishes to thank both these Companies.

The Aluminium Solid Solution.

A hardener containing 53 per cent. of copper was made by adding
aluminium to molten copper in an Alundum crucible under liydrogen.
A suitable set of alloys was prepared by melting together some 25
grm. of aluminium and different quantities of this hardener in
Alundum crucibles under air. The metal was cast in a very hot,
1 cm., iron mould. By this means it was sometimes possible to
cast unsegregated bars. The author’s usual method for obtaining
a uniform alloy by casting on to a cold, polished, steel btock and at
once covering the metal with iced water here quite failed; indeed,
some plates cast by this method, after suitable heat-treatment to
deyelop traces of a second phase, were excellent examples of inverse
segregation. They showed layers rich in copper at both the top and
the bottom.

The alloys were then annealed at 550° C. (just above the tem-

* Manuscript reeeived May 26, 1933. Presented at the Annual Auturnn

Meeting, Birmingham, September 20, 1933.
f King’s College, Cambridge.
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perature of tlie eutectic—548° C.), until tliey were uniform solid solutions,
and cpicnclied. A triple furnace 1was used in finding tlie solidus. The
tubes were so arranged that tbe temperature difEerence between the
alloys would be 3° C. .Specimens of any one alloy were tlien put into tbhe
tubes in sucli a way that their temperature inereased quickly to tliat
at which the solid solution is stable. The temperature was then
allowed to creep slowly up to that at which thc specimens were to be
annealed. This temperature was maintained for some 18 hrs. The
electro-thermostatic control was so efficient that accidental variations
in temperature during this short
period were almost undetectable.
The specimens were then
guenched and examined underthe
microscope, the etching reagent
being 0-5 per cent. aqueous hydro-
fluoric acid. The solidus is deter-
mined in every case probably
correct to 3° C.; in the case of
the 5-3 per cent. copper alloy all
experiments were duplicated and
the accuracy here may be some-

what greater.
The results are shown in Fig. 1.
The solidus line is very slightly
convex to the aluminium-rich
solid solution, this convexity
being more apparent if the results
are expressed in atomie percent-
ages, but for practical purposes
0 Coi e« it may be taken to be a straight
renrER e B line. It passes through the pomt
(3Cu, 599° C) and euts the
eutectic line at 5-7(2) per cent. copper. Dix and Eichardson 2 found
the solidus to be a straight line intersecting the eutectic horizontal at

5-65 per cent. copper.

Similar methods were employed to determine the solid solution
boundary. Uniform solid solutions were prepared and quenched.
Specimens were heated rapidly to some temperature above the boundary
and cooled slowly to the annealing temperature. The annealing time
was at least 42 hrs., and the tube difEerence was 5° C. As many experi-
ments were earried out in dupbcate, and as it is possible to estimate
the critical temperature from the amounts of second phase in alloys
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quenched at known temperatures below the phase boundary, it may
be that eaeh point was obtained with greater accuracy than 5 C.
The boundary at these temperatures is a straight line leaving the
eutectic horizontal at 5-7(4) per cent. copper and passing through
the point (3Cu, 462° C.) (see Fig. 1). None of the expenmental
points falls farther than 2° C. from this line. This boundary is almost
coinéident with that of Dix and Richardson, who obtained their results
by annealing alloys of difierent compositions at a constant temperaturo
in contrast to the method adopted here.

The alloy nominally containing 5-3 per cent. copper was analyzed.
It was found to contain 5-32 per cent. This close agreement and the
manner in which the various points fell about straight lines rendered
further analyses unnecessary.

The structures seen were almost identical with those illustrated by
Dix and Richardson in their paper.2 They are therefore not reproduced
herc. A point of interest is that the “rosettes and crescent-shaped
particles ” sometimes seen by Bix and Richardson in low copper alloys
at high temperatures were never observed in this work, but it must be
pointed out that here the lowest pereentage copper alloy used contained
as much as 3 per cent. copper.

The 0-Alloys.

The letter 0 was given by the author in an earlier paper 3to denote
the compound CuAlL2. As this new work throws doubt on the existence
of such a compound, it is convenient now to refer to the range of solid
Solutions near 66 atomie per cent. aluminium by this letter and not by
the customary formuta. The lettering of the earlier paper is retamed
throughout.

The work here described is a repetition of the former work, uncler-
taken because recent X-ray analysis 4 has pointed to a definite range of
solid solutions, and because the author’s somewhat tentative theory of
alloys sliowed that his former results could not be correct. »

The apparatus and methods were similar to those used in the deter-
mination of the aluminium-rich pliase boundary. A copper-rich stock
alloy was made and analyzed as before. A suitable set of alloys was
prepared by adding aluminium-copper eutectic to the molten stock
alloy under air, the melting being carried out in an electric furnace. The
bars were chill-cast in a 1-cm. mould. No segregation was detected m
these alloys. In fixing the solidus line (BE, Fig. 2) the specimens were
given that heat-treatment which converted them into uniform solid
solutions. The temperature was then inereased to the quenching tem-

perature and maintained there for at least 42 hrs. A similar plan was
vol. lii. H
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adopted for fixing EF except that the temperature was lowered and the
annealing time waslonger. The ppintJat400°C.was obtained by cooling
a set of alloys of slightly different eomposition to that temperature and
annealing for 4 weeks. The points on BG were obtained by this last
method, but the alloys were heated to the quenching temperature.
The point G at 400° C. was also obtained after 4 weeks.*

COPPER, PER CENT, BY WE/GHT
Fig. 2.

The alloys in this group are extremely brittle, and it is almost
impossible to prepare for examination sections free from cracks and
holes. Attempts to find an etching reagent which would leave the
liquid and k white, thus rendering easy the identification of traces of
these phases, failed. These alloys are best etched with a 5 per cent.
aqueous solution of hydrofluoric acid, and the characteristic triangular
shape of patches of liquid and the rod-like form of the « crystals must

* The Table from which Fig. 2 was constructed is availablo for consultation
in the archives of the Institute.
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be relied on for their recognition (Figs. 3-6, Plate XLIV). Traces of-0
are left wbito by tlie following reagent: 20 c.c. eoncentrated mtric
acid, 1 c.c. concentrated hydrochloric acid, and a few drops of an
aqueous solution of copper sulphate, diluted to 100 c.c. By the
use of this reagent, a thin film of copper is deposited on the 0, but not on
the 9, (Figs. 7 and 8, Plate XLIV). It was thought that the recognition
of the smali traces of phases was faulty. A miscellaneous collection of
sections was therefore prepared, all recognition marks were hidden,
and a senior student was asked to arrange the specimens. Xot only
did his placing of the alloys in the various pliase-fields agree with that
of the author, but also in every important case his judgment on the
relative guantity of second phase in the sections was thc same.

The evidence given above sliows that it is doubtful whether the
compound CuAZR (Fig. 2) exists. As this is an important conclusion,
attempts were made to confirm it.

In the first place, the analysis of the alloys is obviously of great
importance, as low copper analyses move tlie O-ficld to the right, away
from CuAl2. In the case of one alloy, four results were obtained y
the possible combinations of solution in nitric acid and bromine, solu-
tion in aqua regia, deposition of copper (rotating anode) from mtric acid
solution, deposition from nitric-sulpliuric solution. The four results
were 53-68, 53-67, 53-64, 53-66 per cent. copper. In anotlier alloy,
solution in aqua regia and deposition from nitnc-sulphunc solution
gave a mean of 52-68; the cuprous thiocyanate method gave a mean
of 52-64 per cent. To obtain a further checlc, one of the alloys was
sent to a recognized analyst, who returned a figure of 52-95 per cent
against the author’s 53-28 per cent, copper. This at least mdicates that
the author’s results are not too low. _

In the second place, in order to make quite certain of the slope ot
the 0— () + 0) boundary, two alloys of similar composition weie
annealed for 44 hrs. at 551° C.  After this treatment the first alloy (Fig.
7, Plate XLIV) showed minute traces of y; and the second was a uniform
solid solution, although when chill-cast both had contamed consider-
able quantities of the second phase. The specimens were then
divided, and a piece of each alloy was annealed for 44 hrs. at u.
Each showed a considerable quantity of /} (Fig. 8, Plate XL1V).

In the third place, an attempt was made to determme the liquidus
AB accurately. A sensitive apparatus and method were used,J but
the quantity of 4] separating between AB and CB was so smali t la
conclusive results were difficult to obtain. 1t is, however, a mos
certain that the liquidus line touches CD at some point Ppor°r m
copper than 54-1 per cent. (CuAl?2. The given diagram (Fig. 2) is
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probably the best expression of the experimental results. CB was
found to be at 591° C.'(Sb 630° C.; Cu-Al eutectic6548° C.) and the
liquidus given in the earlier paper 3is substantially correct.

It is believed that this is the fiist time that a metallographer has
doubted the existence of the compound CuAl2 and has found snch a
range of solid solutions, except that Carpenter and Edwards 7 show the
0 — (0 + lig.) boundary mnch as it is now shown. They do not appear
to have made a detailed exaniination of the solid alloys. The idea of
the compound is firmly rooted. CuAl2 must have been carefully pre-
pared and examined scores of times. Traces of r, in the alloy of that
formuta have been found (for example, see Dix and Richardson).-
It was therefore quite natural to conclude that CuAl12 was incapable of
forming solid solutions. It is also possible that the iron and Silicon
introduced through the use of impure aluminium cause other con-
stituents to appear, and that they, together with the cracks and holes
almost unavoidably present in sections, liave hitherto made accurate
work difficult. For one of these reasons, the author s 1924 diagram 3
fails to give a satisfactory account of these alloys and must now be
revised.

Conclusions.

1. The solubility of copper in aluminium has been measured, and
the results are in close agreement with those of Dix and Richardson.2

2. An alloy of the composition CuAI2 always contains two phases
above 400° C., although it is possible that it might become uniform at
low temperatures.

3. A narrow range of solid solutions exists near the composition
CuA22. An alloy containing 53-50 per cent. of copper exists as a uniform
solid solution over a large temperature range, and probably melts at
constant temperature. No simple formuta can be given to such an alloy.

4. The triple point (0, 0+ 1iq., 0.1 « is at 52-47 per cent. copper.

The Goldsmitus’ Lauoratory,

The Uniyersity of Cambridge.

May, 1933.
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crystal lattice empty. The low number of atoms in the elementary celi
excludes every formuta other than FeSi2

The pkases corresponding with the formul® FeO, FeS, and FeSe also
deviate in composition from that esactly corresponding with the formuta. In
these cases it has been found that the formuta; are the bases of the crystal
lattice. The deyiation in composition is caused by the fact that some of tlie
“iron points ” of the lattice are empty.*

In my opinion, it is appropriate to dcscribe a phase of this kind as a
derivative (by solid solution) of that chemical compound which is indicated
by tho crystal structure.

Tlie Atjtiior (in reply) : Dr. Bradley and Mr. Phragmén differ from me
in that they wish to retain the formuta CuAl,. This formuta, in the normal
chemical sense, indicates a molecule containing one copper atom and two
aluminium atoms in some kind of intimate association. In this special case
the symbol “ Cu ” does not represent an atom of copper, but a position on
the crystal lattice. Similarly “ Al ” represents a position. It so happens
that the first set of positions are filled mostly by atoms of copper, and the
second exclusively by atoms of aluminium, and that there are twice as many
“ Al ” positions as there are “ Cu.” Here it is therefore conyenient to use a
chemical formuta with a well-defined conventional meaning to describe a
crystal lattice, but there is a danger that such use will lead to confusion.

* G. Hagg, Nature, 1933, 131, 167 ; !E. R. Jettc and F. Foote, J. Chan.
Physics, 1933, 1, 29.
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THE CONSTITUTION OF THE SILYER-RICH
ALUMINIUM-SILYER ALLOYS.*

By N AGBEW.t Met.Eng., Membek, and D. SHOYKET.t Chem.Eng..

Membeb.

Synopsis.
The constitutional diagram of tho sii"or richaiuimmum silrOTall?
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600° C. is converted into the a+ y cutoetoid.

Introduction.

The intermediate phases in the silver-aluminium system are of great
interest from the theoretieal point of view Although both metals
have face-centred cubic. lattices with almost the same parameter o
4-077 A. for silver and a - 4-0406A. for aluminium, the intermediate
phases in tlie system have lattices with radically different symme ry
The eguilibrium diagram of the silver-alummmm system was first
constructed by G. I. Petrenkolby thermal analysis and m”rographic
examination, and his work has been substantially confirmed by the
X-ray investigations of-A. F. Westgren and A. J. Bradley, wlio also
determined the lattice constants of the intermediate phases. Hardnesa
and electrical conductmty measurements by G. Le (*nx and w.
Broniewski3 indicated the existence of the compounds AgsAl and
AgaAl3 whereas E. Crepaz4 from thermal analysis and micrographic
examination postulated the existence of the compounds Ag3Al, Ao2A

in silver-rich alloys ab.ve 600" C. W e been dete-
mined with great aeoumcy by T. P.t 0 »«dIB. K. IW trec" usmg
thermal and mieroseopie methods, and K. T. Phelps and W. P. Da™y
have investigated the a-solid solution by X.-ray analysis.

* Manuscript received April 24, 1933. Presented at the Anmml Autumn

NA eldem y of Seienees of tho U.S.S.B., Leningrad,
U SjSMetallurgical Institute, Leningrad, U.S.S.R.
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The main object of the work described in this paper was to determine
the constitution of alloys containing up to 10 per cent. aluminium
(about 30 atomie per cent.) at temperatures below 600° C. In con-
structing the diagram at this end of the system, the data of Hoar and

0 2 4 6 8 10 ©
ALUMINIUM. PER CENT BYWEIGHT

Fig. 1.—Constitution Diagram of Silver-rich Aluminium-Silver Alloys.

Eowntree 5 have been used for the liquidus line. Kg. 1 shows the dia-
gram constructed from the results recorded in this work.

®Preparation of the Alloys and Details of

E xperimental Procedure.
The aluminium used contained 0-08 per cent. iron, 0-15 per cent.

Silicon, and 046 per cent. copper; the silver was chemically pure.
The alloys were prepared under a layer of potassium chloride in a
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1?iGi 3,—7.96 per cent. Aluminium. Slowly

Fig.2.—6-77 per cent. Aluminium. Slowly Cooled. P* (white) and y (dark) X 2C0

Coolcd. fi' (white) and a (grey) with
the Needles of the )3'-phase. X 50.

Fic.4.—9-95per cent. Aluminium. Slowly Fig. 5.—7-48 per ecent. Aluminium.
Cooled. y (dark) and jS (white) at the Quenched at 600° C. a (grey) and y
Boundary. X 50. (dark). x 50.
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graphite crucible in a carbon resistance furnace ; the silver was melted
first, the aluminium added, the mixture well stirred, and the alloy east
into a steel mould.

All the alloys were annealed for several days at GoO-700 U to
rcmove coring, and then cooled slowly over a period of 15-20 days.
All further heat-treatments were made with this materiat as the startmg

POlEight alloys containing 2-91-9-95 per cent. (10-71-30-65 atomie
per cent.) aluminium were used in the work, and their composition
was checked by analysis, the silver being determined gravimetrically
as chloride. Sections were prepared of all tlie alloys m the slowly
cooled state, and after guenching in ice water from vanous temper-
atures at which they had been annealed for a sufficient time to reach
eauilibrium; the etching reagent used was the ordinary chromie acid-
sulphuric acid mixture diluted with several times its volume of water.
The lattice structures of the annealed and quenched alloys were deter-
mined by the powder method, and the boundary of the a-phase
was ascertained by an X-ray method8 using copper radiation (Ka =
1-5373 A., Ka = 1-5410 A., Kp: 1-3893 A.); quenching of the powder
for this work was carried out in alcohol at 0 C.

Hardness measurements were made in the Brinell machine using a
2-5-mm. bali under a load of 62-5 kg. maintained for 30 seconds.

The wPhase.

This phase is a solid solution of aluminium in silver. The lattice
parameters were calculated from photograms obtained in a camera of
Preston’stype 7 calibrated against pure silver, the lattice parameter of
which was taken as 4-077, A.8 To determine the change in parameter
with inereasing aluminium contcnt, measurements were made on alloys
with 2-91, 4-91, 6-77, and 7-48 per cent. aluminium after quenching from
500° C. and on alloys with 6-77 and 7-48 per cent. aluminium after

Table I.—Boundary of the o.-Phase.

Parameter of tlie a*Phasc in A.
Aluminium, Weight Por Oent.

500° 0. 400° C. 300°0. 200° 0.
0 4-0777
2-91 4-0G54
- 4-0595
4G-97]7- 4-0537 4-0555 4-0567 4-0587
7-48 4-0543 4-0558 4-0567
Aluminium, Weight Per Cent. G52 GO0S 577 5-10

in saturated a-phase



122 Ageew and Shoyket: The Constitution of the

guenching from 400°, 300°, and 200° C. Table I shows the results
obtained and tlie composition of the saturated a-phase at the various
temperatures. Fig. 1 shows the boundary of the a-phase constructed
from these data.

The present authors’ results for the parameters of the a-phase
difier considerably from those of Phelps and Davey,6 but are in close
agreement with those of Westgren and Bradley.2

The P'-Phase (Ag3Al).

According to Petrenkol and Westgren and Bradley2 this phase
contains exactly 25 atomie per cent. aluminium, and has a crystal
structure similar to that of p-manganese.

Microscopic examination and X-ray analysis of slowly cooled
alloys containing 0-10 per cent. aluminium show the presence of three
phases. The structure of the a-solid solution has already been illustrated
by Hoar and Rowntree5; Kg. 2 (Plate XLV) shows the typical (a + [})-
structure obtained by slow cooling, the 3'-needles having separated on
cooling from the homogeneous a-phase. Fig- 3 illustrates the structure
of an alloy very near to the homogeneous (B-region with a smali amount
of y regularly distributed throughout the p'-grains. With inereasing
aluminium content the proportion of y inereases at the expense of p'
until the structure shown in Fig. 4 is obtained in the alloy with 9-95
per cent. aluminium ; here the (5 appears as smali particles along the
edges of the y-grains indicating that the boundary of the homogeneous
my-field is very close to 10 per cent. aluminium at room temperature.
This conclusion is confirmed by X-ray analysis.

The structure observed in alloys containing the |J'-phase is not
aSected by prolonged annealing at 100°-375° C. followed by quench-
ing, but the amount of (3-needles is inereased by this treatment in
alloys containing 8-83 and 9-95 per cent. aluminium. The duplex
field p' + y is enlarged on the y side with rise in temperature up to
about 300° C.

When alloys containing 6-9-5 per cent. of aluminium are annealed
at 400° C., and quenched, however, both the microstructures and the
X-ray patterns show that the p'-phase has been entirely converted into
a-j-y. Figs. 60 and 6& (Plate XLVI) show the changes in the X-ray
pattern of the alloy with 7-96 per cent. of aluminium after this treatment
and Fig. 5 shows the characteristic a + y structure obtained by quench-
ing from above 400° C. The change from to a-f y is also shown by
hardness measurements (Fig. 7); whereas the fi-phase has a Brinell
hardness of about 230, the hardness of the corresponding a + y mixture
is only 70.
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ALUMINIUM, PER CENT BY WEIGHT

Fig. 7.—Tho Hardness of tho Aluminium-Silver Alloys Slowly Cooled and
Quenched at 400° C.

The y-PlIASE.
The approximate boundary of this phase below 400° C. has been
determined by micrographic examination, but at about 400° C. and
above this method is uncertain, as the mixture ofa + ¥ etches similarly
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The Constitution of the

Table I1.—Mic/rogra/phic and X-Ray Structure of Heal-Trealed

Aluminium,
Weight Per
Ceut.

4-91

G-17

7-48

7-96

8-43

Alloys.
Heat-Treatment.

AAnnealed at 700° C., slowly
cooled in 10 days.

300°, 400°, 500°, 000°, 700° C.j
and quenched.
Annealed at 700° C.( slowlyl
coolcd in 10 days. |
Annealed 14 hr3. at 100°, 200°, j
300°, 375° C. and guonched. }
Annealed 14 hrs. at 400°, 500°,
600° C. and quenehed
Annealed 14 lirs. at 700° C. and
quenched.
Annealed at 700° C., slowly
| cooled in 10 dajB.
I Annealed 14 hrs. at 100°, 200°,
| 300°, 375° C. and quenched. .
Annealed 14 hrs. at 400°, 425°,
A 500° 600° C. and quenched.
*Annealed at 700° C., slowly
cooled in 10 days.
Annealed 14 hrs. at 100°, 200°, |
300°, 375° C. and quenched: )
Annealed 14 hrs. at 400°, 425°,
500°, 600° C. and quenched.
iAnnealed 14 hrs. at 700° C. and
' quenched.
Annealed at 700° C., ulowi;
cooled in 10 days.
Annealed 14 hrs. at 100°, 200
300°, 375° C. and qucnched.
Annealed 14 hrs. at 400°, 425'
500°, 600° C. and quenched.
Annealed 14 hrs. at 700° C. a>
quenclied.
Annealed at 700° C., slowl
cooled in 10 days.

Annealed 14 hrs. at 100°, 200 '

300° C. and quenched.

Annealed 14 hrs. at 400° C. an
quenched.

Annealed 14 hrs. at 5001 600° C.
and quenehed.

Annealed 14 hrs. at 700° | I
quenched.

/Annealed at 700° C.,
cooled in 10 days.

Annealed 14 hrs. at 100°
300° C. and quenched.

Annealed 14 hrs. at 400°, 500
600° C. and quenehed.

Structure by

Micrograpby.

a-} P
y+ a

decomposed p +
traces of a

jS'+a

y+ a

P+ v

at y

decomposed p

y+ a

decomposed p

y+ P

v+ a
\

decomposed p

Y+P'

X

‘luy.

P'a

a, y

(weak)

p', a (weak)

y

similar to

y

V, p'

lattice

fr.y

Y>0

(weak)
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to tlie homogeneous y-pliase. Hence the authors have determined the
boundary in this region with the aid of X-rays. Although many of the
lines in the diffraction patterns of the a- and y-phases overlap, the lines
due to the planes (002) and (224) arc characteristic of a, and those due
to the planes (102), (103), and (203) are characteristic of y.

The evidence afiorded by the micrographic and X-ray work leads to
the conclusion that at about 400° C. there exists a two-phase field of
a+ y. (juenching experiments have shown that alloys containing
6-77-8-43 per cent. aluminium when quenched from 400°, 425°, 500°,
and 600° C., and the alloy with 8-83 per cent. aluminium when guenched
from 400° C., all consist of a mixture of a and y. Fig. 5 (Plate XLV)
shows the structure of the 7-48 per cent. aluminium alloy after quencliing
from 600° C.; the two phases are quite distinct. X-ray photographs
of these alloys also show distinctly lines due to the face-centred cubic
lattice of a and to the hexagonal close-packed lattice of y. The alloy
with 8-83 per cent. aluminium quenched from 500° and 600° C., and the
alloy with 9-95 per cent. aluminium quenched from 400°, 500°, and
600° C. show only the interference lines due to y. The above data
provide the basis on which is drawn the boundary of the y-field shownin
Fig. 1; they are summarized in Table II.

The (3-Phase.

This phase is stable only above 600° C., and undergoes transform-
ation below this temperature into a mixture of a and y. The actual
boundaries of the p-field have been determined by Eoar and Rowntree,5
and the present authors have not repeated their work. Westgren and
Bradley2 have pointed out that it is impossible to retain the (3-phase
at room temperature by quenching, and we have confirmed this state-
ment by micrographic examination of alloys quenched from 700 G.; in
all cases the polygonal grains of p were completely decomposed and
X-ray examination showed a lattice structure corresponding with that
of y.

Conclusion.

From the results of this work it is possible to point out analogies in
the shape of the constitutional diagrams of the alloys of copper, silver,
and gold with aluminium.8 The a-solid solution phase extends to 9-5
per cent. aluminium in the copper alloys, to 5-4 per cent. aluminium in
the silver alloys, and to 2-5 per cent. aluminium in the gold alloys. In
all three systems the (3-phase is stable only at high temperatures, and
on cooling decomposes into a eutectoidal mixture; in the copper system
this is stable at room temperature, but in the silver system it is con-
vcrted into a new (3'-phase (Ag3Al) at 400° C. According to Heycock
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and Neville,9 the gold system shows a similar behayiour to the silver
system.
SUMHARY.

1. The constitutional diagram of the aluminium-silver system has
been studied up to 10 per cent. aluminium by micrographic examination,
X-ray analysis, and hardness measurements.

2. The p'-phase decomposes on lieating at 400° C. into a mixture of
aandy.

3. The boundary of the a-field has been determined by precision
measurements of the lattice parameter of guenched alloys.

4. The boundary of the y-field has been determined by micrographic
examination and X-ray analysis.

5. A two-phase region (a -f- y) has been found separating the fi' and
(3-phases between 400° and 600° C.

References.

1 Z. anorff. Chetn., 1005, 46, 49.

2 Phil. Ma#., 192S, 6, 2S0.

3 Rev. Met., 1913, 10, 1055.

1 Atli 111 Conrjr. naz. Chirn. pura appl. Firenze e Toscana, 1929, 371.  (Abstract
J. Inst. Metals, 1931, 47, 378.)

5J. Inst. Metals, 1931, 45, 119.

6 Trans. Amer. Insi. Min. Met. Eng., 1932, 99, (Inst. Metals Div.), 234.

7 J. Inst. Metals, 1929, 41, 191.

8 N. Ageew and G. Sachs, 2. Physih, 1930, 63, 293.

9 Proc. Boy. Soc., 1914, [A], 90, 560; cf. also Stockdale, J. Inst. Metals, 1922,
28, 273.

CORRESPONDENCE.

The Authors : This year has proved to be very fruitful in regard to the
inyestigation of the aluminium-silyer alloys. Subsequent to the presenta-
tion of our paper to the Institute of Metals, there have been published the
results.of some inyestigations which in generat agree well with our own.

We would direct attention, in particular, to the paper by C. Barrett,*
who determined the change of the parameter of the a-solid solution and has
shown, as a result of a comparison of the calculated and observed densities,
that this solid solution is of the simple substitution type. These results were
confirmed by E. Jetto and E. Foote.f The data obtained by Barrett are in
close agreement with our own and this coincidence in obserrations made
simultaneously in two different parts of the world greatly enhances the yalue
of the results. The results of Phelps and Dayey differ from those of Barrett
and of oursetyes and may be in error.

Eurther, E. Tiskenko X has recently inyestigated the compounds of the
system aluminium-silver and constructed a constitution diagram as the result
of microseopic and thermal analyses. The experimental results of this work

* Metals and Alloys, 1933, 4, 63.
t Ibid., 1933, 4, 78.
i Journal of General Chemistry, 1933, 3, 549.
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coincido with our own, but thore is a great differencc in tlie explanation of
tho experimental data. We cannot agree with many of tlioso adyanced by
Tiskenko, as these aro not confinned by our cxperimcents.

Dr. T. P. Hoar,* M.A., B.Se. (Member): The authors have sucoessfully
bridged the gap in tho aluminium-silver equilibrium diagram between the
high-temperature results obtained by Rowntree and myself by micrographie
methods and the low-temperature results of tho X-ray work of Westgren and
Bradley. It is very satisfaetory to note that all three investigations are in
substantial agreoment.

The difficulty found by the authors in distinguishing a -f-y from pure y
micrographically was also encountered by Rowntree and myself, and tho
success of the X-ray technique in this matter is yet another illustration of the
usefulness of the method.

Do the authors consider that tho composition of the (3-pliase, where it first
makes its appearance just above 000° C., has any thooretical signifieanee, as
it seems to coincide so preeisely with Ag3Al ?

The authors stato that it is not possible to preseryo the p-phaso unchanged
by guenehing, but that c+ y is largely produced. Iti view of the faet that
specimens guenched from the p region frequently, but not always, show aci-
eular structure yery similar to the p' needles shown in Fig 2, do they think
it likely that, with rather ineffieient guenehing, p' may also bo formedt

I find it a little difficult to accept the authors’ interpretation of the hard-
ness measurements. These seem at first sight to afford conelusive eyidencc
for the eorreetness of the authors’ representation of tho @-j- y/p' transforma-
tion, p' being always pure Ag3Al. | note, however, that thc maximum Brinell
yalue (Fig. 7) is obtained at about 8-4 per cent. aluminium eontent, whereas
Ag3Al contains 7-69 per cent. aluminium; the alloy containing 8-4 per oent.
aluminium would appear to be well in the p'+ y region, and only at 8-8 per
cent. aluminium does the Brinell yalue fali to that which | take it the authors
consider typical of p' -f-y. If it is the hardness of the p' phase which gives
riso to tlie maximum in tlie Brinell values, | should have expected the maxi-
mum hardness to correspond with single-phase p'. It may be that there isin
faet sufficient solid solubility of aluminium in Ag3Al to make the very hard
8-4 per cont. aluminium alloy a single-phase p' system. | would like to know
whethor the authors havo considered this possibility, or whether, if the parti-
cular specimen giving the Brinell yaluo of 230 was found micrographically or
by X-rays to be p' -f- y, they hayo some other explanation of tho matter.

I think that it would be desirable to carry out experiments in which
specimens of composition 7-0-9-0 per cent. aluminium wero annealed for
seyeral weeks at temperatures just below 400° C., to see whether there is any
solid solubility whatever of aluminium or silver in Ag3Al. Tho authors, on
tho basis of their 14-hr. annealings, concludo with Westgren and Bradley that
there is not, but it would bo of interest, in view of the hardness yalues dis-
cussed above, and also of theoretieal eonsiderations, to make cjuitc certain of
this point by much more prolonged annealing.

Dr. W. HtrME-RoTHERY,t M.A. (Member): At Oxford we have been
inyestigating in the last two years the solubility limits of the silver-aluminium
a-solid solution, and the results of this work aro to be published shortly.
We have obtained a diagram somewhat similar to that of the authors, but
it seems to me that they have interpreted their X-ray data incorrectly.

* Research Eleotroehemist, International Tin Research and Deyelopment
Council, Cambridge.
f Oxford.
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At 500° C. the only alloys which aro in tho homogeneous region are those
containing 2-91 and 4-91 per cent. of aluminium by wciglit, since the alloy
containing 6-77 per cent. of aluminium is just outside the homogeneous area.
In Fig. A | havo plotted the authors’values for tho lattico constants against the
composition. It will be sccn that the points for 0, 2-91, and 4-91 per cent. of
aluminium are by no means on a straight line, and if these points aro taken by
theniselves, we can only say that tho limiting solid solubility at 500° is between
5-5 and 6-52 per cent. aluminium. The authors sccm to have preferred the
point for tho 4-91 per cent. alloy, but there appears to be little justification
for this. . .

Wc may, howover, obtain a more probable estimation of tho solubility limit
in the following way. The authors calibrate thoir camera against the lattice
parameter of pure silver, which is taken as 4-077, A., and is thus uncertain in
the fourth decimal ptaco, and their own mcasurements aro uncertain to at least

ALUMINIUM.WEIGHT PER CENT

Fig. A.

tho same amount, sifce tho lattico constants of tho 6-77 and ~-48 per ccnt.
alloy, which should be identical, are given as 4-0537 A. and 4-0043 A., respec-
tively and thus differ by 0-0006 A. Each of their exporimcntal points should
be rcpresented therefore by a circle of radius approximately 0-0005 A., as is
shown by tho dotted lines in Fig. A. Tho most probable straight Ime is then
approximately as drawn, and gives the limiting a-solid solubility as 0-1 por
cent. Al+ 0-1to £ 0-2. This valueisin almostcomplete agreemcnt witn tho
results of our anncaling experiments, and as these were earried out with alloys
of which the compositions yaried in very smali steps, the results aro probably
correct to within 0-1 per cent. by weight.

It seems probable, therefore, that all the authors’ values for the a-sohd
solubility limit reguirc reducing by a corresponding factor, but until tho
points for the alloys within the a-solid solution area have been obtamed to a
higher degree of accuracy, the authors5X-ray measurements do not seem to
enable the cc-solubility limit to be determined conclusively, and the valucs
given to two decimal places in Table |I appear unjustified. lo a rougn
approximatiou 1 per cent. by weight of aluminium corresponds to a change
of 0-004 A., so that 0-01 per cent. by weight is equivalent to 0-00004 A., and
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this, of course, is quite beyond tlio accuracy with which tho lattice constants
have been measured.

It is very satisfactory to note that both.the authors’ and our own results
are in agreement as regards the double bend in tho a-solubility curvc, and their
explanation in terms of the decomposition of tho p-phasc is most interesting.

The Authors (in reply): We thank tho eontributors to tho discussion for
the many interesting points raised, which lead us to conelude that this system
will well ropay further study.

Dr. Hoar’s guestion about the coincidence of the eutectoid point at 600° C.
with tho composition of the eompound Ag3Al cannot be answored without
investigating the properties of the p-phase stable at high temperaturo and the
displaccment of tho eutectoid point with change of eaguilibrium conditions.
We do not believe that the coincidence of eutectic and eutectoid compositions
with simplo atomie ratios has any theoretical signifieance. Tho [3'-phase
(Ag3Al) as shown by our experimcnts is formed only by slow cooling below
400“ C., and hence cannot bo produced by guenohing. The acicular structure
of guenelied alloys is most probably formed by a process similar to that which
yiclds martensitc on guenching steel. Tho ft'-phase exists only in alloys con-
taiuing between 7-48 and 7-96 per eont. aluminium, and both these alloys aro
already non-homogeneous (see Tablo Il); the alloy with 8-43 per cent.
aluminium has also a duplex structure. The range of homogeneous £} cannot
exceed 0-48 per cent., hence the hardness maximum cannot be duo to pure (3.
The sole possible explanation is that the smali guantity of y in the hardest
alloys is dispersely distributed tliroughout tho (3'-phase. Tho inyestigation
of the narrow homogeneous region of tho (3'-phaso by prolonged annealing
experiments at 400° C. for determining solid solubility is very interesting and
is engaging our attention.

We cannot agree with the majority of Dr. Hume-Rothery’s romarks, as
they appear to be based on a series of misapprehensions arising from a too
cursory perusal of our paper.

The slight uncertainty in the parameter of silver has no influence on the
aocuracy of the determination of the a-phase boundary, which isdetermined not
byabsolute X-ray measurements of parameters, but by relative measurements of
the change in parameter of solid solutions saturated at different temperatures.

Our experimental work, of course, has a definite degree of uncertainty, but,
if Dr. Hume-llothery had more earefully examined the paper, he would not
have overlooked the faet that at the high quenching temperature the difference
in the parameters of the alloys with 6-77 and 7-48 per cent. aluminium has
inereased; this shows that the diiforence in the parameters can be ascribed
to difficultios connected with the high-temperature guenohing. In any case,
this difference can only relate to the a-phase boundary at 500° C.

If tho uncertainty in the measurements is taken as 0-0006 A., as Dr. Hume-
Rothery suggests, it is impossiblo to agree with his interpretation of our
results. The dotted line in Fig. A passes by the points represented by the
cirele of radius 0-0005 A. Dr. Hume-Rothery’s view that the change of
parameter of the a-solid solution must be a straight line is erroneous, and ho
attempts to adapt the experimental results to this faulty opinion. Tho
change of parameter in the a-solid solution is not a straight line, and must pass
through the experimental points. Although we are pleased to hear that our
results are in agreement with those of Dr. Hume-Rothery, we cannot accept
his interpretation of our work. Taking into account all the possible uncer-
tainties in our results, we believe that they give the a-solid solubility limit with
an accuracy of 0-1 per cent. aluminium. Therefore, as is usual in such cases,
wo have given tho results to two decimal places, and we are sorry that Dr.
Hume-Rothery has been led astray by the seeond place not being printed in
smaller type.

vol. Lir. i
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A GRAPI-IICAL METHOD FOR CONVERTING
THE WEIGHT PERCENTAGE COMPOSI-
TIONS OF TERNARY SYSTEMS INTO
ATOMIC OR MOLECULAR PERCEN-
TAGES.*

By WILLIAM HUME-ROTHERY,f M.A., Ph.D., Membbb.

Synopsis.

A graphical method is dcsoribed for fcho conversion of the weight
percentage eompositions in ternary systems into atomie or molecular
percentages, which is suitable for use whero 60° ruled triangular paper
Is availabie. Tho method permits tho direet transferenco of a triangular
diagram drawn on the weight percentage scale to one in atomie percen-
tages, and the accuracy obtained isof tho order 0'1-0-5 per cent., according
to the precision of the instruments and of tho ruled paper.

In connection witli the study of the theory of ternary alloys, it is fre-
quently necessary to convert the weight percentage eompositions of the
alloys into atomie percentages. The calculations involved are simple
divisions and additions, hut they are very laborious when many alloys
are being dealt with, and are of a nature in which it is extremely difliculfc
to detect arithmetical errors. In the case of binary alloys, the calcula-
tions may be checked by plotting the given weight percentages against
the calculated atomie percentages, when a mistake in the calculation is
showu by the deviation of the point from a smootli curve. In ternary
alloys there appears to be no simple method of detecting a mistake in
this way, and the following graphical method has therefore been de-
veloped. Where the accuracy required is of the order 0-5 atomie per
cent. the method may be used for direet calculation without any diffi-
culty, whilst with suitable drawing instruments this degree of accuracy
could be considerably improved.

To illustrate the method, we may consider the calculations involved
in converting the composition of an alloy containing a, b, and c per cent.
of three elements of atomie weights wa, w/, and wc, into the corre-

* Manuscript received Juno 21, 1933. Presented at tho Annual Autumn

Meeting, Birmingham, Soptomber 20, 1933.
t Royal Society Warren Research 1’ellow, Osford.
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sponding atomie percentages. The relative numbers of atoms of the
three elements are clearly

a'np 6

Wa ' Wb * We

The calculation of these involves three operations on the slide rule,

or the looking up of three antilogarithms and six logarithms, three of
the latter being the same for a whole series of alloys. One of these
divisions may, however, be omitted, sifce the ratios in eguation (1) are
clearly the same as :

™
2 x Wa:—bXWa:EX wa . . . @
Wa Wwij) c
or as
aXI:bxw%:B:cX\-Ng:C . )]

. . w w
In this way once the logarithms or values of — and — have been
wc

obtained they aro constant for a given series of alloys. It is then
necessary to add together a -)- B -j- C, when the atomie percentages of
, . 100a 1005 . 1000 |

the three elements are clearly a+ B + (J, a+ g-jfC'abd a+ B + C

rcspectively.  This involves three operations on the slide rule, or the
looking up of two new logarithms and three antilogarithms, sifce the
logarithms of B and C are already known. If these results add up to
100, there is a check on the accuracy of the work after eguation (3) has
been reached, but not on the earlier part of the calculation.

The following method is suggested for use when 60° triangular ruled
paper is available. According to the usual convention, the weight com-
position of the alloy which is being considered is represented by a point
P (Fig. 1) inside the eguilateral triangle ABC of height 100 units, so
that thc weight percentages of A, B, and C are given by PX = a units,
PY = bunits, and PZ = c units, where the property of the triangle is
such that PX -f PY + PZ =100.

In aecordance with relation (3) the pointsy in PY, and zin PZ are

then marked oil so that Py = PY X w and Pz —PZ x Ue where
these values are obtained either by means of a slide rule, or graphically
by ruling lines of slope v and ™ on ordinary sguared paper. Alter-
natively, if two pairs of accurate proportional compasses are available,
these may be set to give the reguired fractions * and and may be

used to reduce a whole series of lengths by the same fraction. As in
eguation (3), a= PX isleft at its original value.



Converting the Weight Percentage Compositions, &c. 133

Througli y and z lines are now drawn parallel to AG and AB, respec-
tively, so as to form the equilateral triangle afty. In this triangle the
point P is situated at a position equivalent to its atomie composition,
sifce PX, Py, and Pz are in the ratio given by equation (3). The treat-
ment so far consists of course in nothing but thc translation of the calcu-
lations of equations (1), (2), and (3) into graphical form.

It is possible, howcver, to avoid the necessity of measuring Pz and
Py, and adding these to P X, and then carrying out three division sums,
provided that a simple geometrical construction can be found which

A

will enablc the transfer of the point Pto a new point p, such that p
occupies in the ¥iangle ABC, a position geometrically similar to that
occupied by I in the triangle cepy. To do thy is only necessary to
draw through B and C lines parallel to PP and respectively. If these
meet at , since the angles pBA and p are equal to the anglcs
Ppa and spcctively, the points p and I are in positions which are
geometrically similar in the triangles ABC and aPy, and hence the atomie
composition is givcn by the position of the point p relative to the ruled
lines of the original triangle ABC.

The drawing of the two perpendiculars PY and PZ (PX need not be
drawn), and the marking ofE of the points y and z should not take more
than one minute, whether a slide rule or graphical method is used for
determining the lengths Py and Pz. The remaining operations involve
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nothing but the drawing of four lines * with parallel rulers, and are so
simple that there is little likelihood of an error being made, whilst if the
60° lines on the ruled paper are sufficiently close together, the positions
of the points [iand y can be marked ofi by eye from those of zand y, and
only two lines need be drawn with the parallel rulers.

It will be scen that the above method can really be divided into two
stages, of which the first is the establishment of the points p and y.
Where a slide rule or graphical method is used for the fractional calcula-
tions, the drawing of tho two perpendiculars PY and PZ is probably
the shortest method, sifce the values of b and c are the given quantities

A

Fio. 2.

used in marking the point P. If proportional compasses are used, how-
ever, the construction may be still further simplified, for, as can be seen
from Fig. 2, instead of drawing the two perpendiculars PY and PZ, the
single line MPN may be drawn parallel to BO. If this cuts the sides of
the triangle a3y at y' and z', it can be seen from the properties of similar
Pyr_

. W Pz Pz .
triangles that ]y, and = -py, and consequently the points

y' and z' may be used, instead of y and z, in order to establish the
position of the points @and y. In this case when the point P has
been marked, the construction consists only of drawing the one line
MPN parallel to BC, followed by the marking of the points y' and

* There is of course no need actually to draw the lines j3 and yP, siice the lines
Bp and Cp can be drawn parallel to BP and yP without actually drawing the latter.
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7 by tlie two pairs of proportional compasses. Prom these, the points
ft and y may be obtained by eye if the 60° ruled lines are close together,
or by rlrawing y'y and z'P parallel to AC and AB, respeetively. The pomt
p is then obtained, as before, by drawing Bp and Cp parallel to $P and
yP, respectively. The generat method is the same whether the fractions
N and ™ are greater or less than unity, but it is usually more simple to
wa wa .

arrange the three constituents so that the fractions are less than unity,
sifnce all the lines then remain inside the triangle. _ _n

If the drawing is carried out in pencil, and the finat point marked m
ink, the construction lines can readily be rubbed out, and the method
used for the direct transference of a diagram drawn on the weight per
cent. scale to one in atomie percentages. It will be appreciated that
where one or two calculations only are concerned, the method has little
advantage over a direct calculation by logarithms checked by repetition,
or by calculation on a slide rule, but, where a largenumber of alloys
of the same ternary system is being dealt with, it is hoped that tlie
simple graphical construction may be of value not only as a check on
calculations, but for the direct conversion of weight percentages into
atomie percentages where the highest accuracy is not recpiired.

Professor C. Il. Desch, F.R.S., has kindly directed the attention of
the author to an alternative method described by Redlich.* In tins a
“nomograpli ” is constructed containing five scales situated at distances
which are calculated from the atomie weights. Once this nomograph
has been drawn, each conversion of weight percentages into atomie per-
centages involves the drawing of four straight lines. The intersections
of three of these lines with three of the scale lines then give the differ-
ences between the weight percentages and the atomie percentages of the
constituents, so that if the weight percentage of one constituent is,
say, 50-0, and the scale reading - 17-3, the atomie percentage is 32-7.
The two methods appear to be equally accurate, but, apart from being
more simple in principle, the present method has the advantage of giving
the actual atomie percentages instead of the difference terrns, and can
also be used for the direct transference of the triangular diagram from
one form to the other.
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CORRESPONDENCE.

Mb. W. ScniscnoKiN * (Member): If the guantities Py = PT X W a.nd

Pz—pPz X are calculated, tlien the temary diagram can bo much

more simply constructed than in the way indicated by tho author. Indeed,
if we represont by x', y', and z', respectively, the atomie peroentages of
tho components A, B, and O, then it can easily bo shown that tho following

relationsliips exist: " ;y and ; epp following directly from expression
(1) (presumably ‘?: b L on p. 132 of Hume-Rothery’s paper.—Translator's

note).

It is then sufficient to draw two straight lines in the ternary diagram (see
Fig. A)—one dividing tho triangle in tho proportion —and the other in the

. X’ . . . J . .
proportion p-, the point of intersection of these straight lines gmng the

values x\ y’, and z'. Since all points on the line from C correspond to a
constant ratio of x/ to y\ and all points on tho line from li correspond to a
const-ant ratio of x' to z\ tho intersection of the lines takes place at the point
corrcsponding to the ratiox ':y ':z’.

A similar simple goometrical construction can bo made for transition from
atomie to weight percentages (which is not possible with the method suggosted
by (tjho author). For thiﬁgzso, actually, the following expressions hotd
goo

ja_ X

— anb - t.-1,

y wb c - z
which also follow from espression (1).

The right-hand side of these expressions can be calculated graphically or
from a log. slide-rule. Then, in tho temary diagram, the lines of the relations

£ and - are drawn, their point of intersection gmng the yalues of a, b, and c.

Metallurgical Tnstitute, Leningrad, U.S.S.K.
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The method that | have just described is given in my paper: “ A Graphico-
Analytical Method of Transition from Weight to Atomie Percentages, and
Yiee-Versa, in Ternary Systems,” published in Metallurg (The Metallurgisl).
In the paper “ Tho Use of Nomograms in Metallographieal Caloulations ”
(Metallurg, 1933, No. 1) is given a graphical method of passing from weight to
atomie percentages, and vice versa, in any ternary system, in which aritli-
metical calculations are completely avoided.

The Author (in reply): I thank Mr. Schischokin for his interesting contri-
bution, but | do notthink thatitresultsin any rcal advantage. Both methods
begin by determining tlie guantities Py and Pz graphioally, by calculation, or
by the use of proportional compasses. The method whieh | have given then
proceeds by purely graphical methods, whilst the variation suggested by Mr.

@
Schischokin involves first the calculation of the guantities g andZ— followcd

by a simple construction. Any advantage gained by simplicity of construction
is more than counterbalanced by the additional calculations or measurements
involved.

Mr. Schischokin is, liowever, incorrect in stating that the method which |
have given cannot bo used for the opposite transition from atomie to weight
percentages. If x', y\ and z' are tho atomie percentages of three elements of
atomie weights wa, w/,, we, then the relative proportions by weight of the thTee
elements are

X' X wa:ef X Wt:z'" X we

If these aro dmded through by one of the atomie weights, say ioa, the same
ratios beeome

Wa Wb ,, W
x’X—a:yX- L3 X =
Wa Wa b

Wi
or as x’Xl:y’X—t:z'Xﬂc.
Wa Wa

In this way, sinee L—Jaand — are constant for any one system, esactly tho

same construction can be used as that given in my paper for the reverse
operation. Here wawould preferably be chosen as the largest of the three
atomie weights so as to keep the construction within the triangle.

I am interested to hear of Mr. Sohischokin’s paper on this subject, and
hope that he will arrange to have it published in English, French, or German.
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PRECIPITATION-IIARDENING NICKEL-
COPPER ALLOYS CONTAINING ALUMINIUM.*

Bv D. G. JONES, M.Sc., Member,! L. B. PFEIL.t D.Sc., A.R.S.M., Mbmber,
and W. T. GRIFFITHS,8§ M.Sc., Member.

SYNorsis.

The properties of nickel-copper-aluminium alloys with nickel contents
from 10 to 45 por cent. and aluminium contents up to 4 per cent. havo
been investigated. N ) .

The rclationships between composition and capacity for hardening
by heat-treatment havo been studied by means of hardness tests on tho
heat-treatod specimens. A study has also been mado of tho most suitable
heat-treatments to produco tho soft condition and tho stability at olevated
temperatures of a selection of tho alloys in tho precipitation-hardenod
condition. Einally, tho mechanical properties havo been determined of
a group of alloys selectcd and prepared in accordanco with tho results
of tho preliminary oxperiments.

In certain casos tho proportios of the 20 per cent. nickel alloys wero
studied in greater detail than thoso at othor nickel levels, but sufficient
work has been carried out on alloys containing 10, 30, and 45 per cent.
nickel to onable the properties of alloys at thoso lovols and over a rango of
aluminium contents and in various eonditions of heat-treatment to bo
deduced.

I ntrobuction.

The research was confincd to nickel-copper-aluminium alloys with
nickel contents in the range 10-45 per cent. and with aluminium contents
for the most part less than 4 per cent. The investigation should there-
fore be regarded as a study of the effect of smali aluminium additions
to nickel-copper alloys, rather than the effect of nickel additions to
“aluminium-bronze.” The previous work bearing directly on the
present investigation is not very extensive, and reference need be
made only to the researches of Andrews,1Guillet,2Read and Greaves,3
and litaka 4

The present investigation was undertaken in order to find composi-
tions in which specially useful combinations of workability, mechanical
properties, and corrosion-resistance could be developed in nickel-copper
alloys containing less than 50 per cent. nickel and rendered susceptible

* Manuscript received April 25, 1933. Prcsented at the Annual Autumn
Meeting, Birmingham, Soptcmbor 19, 1933.

f Research Metallurgist, Research and Development Department, The Mond
Nickel Company, Ltd.

t Senior Research Metallurgist, Research and Development Department, The
Mond Nickel Company, Ltd.

§ Manager, Research and Development Department, The Mond Nickel
Company, Ltd.

At the request of tho Instituto, details of the earlier work have been omitted,

in order to shorten the paper.
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to heat-treatment by aluminium additions. In many respeets the work
undertakcn was similar to that dealt with in a paper recently presented
to the Institute by the authors,5in which were given the properties of a
series of precipitation-hardening nickel-copper-silicon alloys.

The proceduro adopted for the present work was first to find, by
means of kardncss detcrminations carried out on heat-treatcd specimens,
the relationship between composition and capacity for hardening by
heat-treatment. This was followed by studies of the most suitablc
heat-trcatments to produce the soft condition, and of the stability at
elevatcd temperatures of a selection of the alloys in the precipitation-
hardened condition, and finally the mechanical properties were deter-
mined of a group of alloys selected and prepared in accordance with tho
results of the preliminary experiments.

In certain cases the properties of 20 per cent. nickel alloys were
studied in greater detail than those at other nickel levels, but sufficient
work was carried out on alloys containing 10, 30, and 45 per cent. nickel
to enable the properties of alloys at these levels and over a range of
aluminium contonts and in various conditions to be deduced.

The Effect of Aluminium Content on Precipitation-Hardening
Capacity.

The present investigation was initiated by determinations of the
ranges of composition in which precipitation-hardening could most
usefully be developed. Ingots weighing about 2-5 Ib. and of the
dimensions 6 X 2 X 0-75 in. were prepared over a range of aluminium
contents at nickel levels of 10, 20, 30, and 45 per cent. The ingots were
soaked for 1hr. at 900° C. and quenched in cold water. They were then
cold-rolled to a thickness of 0-25 in. and again heated for 1 hr. at 900° C.
and guenchcd. Smali pieces cut from the strips were then reheated for
1 hr. at temperatures in the range 500°-700° C. Brinell hardness
determinations were made on the cjuenched and reheated specimens.
All the alloys were not analyzed, but the determinations which were
made showed that the compositions obtained approsimated very
closely to those desired. The Brinell hardness results obtained are given
in Tables | to IV for 10, 20, 30, and 45 per cent. nickel levels respectively,
and in the right-hand column of these tables figures are given for the
maximum Brinell hardness inerement obtained.

Erom these figures it may be noted that the aluminium content just
sufficient to result in precipitation-hardening is greater when the
nickel content is greater, and that with increasing aluminium content
the precipitation-hardening effect increases to a maximum and then
decreases. The smaller hardness inerement obtained at the higher
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aluminium levels is due mainly to an increased hardness in the cjuenched
condition, resulting, no doubt, from the guenching treatment not being
suffieiently drastic to retain the whole of the hardening phase in solid
solution. It may be noted also from the figures in Tables | to IV that

Tabie |.—Hardness of Heal-Treated 90 :10 Cojrper-Nickel Alloys
Containing Aluminium.

Briuel] Hardness.

Alu- Ma.timum
Mark. minium, Eehcated for 1 lir. at Hardness
Per Cent. Quenchcrl Incrcment.
at 900° C.
500° C. 550°0. 600°0. G50°0. 700°C.
su 0-2 63 69 66 66 G
sv 0-3 65 66 68 65 68
sw 0-4 65 72 (€3 68 6G
TK 0-45 68 123 97 93 55
TL 0'5 70 129 101 89
™ 0-6 76 140 136 72 64
RE 0-75 (= 154 150 96 83
TN 0-8 73 157 154 83 84
RF 1-0 co) 161 1G0 118 92
SE 1-25 75 150 174 174 158 114 99
SF 1-5 80 178 179 19G 177 165 116
SG 2-0 81 200 218 229 207 166 14S
SH 2-5 87 207 222 229 206 174 142
Sl 3-0 87 191 218 218 220 185 133
SX 4-0 87 159 194 211 211 203 107

Tabie |l.—Hardness of Heat-Treated 80 : 20 Copper-Nickel Alloys
Containing Aluminium.

Brineil nardncss.

Alu- Masimum
Mark.  minium, Itehcated lor 1 Hr. at Hardness
I*or Gont. Quenched 2nrs. at Increment.

at 900° 0. 050° 0.

500° O. 550°0. 600°0. G50°C. 700°0.

RR 0-4 84 84 83 S2 84

RS 0-6 80 98 112 85 134 54
RT 0-S 85 104 123 126 151 66
RU 1-0 84 110 125 1-14 154 70
RV 1-25 90 116 140 167 178 88
RW 15 86 115 146 187 173 101
RX 1-75 88 150 152 196 204 116
RY 2-0 102 168 188 240 230 144
SJ 30 116 211 197 255 205 244 251 149
SK 3-5 136 195 237 260 275 251 214 149

jYofe—Alloys containing 4, 5, 6, and 7 per cent. aluminium gave Brinell hard-
ness values of 144, 171, 260, and 204, respeetively, in the quenehed condition and
hardness increments by reheating of 80, 60, 0, and 16, respoetively.
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Table Ill.—Hardness of Heat-Treated 70 : 30 Copper-Nickel Alloys
Containing Aluminium.

Brinell Hardness.

Alu- Masimum
Mark. minium, lleheatcd for 1 lir. at Hardness
Per Cent. Quenched Increment.

at 000° 0.

500°0. 550°C. GO0°G. GO®O. aye

QT 0-5 92 92 92
QU 0-75 92 92 92

TO 0-9 90 152 164 107 74
Qv 1-0 107 171 192 105 S5
TP 1-1 102 106 194 100 92
TQ 1-3 104 166 194 104 90
SL 1-5 102 129 157 189 163 112 87
SM 2-0 105 137 161 187 190 169 S5
SN 2-5 106 152 180 215 220 216 114
SP 3-0 110 1G3 222 229 248 237 138

Note.—AUoys containing 4, 5, 0, and 7 per cent. aluminium gave Brinell hard- ¢
noss values of 185, 225, 188, and 246, respectively, in the guenehed condition and
hardness incroments by reheating of 48, 17, 29, and 19, respectively.

Table IV.—Brinell Hardness of Heat-Treated 55 :45 Copper-Nickel
Alloys Containing Aluminium.

Brinell Hardness.

Alu- Maximum
Mark. minium, RobcEted lor 1 lir. at Hardness
Per Cent. Quenched Increment.
at 000° C.
500°C 550°c. 000°c. 0s0°c. 700°c.
Qv 0-5 113 113 110
K X 1-0 106 . 110 .. 3 111
50 1-5 s lis 112 Xz re 104
SR 1-75 107 115 112 112 108 111
SS 2-0 111 118 119 119 114 112
TR 2-25 126 197 188 126 71
RZ 2'5 125 131 159 214 204 89
TS 2-75 118 188 218 176 100
SA 3-5 124 138 177 223 243 110
TT 4-0 121 233 251 280 159

Table V.— Yariation of Aluminium Content witli Nickel Content.

: Minimum Aluminium Content to ini ent Givin
Nlcgsl’(égment, Give Precipitation-Hardening, Al!/lljglirr]rlllljlrr; g?enctipitation—g
’ er Cent. Hardening. Per Cent.
10 0*45 2-0
20 0-60 2-5
30 0-90 3-0
45 2-25 4-0
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with increasing aluminium content a higher temperature is necessary to
give the best developmcent of precipitation-hardening. Por cach of tlie
four nickel levels approsimate figures are given in Table V for the
aluminium contents which are just sufficient to render the alloys
susceptible to precipitation-hardening and the aluminium contents
which give the maximum precipitation-hardening cffect.

The Minimum lleat-Treatment Necessary to Produce the Soft
Condition.

From the alloys dealt with in the preceding section eleven were
selected for a study of the heat-treatment necessary to produce the soft
condition. Up to this stage all the alloys had been softened by quench-
ing from 900° C,, but it was considered likely that at the lower aluminium

Tabte VI.—The Soflening Temperature of Prceipitation-Hardened
Niekel-Copper-Aluminium Alloys.

Composition, G50mo. 700° C. 750% 0. 800" C. 0.
Mark. 1u
SS i

Ni Al. tHr. 1Hr. b Hr. 1Hr. tHr. 1Hr. i Hr. 1Hr. 8il e
TK 10 0-45 127 78 71 68 67 66 66 68 68 0L
RF 10 10 150 108 107 88 93 81 84 74 72 89
SG 10 2-0 18 151 147 121 128 101 95 74 72 156
RS 20 o-0 11G S7 92 7 75 77 7 70 78 55
RW 20 15 16G 143 145 124 128 124 108 83 87 103
RY 20 20 193 159 1G2 149 149 145 148 124 121 144
TO 30 0-9 127 104 99 9S 96 97 97 101 99 93
SN 30 25 18S 174 172 152 154 144 144 108 10s 124
SP 30 30 240 229 229 204 223 195 192 108 119 152
RZ 45 25 209 185 18G 127 145 124 117 110 120 80
SA 45 35 221 209 205 171 179 162 165 12S 134 123

and nickel levels a lower guenckmg temperature would suffiee. The
selected materials were first hardened by furnacc cooling, and then one
piece of each specimen, 1in. x £in. x in., was soaked for £ hr., £hr.,
and 1 hr. at 650°, 700°, 750°, and 800° C., the heat-treatment being
concludcd in every case by water-quenching. The Brinell hardness of
the specimens was determined, and the compositions of the materials
and the results are given in Table VI. No figures are given for the i-hr.
treatments, as these figures difiered to 1I0substantial extent from those
for the -|-lir. and 1-hr. treatments.

It may be noted from these figures that the soaking time was witkout
substantial effect, whilst the temperature required for softening was not
dependent to an important degree on nickel content. The right-hand
column of Table V1 contains figures for the maximum hardness inerement
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obtainable by reheating after quenching, taken from Tables I to IV, and
it may be seen that alloys having mild precipitation-hardening charac-
teristics and giving a maximum hardness inerement of about 50-60 units
(the 10 per cent. nickel alloy containing 0-45 per cent. aluminium, and
the 20 per cent. nickel alloy containing 0-6 per cent. aluminium) were
satisfactorily softened by heat-treatment for | hr. at 700° C. On the
other hand, alloys capable of a hardness inerement esceeding 100 Brinell
units required 15 minutes’treatment at 800° C. for softening.

The Effect of Rate of Cooling on Hardness.

A precipitation-hardening alloy which can be obtained in the soft
condition without employing a quenching operation has the advantage
that hot-rolled bars or hot-rolled sheets may be cold-worked without
intermediate heat-treatment. A series of experiments was, therefore,
earried out on four alloys at the 20per cent. nickel level and on one alloy

Tabte VII—The Effect of Rale of Cooling on the Hardness of Nickd-
Copper-Aluminium Alloys.

Composition, Per Cent. Water Qil Air Air

Quenched Quenched Quenched Cooled

cu. Ni. Al Mn. 850° 0. 850° O. 850° O. 850° O.
. uo 83-03 10-2 1-10 0-75 88 89 8S 121
uT 73-65 19-98 0-65 0-73 91 SC 90 95
uu 78-27 19-88 1-04 0-82 102 100 137 134
Up 77-83 19-73 1-37 0-75 107 127 191 233
uw 77-73 20-10 1-52 0-79 98 123 194 229
uv 67-06  30-63 1-38 0-89 110 108 107 110

at each of the levels 10 and 30 per cent. nickel, in order to find the rate
of cooling necessary to give the soft condition.

Four pieces, 6 in. x .lin. diameter, of each composition were heated
with the furnace to 850° c., at which temperature they were soaked for
Jhr. One piece of each composition was then quenched in water, one of
each quenched in oil, and one of each cooled in a blast of air, whilstthe
remaining pieces were cooled in still air. Brinell hardness determinations
were made on the heat-treated specimens, and the compositions of the
alloys and the results are given in Table VII. Erom these figures it may
be noted that those alloys which were capable only of mild precipitation-
hardening (nickel 20, aluminium 0-65 per cent.; nickel 30, aluminium
1-38 per cent.) retained the soft condition after all the rates of cooling.

In the alloys capable of pronounced precipitation-hardening (nickel
20, aluminium 1-37 per cent.; nickel 20, aluminium 1-52 per cent.) a
quencliing operation was necessary in order to retain the soft condition.
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The Effect of Re-Heating Alloys in tiie Cold-Rolled Condition.

In certain applications it is possible to make use of alloys, tlie
properties of which are modified by a combination of work-hardening
and prccipitation-hardening. Eor tliis combination of effects to be
developed, it is necessary that tbe lieat-treatment causing precipitation
should not result in recrystallization of tbe cold-worked matrix. In
order to study nickel-copper—aluminium alloys in this connection
experiments were carried out on eleven alloys, tlie materials selected
being the same as those dealt with in Table VVI.  Strips in the quenched
and soft condition were cold-rolled to reductions in thickness of 10, 25,
and 50 per cent. Pieces cut from the cold-rolled strips were then
annealed for \ hr. at 550°, 600°, 650°, 700°, 750°, and 800° C., and at the
conclusion of the heat-treatment were quenched in water. The results
of Brinell hardness tests made on heat-treated specimens are given in
Table VIII.

Erom these figures it may be noted that, for |-hr. treatments,
maximum hardness was reached after heating at temperatures from
550° to 650° C., the higher temperatures in this range being more suitable
the higher the nickel content, the higher the aluminium content, and
the less the degree of cold-work. In Table IX figures are given show-
ing the temperatures which, for |-hr. treatments, gave the masimum
hardness by precipitation-hardening alone and by combinations of
cold-work and precipitation-hardening.

Softening Temperatures of Alloys in the Cold-Rolled

Condition.

The figures given in Table V111 are of interest also in connection with
the heat-treatment necessary to give the fully-softened condition after
cold-working. It may be observed, for example, that the alloys of
low-nickel and low-aluminium contcnts were softened after annealing
at temperatures from 650° to 700° C., whilst the alloys of higher nickel
and aluminium contents reguired annealing at 750°-800° C. to gi*wve the
soft condition. Heat-treatment at S00° C., however, did not result in
complete softening of alloys high in both nickel and aluminium contents,
and for these heat-treatment at about 900° C. is necessary for softening
purposes.

The Effect of Prolonged LOW-Temperature Annealing on

Hardness.

A series of experiments was carried out in order to find whether the
hardening produced in nickel-eopper-aluminium alloys by precipitation
and by a combination of cold-working and precipitation was removed

VOL. LII. K
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by prolonged heating at moderately liigh temperatures. Specimens of
the same alloys as those dealt with in the preceding section, and in the
four conditions setout below, were heated for prolonged periods at
550° C. and at 600° C.
1. Precipitation-hardened by furnace cooling.
2. Softened by quenching at 850° C. and cold-rolled to a reduc-
tion in thickness of 10per cent.
3. Softened by quenchingat 850° C. and cold-rolled to a
reduction in thickness of 25 per cent.
t Softened by guenohingat 850° C. and cold-rolled to a
reduction in thickness of 50 per cent.

Ihe initial hardness and the hardness changes resulting from heat-
Table IX.—The Heat-Treatment Giving Mazimum Hardness in Cold-
Worlced Niclcel-Copper-Aluminium Alloys.

Rehcating Temperature to Give Maiimum Hardness, ° O.

Composition, Per Cent.
Alloys Cold-Rolled to Keductions in

Mark. .
Quencticd Thickness Per Cent.
Alloys.
Ni Al. 10. 25. 50.

X 10 0-45 550 550 550 550
KF 10 1-0 550 550 550 550
SG 10 2-0 600 600 600 550
RS 20 0-6 550 550 550 550
RW 20 1-5 650 600 600 600
RY 20 2-0 650 600 600 600
TO 30 0-0 600 600 600 600
SN 30 2-5 650 650 600 600
SP 30 3-0 650 600

RZ 45 2-5 650 600 600 600
SA 45 3-0 650 650 600 600

treatment at 550° C. for 5,10, and 21 days are shown in Table X. The
specimens in the furnace-cooled condition were hard, due to the precipita-
tion which occurred during the slow cooling, and in these annealing at
550° C. had but little effect, although in two cases (10 per cent. nickel
and 1 per cent. aluminium, and 20 per cent. nickel with 2 per cent.
aluminium) some softening occurred, whilst in four alloys some addi-
tional hardening resulted from the 550° C. treatment. In the cold-
worked specimens pronounced precipitation-hardening was produced
during the first annealing period of 5 days. The hardness figures
produced by this heat-treatment were rather higher than those produced
by short time heat-treatments at 550° C., as may be seen by a comparison
with the figures in the 550° C. column of Table VIl and by the figures
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giveh in Tables I-1V. Continuing tlie arinealing for a further 5 days at
550° C., making a total of 10 days at this temperaturo, produced a slight
softening in some cases and a slight hardening in others, but on the whole
thc changes were of littlc significance. Further treatment for 11 days
at 550° C., making a total of 21 days at this temperature, produced some
softening in every case. The finat hardness values were some 5-10 per
cent. less than tho maximum, the hardness decrease being less pro-
nounced in the higher nickel alloys.

A second series of prolongcd annealing tests was carried out at
600° C. on specimens similar to those treated at 550° C. The results
of thc 600° C. treatment for 1, 3, and 7 days are given in Table XI. Of
the furnace-cooled specimens, those containing 10 per cent. nickel
suflercd appreciable softening, more especially during the first 24 hrs.
The 20 per cent. nickel alloys were also softened, but not to an extcnt
so pronounced as the 10 per cent. nickel alloys, whilst the 30 per cent.
and the 45 per cent. nickel groups were still less affected. The cold-
worked samples were all hardened as a result of the first day’s
treatment at 600° C., owing, no doubt, to the hardening effect of
precipitation esceeding the softening effect of recrystallization, but
longer periods of annealing, viz. 3 days and 7 days, caused a fali in
hardness, especially in the 10 per cent. nickel group.

Although the figures given in Table XI indicate clearly that alloys
containing 10 and 20 per cent. nickel soften gradually on prolonged
heating at 600° O., both when hardened by precipitation alone and when
hardened by cold-work combined with precipitation, the softening was
far from complete after 7 days’ heat-treatment. Since tlie results
given in Table X showed that heating the 30 and 45 per cent. nickel
alloys for as long as 21 days at 550° C. resulted in softening only to thc
estent of 5 and 10 per cent., the change in the last 10 days being
negligible, it is reasonably safe to assume that at 500° C. and lower
temperatures these alloys would be, for practical purposes, stable.

The Mechanical Properties of NickeiACopper-A Itjmesium
Alloys.

For determinations of mechanical properties, 2-in. square ingots
weighing about 25 Ib. were forged and hot-rolled to 1-in. diameter bars,
followed in most cases by cold-drawing to a reduction in eross-sectional
area of 25 per cent. Tensile test-pieees with a parallel portion 0-564 in.
in diameter and suitable for a 2 in. gauge-length were machined from
blanks in various conditions. Where softening treatment was applied,
the test-piece blanks were reheated to 850° C. and guenched in water,
whilst the precipitation-hardening heat-treatment applied consisted of
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heating for 1lir. at 550° C. These heat-treatments were not the most
suitable for all the specimens, although the improvement in mechanical
properties obtainable by variations on this heat-treatment could not be
expccted, on thc basis of hardness variations, to be very pronounced.

The mechanical properties of 20 per cent. nickel alloys are given
in detail, to show thc effect of variations in aluminium content and the
differences according to heat-treatment. The effect of variations in
nickel content at a constant precipitation-hardening level are shown,
and from these two groups a satisfactory impression of the properties
of alloys over a wide range of compositions may be gained.

The first portion of Table X 11 shows the mechanical properties of
three alloys with varying aluminium content in the quencked and soft

Table XII.—The Mechanical Properties of Niclcel-Copper-Aluminium
Alloys in the (juenched and, Re-Heated Conditions.

Composition, Per Cent. Maximum  Elastic  Elongation llcduction
Mark. Condition. Stress Limit, onZin, in Area,
Tons/in.s.  Tons/in*.  PerCent.  Per Cent.

Ki. Al

WP 20-51 0-45 Soft 23-5 4-4 49 65
% 20-05 0-91 ” 23-8 4-0 49 65

19-88 1-20 » 23-2 4-1 49 71
WP 20-51 0-45 Hard 33-5 12-4 26 44
uT 19-98 0-05 it 37-8 12-8 23 52
YJ 20-01 0-86 it 42-4 16-8 33 45
uu 19-88 1-04 T 43-8 16-8 26 51
WH 19-88 1-20 it 44-4 17-4 25 36
uUpP 19-78 1-37 i 50-6 18-0 21 40
uw 20-10 1-52 it 57-2 20-4 20 37
Pz 20-08 1-95 58-4 24-8 19 24
uo 10-2 1-10 it 48-6 18-0 21 43
YL 29-83 169 48-8 18-0 32 43

condition. There is no special interest in the figures beyond the demon-
stration of high ductility and the inference which may be drawn that
the alloys may be cold-worked without difficulty, an inference well
supported by experience.

The second portion of Table X1 shows the mechanical properties
of a group of 20 per cent. nickel alloys in the precipitation-hardened
condition. The alloys are arranged in order of inereasing aluminium
content, and it may be noted that the tensile strength inereases uniformly
with inereasing aluminium content from 33 to 58 tons/in.2. The limit
of proportionality inereases with inereasing aluminium content from
12 to 25 tons/in.2. The elongation and reduction in area figures are
somewhat irregular, and, as might be expected, show a ductility decreas-
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ing with increasing tensile.strength. Nevertheless, even in the alloys
with atensile stiength over 50 tons/in.2 there was a pronounced measure
of ductility.

The third portion of Table X1 deals with two alloys containing 10
and 30 per cent. nickel and having aluminium contents such that a
hardness inerement of approximately 90 Brinell could be obtained in
each alloy by suitable precipitation-hardcning heat-treatment. The
precipitation-hardening eapacity of these two alloys is similar to that
of the 20 per cent. nickel alloy mark “ UP ” already dealt with.
The effect of an inereased nickel content, apart from inereased corrosion
resistance, is to develop for a given strength and elastic limit a greater
ductility, or for a given ductility a greater strength and higher elastic
limit.

It has already been demonstrated that in nickcl-copper-aluminium

Table XIII.—The Mechanical Properties of Nickel-Copper-Aluminium
Alloys Cold-drawn to a Reduction in Cross-sectional Area of 25 per
Cent. and Re-Heatedfor 1 hr. at 550° C.

Composition, Per Cent.

Maximum Elastic Elongation Reduction
Mark. Stress, Limit, on 2in., in Area,
. Tons/in.3. Tons/in.*. Per Cent. Per Cent.
Ni. Al.
uT 19-98 0-65 46-5 25-2 20 50
uu 19-83 1-04 54-2 25-6 15 36
UP 19-78 1-37 61-2 29-6 14 35
uw 20-10 1-52 G0-5 29-2 14 25
Pz 20-0 1-95 G6-5 41-6 12 24
uo 10-2 1-10 51-3 26-8 18 34
YL 29-83 1-69 58-1 31-2 16 38

alloys the hardening effects of precipitation can be combined with those
due to cold-working, and in Table X111 the mechanical properties are
given of a number of alloys which have been cold-drawn to a reduction
in cross-sectional area of 25 per cent. and then precipitation-hardened.

Most of the examples given refer to 20 per cent. nickel alloys, one
example only being given of alloys at the 10 and 30 per cent. nickel
levels. As in the case of alloys hardened by precipitation only, the
tensile strength and limit of proportionality inerease with increasing
aluminium content. The strengths and elastic limits developed in the
cold-worked alloys are considerably higher than those developed in the
same alloys by precipitation-hardening alone, but the ductility, of
course, is reduced. With increasing nickel content, however, it has
again consistently been found that tho ductility which accompanies a
given tensile strength or elastic limit inereases, a better combination of
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mechanical properties being thus obtained. This is particularly the
case when the alloys are treated to give high values for maximum stress,
say 60 to 70 tons/in.2.
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PROPERTIES OF SOME TEMPER-IIARDEN-
ING COPPER ALLOYS CONTAINING AD-
DITIONS OF NICKEL AND ALUMINIUM.*

By H. W. BROWNSDONI M.Sc., Ph.D., Member of Councit, MAURICE
COOK,J M.Sc., Ph.D., Member, and H. J. MILLER,8 M.Sc., Member.

Synopsis.

A study has boon mado of tho offcct of quonching and tempering on
tho properties of a number of copper alloys containing nickel and alumin-
ium, and it has been found that when nickol, togothor with aluminium,
are presont in certain guantities and ratios, tho hardness and other
ruoehanical properties of tho alloys aro very considerably modified by
the thermal treatment to whieli they are submittod. Tho alloys aro
softoned by guenohing from relatively high temperatures and tho guonchcd
alloys both in tho soft and cold-worked conditions harden considerably
when re-heated or temperod to an intermediato temperaturo somowhat
below tho annealing tomporature. Por a few typical alloys tho clianges
in hardness and meehanical properties that can bo brought about by
suitablo heat-treatment are given in somo detail.

Introduction.

In the course of an investigation commenced about two and a half
years ago into tho effect of nickel on aluminium-brasses and of alu-
minium on cupro-nickel, several difficulties and apparent abnormalities
were encountered, particularly with regard to hardness after annealing.
For esample, it was found that the addition of apprcciable amounts of
nickel to aluminium-brasses resulted in a marked increase in hardness
of slowly-cooled ingots, rendering them unsuitable for cold breaking-
down. It was found, however, that the alloys could be softened by
guenching from a temperature in the region of 900° C., and that the soft
guenched alloys could be hardened considerably by tempering at
temperatures of the order of 500°-600° C. It was also found in the
case of aluminium-brasses that in the presence of about 2 per cent. of
nickel, the temper-hardening efiects were only slight, and no appreciable
hardening could be produced in alloys containing less than about 0-5
per cent. aluminium. It soon became evident that not only was the

* Manuscript received May 2, 1933. Presented at tho Annual Autumn
Meeting, Birmingham, September 19, 1933.

t Superintendent of Research, I.C.l. Metals, Ltd., Witton, Birmingham.

J Senior Research Metallurgist, 1.C.I. Metals, Ltd., Witton, Birmingham.
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extent of hardening controlled by the amounts of aluminium and nickel
present, but also by the ratio of these two elements, and optimum
temper-hardening was obtained when the nickel was present to the
extent of at least about four times the aluminium content. The amount
of the aluminium addition is limited by the extent to which it is desired
to fabricate the alloys, and for cold-working alloys a satisfactory
upper limit for this element appears to be about 3 per cent.

Temper-hardening properties can be produced in a very wide range
of commercially used copper alloys by adding 1-3 per cent. aluminium,
together with nickel to thc extcnt of about four times the aluminium
content.

The present investigation has been concerned primarily with
determining the properties of the alloys and establishing the conditions
of heat-treatment necessary for securing the maximum degree of
improvement in properties.

The properties of alpha brasses containing additions of aluminium
are quite well known,1 and their outstanding peculiarity is the high
degree of resistance which they offer to certain forms of corrosive
attack and oxidation at elevated temperatures. In respect of physical
properties they are not very dissimilar from straight brasses of an
equivalent composition but containing no aluminium, and they do
not exhibit any temper-hardening properties. While this work was in
progress a patent was filed in America by W. B. Price 2for an alloy
containing preferably copper 80, aluminium 2, nickel 1 per cent., the
remainder being substantially zinc, but no temper-hardening proper-
ties were claimed for it. In a booklet3published by the Scovill Manu-
facturing Company, of Waterbury, Connecticut, U.S.A., dealing with
similar alloys, Price stated that lie would expect that the alloy could
be hardened by reheating after quenching from a higher temperature,
but that ho had not suceeedcd in producing such hardening.

So far as the authors are aware, it has not been recorded that copper-
zinc alloys containing additions of aluminium and nickel exhibit
temper-hardening properties. After preliminary work had firmly
established the validity of this conclusion, it was decided in the first
instance, in view of the complexity of the system, to investigate more
fully thc temper-hardening characteristics of copper-rich alloys in the
copper-nickel-aluminium ternary system. It was found as long ago
as 1914 by Eead and Greaves 4 who iiwestigated the effect of nickel
on aluminium-bronzes, that certain alloys were softer after queneliing
from 900° C. than after slow cooling from the same temperature.
More recently, lytaka,5 Ishikawa,6 and Saito7 have described the
properties of an alloy containing copper 88, nickel 10, and aluminium



Some Temper-Hardening Copper Alloys, &c. 155

2 per cent., which they have stated to be age-hardenable. The Inter-
national Nickel Company8 has taken out patents relating to alloys
containing at least 15 per cent. and preferably more than 40 per cent.
nickel, 2-17 per cent. aluminium, and the remainder copper, which can
be improved by heat-treatment, and since the work described in this
paper on the ternary alloys was completed, a patent has been obtained
by the Mond Nickel Company, Ltd.,0 relating to copper-nickel-
aluminium alloys containing nickel 2-40, copper 98-60 per cent., and
additions of aluminium.

No detailed information, however, is available concerning the
properties and temper-hardening characteristics of the copper-rich
alloys of the ternary system, and the first part of the paper is therefore
devoted to these materials. Subseguent sections deal with more
complex alloys containing similar additions of nickel and aluminium,
but containing as a base zinc, tin, and manganese, in addition to copper.

Copper—Nickel—Aluminium Alloys.

A series of copper-nickel-aluminium alloys, containing from 85 per
cent. upwards of copper, was prepared containing nickel and aluminium
additions in the ratios of 1:1, 2:1, 3:1, 4:1, 6:1, and 10 :1, respec-
tively, and various miscellaneous alloys were also made containing
nickel and aluminium in different amounts, such as a series of 92:8
“aluminium bronzes ” containing varying nickel additions, whilst a
number of 70 :30 cupro-nickel alloys were made to which aluminium
in amounts varying up to about 3 per cent. was added. For the present
purpose smali ingots weighing about 8 Ib. each were made using high
conductivity copper, a 50 :50 copper-nickel alloy made from high
conductivity copper and shot nickel, and aluminium. Alloys contain-
ing aluminium in amounts of the order of 2 per cent., together with
appreciable guantities of nickel, were too hard in the cast condition
for rolling, and therefore before rolling they were softened by quench-
ing from 900° C. The alloys were reduced approximately 50 per cent.
in thickness between annealings, and the annealing was carried out at
900° C., from which temperature the strips were quenched.

The temper-haTdening characteristics of the whole range of alloys
have been determined on specimens of rolled strip 0-125 in. thick which
were heated for 1 hr. at the temperaturo of 900° C. foilowed by quench-
ing in cold water and subsequently tempering at various temperatures
for 2 hrs. In this way direct comparison of the temper-hardening
characteristics of the whole series of alloys was determined and
subsequent work was carried out on certain selected alloys only, in
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order tb ascertain the influence of time and temperature of tempering
and the effect of tempering hard-worked materiat.

(@) Influence of Tempering Temperature.

In this series of erperiments tho specimens of hard-rolled strip were
heated at 900° C. for 1 hr., followed by guenching in water and tem-
pering to temperatures within the range 300°-650° C. for 2 hrs. The
results of the various tests are recorded in Table I. Of the alloys
studied a 5 per cent. addition of nickel plus aluminium in the proportion
1:1 and 2: 1did not produce alloys with temper-liardening properties,
but similar additions in proportions of 3:1 and 4 :1 resulted in alloys
which, with a given heat-treatment, consisting of quenching from
900° C. and tempering for 2 hrs. at 400°-600° C., gave hardness inere-
ments of 15 and 59, respectively. A 5 per cent. nickel-aluminium
addition in the ratio of 10: 1 gave a hardness inerement of 20.

Approximately 10 per cent. additions of nickel and aluminium in
the ratios of 1:1, 2:1, 3:1, 4:1, 6:1, and 10: 1 result in the alloys
giving hardness inerements of 29, 57, 110, 117, 104, and 117, respec-
tively. From these additions it would seem that the optimum pro-
portion of nickel to aluminium is in the range of 4 :1 up to 10: 1. The
effect of increasing amounts of aluminium with an approximately
constant nickel content is shown by comparison of alloys Nos. 27, 30,
and 8, which contain nominally 1-5, 2-0, and 3-3 per cent. aluminium,
respectively, and approximately 6 per cent. of nickel. The hardness
inerements on tempering were 112, 119, and 57, indicating that with
excess of aluminium alloys actually show less hardening.

The results obtained indicate that the optimum reheating tempera-
ture for obtaining maximum hardening effect is 500°-600° C.

(b) Influence of Duralion of Tempering.

To determine the influence of time of tempering, only a few selected
alloys, which were known to show marked temper-hardening properties,
were studied. After annealing at 900° C. for 1hr., followed by guench-
ing, the specimens were reheated at temperatures of 400°, 500°, and
600° C., for periods of up to 20 hrs. The results of these experiments
are detailed in Table I1.

Sonie of the alloys which after the 2 hr. tempering treatment show
practically no hardening, hardened appreciably after reheating for
20 hrs. These alloys are Nos. 12, 7, and 3, in which inerements of 50
69, and 74 were found, as compared with yalues of 29, 8, and 15 after
2 hrs.” reheating.

While generally the inereased time of tempering from 2to 20 hrs. in
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the case of altoys sliowing marked temper-hardening characteristics
resulted in still further hardening, the hardness after 20 hrs. was only
slightly greater than that recorded after 2hrs., which again was greater
than that recorded after 15 minutes’ lieating. The time effect is more
marked on those alloys which show only very slight temper-hardening,
but from a practical point of view it would seem that in those alloys
which exhibit hardening characteristics to a marked degree, little is to
be gained by prolonging the heat-treatment beyond thc 2 hr. period.

There is again evidence both in the specimens tempered for 2 hrs.
and for 20 hrs. that the most satisfactory ratio of nickel to aluminium
is 4 : 1, for in the series of alloys containing 10 per cent., the hardness
increments were 50, 67, 110, 143, 114, and 121 for ratios of nickel to
aluminium of 1:1, 2:1, 3:1, 4:1, 6:1, and 10:1, respectively. It
would also seem from these values that a departure from its optimum
ratio of 4:1 in thc direction of inereasing nickel aileets the results
adversely to a far less extent than altering the ratio by inereasing the
proportion of aluminium.

(c) Influence of Initial Quenching Temperalure.

To determine thc efiect of initial auenehing temperature a few
selected alloys were heated to 800° and 1000° C., guenched and sub-
seguently tempered at the same temperatures as materials softened
by aguenehing from 900° C. The results obtained are detailed in
Table I11. 1t will be seen from the results that there is little difference
in the hardness values of strip which had been guenched from 800°,
900°, and 1000° C., and similar values w'ere obtained on tempering, at
given temperatures, materials guenched from any one of thc three
temperatures enumerated. The only exceptions were alloys Nos. 16
and N21, which were not fully softened by heating at 800° C.

(d) Tempering of Hard-Rolled Strip.

In order to ascertain whether it would be possible to effect an
incrcase in the hardness of hard-rolled strip by tempering at low
temperatures, a series of samples was annealed for £-hr. periods at
temperatures ranging from 300° to 900° C., and the results obtained
are given in Table IV. In no single instance did the hardness
inerement approach that obtainable oir the annealed materials, but
this was an expected result, for some degree of softening of the work-
hardened materiat is likely to oecur at the temperatures at which
the tempering was carried out. The incrcase in some instances
amounted to more than 70 diamond pyramid numbers, the highest
hardness being recorded at temperatures just below the point at which



158 Brownsdon, Cook, and Miller : Properties of

softening commences. In some instances this is of the order of 500° C.,
but several of tho alloys did not soften appreciably until a temperaturo
of approximately 600° C. was reached.

Tempering of the hard-rolled alloys for long periods at tempera-
tures of 300°-500° C. in order to aseertain whether higher hardness
inerements might be obtained has been carried out, and details of the
results are given in Table V. It will be observed that, generally,
slightly higher inerements can be obtained by prolonged tempering.
I erhaps the most interesting result is that tempering the alloys which
possess the most pronounced hardening tendencies at 500° C. for as
long as 20 hrs. results in their being appreciably hardened. Another
interesting feature is that the alloys which exhibit less marked harden-
ing tendencies, and which are actually softened as a result of tempering
for 30 minutes at 400°-500° C., beeome, in many cases, appreciably
harder after prolonged heating at these same temperatures.

() Mechanical Properties.

In order to obtain more complete data regarding the properties of
the alloys, it was decided to produce a few selected ones in suitable
fabricated forms and make a more exhaustive esamination of their
properties. For this pnrpose the following alloys were chosen and
produced in the form of extruded rod and rolled strip.

Nominat Composition of Alloy. No. of Sample.
Copper, Nickel, inium,
Perp ent. PerICant. API(Lel;n(lirzelrllltm Rod. 'gi)rlilgd
82(2)5 IZ 0-75 L.S.24
- 1 L.S.23 L.S.20
92*5 6 1-5 L.S.7 L.S.10
85 13-5 1-5 L.S.8 L.S.1l
70 2S5 1-5 L.S.9 L.S.12

In the preparation of the above nine samples the 1 in. diameter
cxtruded rods were subjected to 10 per cent. reduction by cold-working,
and the rolled strips were finished with 50 per cent. reduction, the finat
thickness being approximately 0-125 in.

The strips were all produced from ingots cast by the Durville pro-
cess. The ingots measured approximatcly 15 X 6 X 1-25 in. and
weighed about 40 Ib. each. Ingot L.S.20 was hot-rolled in four passes
to a thickness of 0-25 in., and then cold-rolled to the finished thickness
of 0-125 in., without other treatment. The three ingots L.S.10, L.S.II,
and L.S.12 were cold-rolled throughout, the finat reduction being one
of 50 per cent. to the finished thickness of 0-125 in.
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The test-pieces used throughout this investigation were either
round test-pieces, in the case of tho rods, or Hat test-pieces, in the case
of the strip materials. The former test-pieces had a diameter of
0-564 in. on the parallel portion and a gauge-length of 2 in. The strip
test-pieces were 0-5 in. wide at the parallel portion, and the gauge-
length was 2in.; the end portions of these test-pieces were 1in. wide, and
were held in the testing machine by means of wedge grips. For deter-
mination of the limit of proportionality a Lamb’s roller extensometer
was employed and the proof stresses were talcen from the stress-strain
diagrams.

In the case of alloy L.S.7, a fairly extensive study was made, and
it was found that, in generat, tempering at difEerent temperatures
results in changes in tensile strength and olongation which are com-
parable with the changes in hardness. The efiects on the limit of pro-
portionality were very marked and the iinprovements were quite
exceptional. In Table VI are given the results which were obtained
on tensile test-pieces from this rod after tempering at the different
temperatures indicated. While the tensile strength is more than
doubled, the hardness almost trebled, and elongation reduced to less
than one half of its former value as a result of tempering, the limit of
proportionality is' raised to 17-9 tons/in.2 which is approximately
15 times its former value.

With the remaining samples such an exhaustive study of physical
properties has not been made, but the properties have been determined
in the following conditions

A. As cold-rolled (strip) or drawn (rod).

B. As cold-rolled or drawn, followed by tempering so as to obtain
maximum hardness.

C. As softened by quenching from 900° C.

D. As softened, followed by tempering so as to obtain maximum
hardness.

The conditions of heat-treatment were those found either by pre-
liminary trials or by the experiments reported in the previous sections-
of the paper to give the maximum temper-hardening effeets.

The results of the tests are given in Tables VII and VIII. Alloys;
L.S.20, 23, and 24 do not contain sufficient of the temper-hardening;
constituent to yield very marked improvements on tempering; they
may be regarded as mild temper-hardening alloys, and the inerease im
tensile strength of the quenched materiat is from approximately 17
tons/in.2to approximately 25-30 tons/in.2 With a larger quantity of
nickel and aluminium in the ratio of 4:1, ie., L.S.7 and 10, the:



160 Brownsdon, Cook, and Miller : Properties of

improvement in tensile strength is approximately from 20-22 tons/in.2
up to 40-44 tons/in.2

With the other alloys, L.S.8, 9, 11, and 12, the improvements in
tensile strength were again of a similar order, being more than donbled
by the treatment.

The hard-drawn or rolled materials were also improved by tem-
pering, the tensile strength being appreciably raised, with little loss,
and in some instances even a marked improvemcnt, in elongation. In
the case of the hard-rolled strips (50 per cent. reduction), the increases
in those alloys with more pronouneed temper-hardening tendencies,
with nickel varying from 6up to 28-5 per cent. and a constant aluminium
content of 1-5 per cent., amounted to 12-Jr-19 tons/in.2in the different
samples, and there were considerable increases in elongation, these
being from 5 to 22, from 4 to 15, and from 1to 7 per cent. In the case
of the hard-drawn rods (10 per cent. reduction), the increases in the
tensile strengths of the corresponding samples were again most marked;
the actual increases were between 20-0 and 26-7 tons/in.2in the three
samples, but these changes were accompanied by decreases in elonga-
tion. The smallest elongation of such hard-drawn and tempered
materiat was 12 per cent., which is a high value in view of the generat
range of tensile strengths.

In addition to the properties at ordinary temperatures in the
various conditions, some tests were carried out at elevated tempera-
tures and the results are also incorporatcd in Tables VIl and VIII. The
tests were carried out at temperatures of 300°, 400°, and 500° C., and
the results show that there is a fair retention of tensile strength, but
very little elongation. This marked falling off in elongation is a
generat feature of most copper alloys. 70:30 brass, for exampte,
possesses only a very smali elongation within a temperature range of
about 300°-500° C., and becomes more ductile at higher temperatures.

Aluminium-bronzes ” show very similar properties, the elongation
falling almost to a zero value at 400° C.

The properties of some of the alloys in the form of wire in various
conditions are given in Table 1X and in the form of condenser tubes in
Table X.

(f) Microstruclure of the Alloys.

Although a detailed investigation has not been made of the
mechanism of the hardening which occurs on tempering, the micro-
structures of a large number of atloys in different conditions have been
examined, In some instances, where the alloy appears to be duplex
after quenching, considerable changes oecur in the structure on sub-
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Fig. 1. Alloy 27 (Nickel 6%, Aluminium 1*5%). Fig. 2—As Fig. 1, but Tcmpered for 2
Quenched from 900° C. Diamond Pyramid at 500° C. Diamond Pyramid Hardr
Hardness 75. X 250. 187. x 250.

Fic. 3.—Alloy 27 (Nickel 6%, Aluminium 1-5%). Fig. 4.—Alloy 26 (Nickel 10%, Aluminii
Hard-Rolled. Tcmpered at 500° C. for 30 2'5%). Quenchcd from 900° C. Diamo
minutes. Diamond Pyramid Hardness 190. Pyramid Hardness 94. x. 250.

X 250.

Fig. 5.—Alloy 8 (Nickcl 6'6%, Aluminium Fig. 6.—Alloy 8 (Nickcl 6*6%, Aluminiu
3'3%). Qucnched from 900°4C. Diamond 3-3%). Quenched from 900° C. and Ten
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sequeut tempering, and a typical change which takes place in many of
these alloys is shown in Figs. 1 and 2 (Plate XLVII), which illustrate
respeetively the structure of alloy 27 containing nickel 6 and aluminium
1-5 per cent. in the guenched, and guenched and tempered conditions.
A typical structure of an alloy in the hard-rolled and tempered condition
is shown in Fig. 3 (Plate XLYI1). The second constituent occurs at the
crystal boundaries, and while in some cases only an apparent double
boundary or thickening of the boundary is evident, in others the second
constituent occurs in a more massive form, as shown in Fig. 4 (Plate
XLVII). Although many of the alloys in which temper-hardening
effects have been observed appear to be duples, temper-hardening has
also been noted in alloys which appear microscopically to be structurally
homogeneous. An esample of an alloy in which little apparent change
in structure occurs on tempering is illustrated in Figs. 5 and 6 (Plate
XLVI).

Copper—Zinc-Nickel—Aluminium Alloys.

In studying the temper-hardening characteristics of copper-zinc-
niekel-aluminium alloys some 17 alloys of various compositions were
examined. In the preliminary work to establish the optimum con-
ditions of tempering and to study the effect of guenehing temperature,
time and temperature of tempering, smali ingots measuring 8 X 3 X 0-75
in. were made and rolled down into strip about 0-125 in. thick, and smali
samples were subjected to varying tempering treatments, after which
diamond pyramid hardness values were determined. As a result of
the work described in a previous section, a guenehing temperature of
900° C. was adopted as standard, and the specimens were hcated to
this temperature for 1 hr., guenched, and subseguently tempered at
various temperatures for 2 hrs. Some further experiments were
undertaken on a few selected alloys to ascertain thc influence of time
of tempering, and also the influence of guenehing temperature prior to
tempering. The effect of tempering the alloys in the cold-worked
condition was also studied.

(@) Influence of Tempering Temperature.

The results of the various tests carried out in this connection are
detailed in Table X1, in the last column of which are given the masimum
hardness inerements for each alloy.

Of the alloys studied, only those with a nickel content in excess of
about 2 per cent. showed temper-hardening properties. When nickel
and aluminium are present in copper-zinc alloys, similar temper-
hardening inerements can be obtained as in the case of copper con-

taining corresponding additions of nickel and aluminium. For example,
VOL. LII. L
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hardness values of alloy No. 40, which contains nickel 4, aluminium 1,
and zinc 10 per cent., are 57 and 116 in the qucnched condition and after
reheating to the ultimate temperature, whilst an alloy of the same nickel
and aluminium content, but containing no zinc (alloy No. 33), had
corresponding values of 55 and 114. Similarly, in the case of alloy
No. 59, containing nickel 8 aluminium 2, and zinc 10 per cent., the
hardness values were 72 and 193 in the quenched and tempered con-
ditions, respectively, whereas in an alloy of the same nickel and
aluminium content but containing no zinc (No. 34) the values were
69 and 186, respectively.

In the quaternary alloys under eonsideration there seeins to be a
tendency for temper-hardening to be produced with smaller amounts
of nickel and aluminium. For example, alloy A2, which contains
nickel 2-15 and aluminium 1-62 per cent., showed quitc appreciable
temper-hardening, an actual inerement of 48 diamond pyramid numbers
being obtained, whereas tho ternary alloys containing nickel 2-5 with
aluminium 2-5 per cent., nickel 1-32 with aluminium 0-66 per cent., and
nickel 3-3 with aluminium 1-65 per cent., showed only a malimum
inerement of 8 hardness points.

The data given in Table X1 indicate that the optimum tempering
temperature for obtaining the mazimum hardening effect varies from
500° to 600° C., according to the composition of the alloy. The same
data show that with the alloys containing approximately zinc 20 and
aluminium 2 per cent. the magnitude of the hardening effect obtainable
inereases progressively with the nickel content, throughout the series,
which ends with 10 per cent. of nickel. Of the five gilding metals con-
sidered, all of which had a zinc content of 10 per cent., the maximum
inerement was obtained with the alloy containing nickel 8 and
aluminium 2 per cent. Of the three nickel silvers examined, which
contained copper 60, nickel 20, and zinc approx. 20 per cent., the
temper-hardening effect obtainable was found to increase with in-
creasing aluminium up to the amount considered, i.e., 1 per cent.

(b) Influence of Time of Tempering.

Certain of the alloys which showed marked temper-hardening
properties were quenched from the temperature of 900° C., and heated
at temperatures of 400°, 500°, and 600° C. for periods of 15 minutes,
2 hrs., and 20hrs.  Observations were made upon the diamond pyramid
hardness values of the various specimens, the results being recorded
in Table XII.

There is a certain amount of evidence indicating that these alloys
tend to soften on tempering at lower temperatures than the straight
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copper-nickel-aluminium alloys, tliis cffcct being particularly notice
able when the heating was prolonged. Por example, alloy No. 17,
which contained nickel 10, aluminium 2, and zinc approx. 20 per cent.,
lost a eonsiderable amount of its hardness by heating for 20 hrs. at
600° C., as a result of which treatment the actual hardness was 137, as
compared with a maximum hardness of 224, which has been noted for
this alloy. On the other hand, alloys such as Nos. 34 and 26, which
contain nickel 8 with aluminium 2 per cent.,, and nickel 10 with
aluminium 2-5 per cent., were almost at their maximum hardness value
as a result of tempering at 600° C. for 20 hrs.

(©) Influence of Initial Quenching Temperature.

A series of specimens was guenclicd from 800° C. and tempered,
along with the specimens quenched from 900° C. at 500°, 550°, and
600° C. The results obtained are given in Table XIII, and indicate,
generally, that the higher temperature results in a slightly greater
hardness effect being obtained on reheating. By quenching from
900° C. the alloy is obtained in a condition defmitely softer than it is
by quenching from 800° C.

(d) Tempering of Hard-Rolled Strip.

In order to ascertain whether it would be possible to effect an
inerease in the hardness of cold-rolled strip by tempering, a series of
samples was annealed for ~-hr. periods at temperatures ranging from
300° to 900° C., and the results are given in Table XIV. The effect of
prolonging the time of heating of hard-rolled strip has been studied on
a few selected alloys, and the results obtained with annealing periods
varying from 30 minutes to 63 hrs. at temperatures up to 500° C. are
recorded in Table XV.

These results indicate that the alloys which are amenablc to heat-
treatment in thc softened condition could be hardened somewhat by
heating for a 30-minute period at a temperature below that at which
softening occurs. The inerease in hardness resulting from this heat-
treatment of cold-worked materiat is not, of course, nearly so great as
that obtained on heating the alloys in the quenched condition. The
maximum inerement obtained was 57 with an alloy containing nickel
7-5, aluminium 2-5 with zinc 10 per cent., the hardness of 193 in the
rolled condition being raised to 250 by heating for 30 minutes at 500° C.
As previously noted with other data, values recorded in Table XIV,
when compared with some of those for the copper-nickel-aluminium.
alloys, show that the presence of zinc causes softening to take place at
lower temperatures, this effect inereasing with inereased zinc content.
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The results obtained in experiments dealing with the effect of time
of tempering on the hard-rolled materiat are given in Table XV, and show
that the presence of zinc may causc softening to occur on prolonged
hcating, under conditions which do not produce any softening in a
corresponding alloy free from zinc. For instance, alloy 34 of the
previous section, which contains nickel 8 and aluminium 2 per cent.,
acquired hardnesses of 262 and 270 by heating to 500° C. for 3 hrs. and
20 hrs., respectively (in the original hard-rolled condition its hardness
was 174), whilst alloy 39 in the present series, which contains similar
amounts of nickel and aluminium, together with 10 per cent. of zinc,
had an original hardness in the rolled condition of 195, which was
inereased to 274 by heating for 3 hrs. at 500° C., but de-
creased to 252 by continued heating at this temperature for a total of
20 hrs. Alloy 17, which had nickel and aluminium contents not far
removed from those of alloy 39, but which contained 18 per cent. zinc,
had a hardness in the rolled condition of 227, and this could be in-
ereased to 290 by heating at 300° C. for 20 hrs., but heat-treatment at
liigher temperatures actually resulted in softening.

(e) Mechanical Properties.

The physical properties of two alloys containing zinc 20 together
with aluminium 6 and nickel 1-5 per cent. (alloy 61) and nickel 13-5
and aluminium 1-5per cent. (alloy 62), were determined in the following
conditions:—

A. Cold-rolled (50 per cent. reduction).

B. Cold-Tolled, foilowed by tempering at 500° C. for 2 hrs.
C. Softened by quenching from 900° C.

D. Softened foilowed by tempering for 2 hrs. at 500° C.

The results obtained are given in Table XVI.

After tempering at 500° C. for 2 hrs. the hard-rolled alloys con-
taining zinc were improved, but the inerease in tensile strength was not
so marked as in the straight copper-nickel-aluminium alloys. In the
guenched condition, the alloys containing zinc were, as would be
expected, slightly harder, and showed greater values for elongation
than the alloys free from zinc. The inerements in hardness values
and tensile strength which resulted from tempering of softened samples
are much lower in the case of the alloys containing zinc. Whereas
with the 92-5 : 6: 1-5alloy it was possible to obtain a tensile strength
of 40 tons/in.2and for the 85 :13-5 :1-5 alloy 48-4 tons/in.2by temper-
ing at 550° and 600° C., respectively, for 2 hrs., alloys containing
corresponding quantities of nickel and aluminium together with 20 per
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cent. of zinc had tensile strength values of 36-6 and 36*7 tons/in.2after
tempering.

Coppee-Tin-Nickel-Alumesium Alloys.

The nominat eompositions of the alloys investigated are inoluded
in Table XVII. Three series were prepared having tin contents of 4,
8 and 12 per cent., and each series consisted of three alloys in which the
ratio of nickel to aluminium was 2:1, 4:1, and 10: 1, the amount of
aluminium being fixed at 1-5 per cent. The alloys containing 4 and
8per cent. of tin were chill-cast in the form of smali ingots (6 X 1-75 X
0-/5 in.) suitable for rolling, and those containing 12 per cent. of tin
were prepared as sand-cast bars about § in. diameter by about 8 in.
long. The alloys were made from virgin metal, except that the nickel
was added as 70: 30 cupro-nickel. No working of any kind was at-
tempted on the sand-cast alloys; they were simply heat-treated as
described later and their temper-hardening properties examined by
hardness tests. Hardness values on the cast alloys are given in
Table XVII. From observations made on the rolling properties of
these alloys it would appear that those with 8 per cent. of tin are not
suitable for rolling. The 4 per cent. tin series can be rolled, although
rolling difficulties inerease with the nickel content.

(a) Temper-llardening Cliaracteristics.

As a result of the previous work earried out, as to the influence of
quenching temperature, and of time and temperaturo of tempering on
the hardness inerease, the hard-rolled alloys were softened by annealing
for 1 hr. at 900° C. and guenching in cold water. The chill-cast alloys
which could not be rolled were also softened in this way. The sand-
cast alloys, however, were guenched from 850° C., since with a tin
content of 12 per cent. there was a danger of partial fusion at 900 C.

The time of tempering the softened materiat was standardized at
2 hrs., since this had been found suitable for similar alloys; longer
times gave only slightly greater hardness values.

In order to establish the optimum tempering temperature for these
alloys, samplcs of alloys IT and 2T and of the three sand-cast alloys
(Nos. 7T, 8T, and 9T) in the soft condition were reheated for 2 hrs. at
temperatures within the range 300°-650° C. The values obtained are
shown in Table XV III. With alloy IT, in which the nickel-aluminium
ratio was 2:1, only a slight hardening effect was obtained, but with
alloy 2T, where the ratio was 4:1, very marked hardening resulted.
The figures show that the optimum results are obtained by tempering
at 500°-550° C., and above 550° C. softening commences,
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Alloys 3T, 4T, 5T, and 6T, which had not been successfully rolled,
were softened by quenching from 900° C. and hardened by tempering
for 2 hrs. at 500° C. Tempering was carried out at the same time on
samples of the cold-rolled materials, where these were available; the
hardness figures obtained are given in Table XVII.

Considering the three series containing 4, 8, and 12 per cent. of tin,
the inereases in hardness by heat-treating the softened materials for
given nickel-aluminium ratios are :—

Maximum Hardness Inerease.

Ratio of Nickel-
Aiuminium.
Tin, 4%. Tin, 8%. Tin, 12%.
2:1 14 28 67
4:1 102 99 96
10:1 107 126 114

It will be observed from these figures, in conjunction with the hard-
ness values in Table XVII, that, whilst the hardness of softened alloys
containing the same amount of nickel inereases progressively with the
tin content, the hardening produced by tempering is approsimately the
same in the three series, except in the alloys having a nickel: alumin-
ium ratio of 2: 1, where there is an inerease in temper-hardening with
iucreasing tin content.

(b) Mechanical Properties.

A few tensile tests were carried out on the rolled strip of alloy 2T.
Tensile test-pieces were made (0-5 in. wide over the gauged portion)
and treated so as to give materiat in four eonditions :—

(1) Softened by guenching from 900° C.

(2) Softened and tempered at 500° C. for 2 hrs.

(3) Softened and cold-rolled (50 per cent. reduction).

(4) Softened, cold-rolled, and tempered at 500° C. for 2 hrs.

The thickness of strip was 0-1 in. for the first two, and 0-05 in. for
the last two, eonditions. Besides the tests at room temperature, tlie
materiat in each condition was tested at 400° C. The results obtained
are given in Table X1X. Considering the tests at room temperature,
it will be secn that tlie tensile strength after tempering is almost as high
as after a 50 per cent. reduction by rolling (44-0 against 46-2tons/in.2
respectivcly), whilst the materiat is very much more duetile after
temperiug than after rolling. Moreover, the strength of the cold-rolled
materiat is raised nearly 11 tons/in.2 by tempering and the
ductility is inereased at the same time from 4 to 11 per cent.
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When tested at 400° C. the temper-hardened materiat foses atmost
three-quarters of its strength and is very brittle. On the other hand,
atthough the cold-rollcd and tempcTed materiat is also brittle at this
temperature, it loses less than tialf its strength.

The temper-hardening and tensile properties of this alloy may be
directly compared with those of alloy L.S.10, containing nickel G
aluminium 1-5, with copper 92-5 per cent. The inerease in hardness
obtainable by tempering appears to be about the same in alloy 2T as
in L.S.10. In the tensile tests carried out at room temperature alloy
2T is the stronger of the two, by 4r-6 tons/in.2 when guenched or
guenched and tempered, and by 14-15 tons/in.2when cold-rolled or
cold-rolled and tempered. The hardness values correspond with those
for tensile strength. Alloy 2T loses a greater proportion of its strength
at 400° C. than alloy L.S.10, atthough the actual values are 4-6 tons/in.2
higher.

Copper-M anganese-N ickel-A luminium Alloys.

(@ Temper-Hardening Characteristics.

A short study has been made of the eSect of nickel and aluminium
additions on copper-manganese alloys containing 5 and 10 per cent.
of manganese. m The temper-hardening characteristics of thc 5 per
cent. manganese alloy to which 6:1*5 and 13-5: 1*5 per cent. nickel
aluminium additions have been made, were cxamined by earrying out
hardness tests on samples of rolled strip guenched from 900° C. and
reheated to various temperatures for 2 hrs. The results of these tests
are given in Table XX. The maximum hardness inerements obtained
with the two alloys were 51 and 117, as compared with maximum hard-
ness inerements of 112 and 155 for alloys of similar nickel and aluminium
contents but containing no manganese, i.e., Nos. 27 and 37 of Table I.
These results indicate that manganese exerts a retarding influence on
the temper-hardening process, or may possibly reduce the extent to
which hardening in an alloy of given nickel and aluminium contents can
be effected. Some of the results of tensile tests also indicate that
manganese seems to exert a retarding influence on the temper-hardening
process.

(b) Mechanical Properties.

Both the 5 and 10 per cent, manganese alloys, containing nickel
and aluminium, were made in the form of extruded rod and tested in
yarious conditions, the results of these tests being given in Table XXI.
Alloy L.S.15 did not harden appreciably when tempered for 2 hrs. at
500° C.,, as did the corresponding alloy L.S.7 containing no manganese.
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and it was found necessary to prolong the time of heating to 20 hrs. to
obtain substantial improvements in strength and hardness. Alloy

mS.16, which contained the same amount of aluminium but 10 per
cent. of manganese, hardened only very slightly under similar conditions
of heat-treatment to which alloy L.S.7 was subjected.

With the nickel 13-5, aluminium 1-5 per cent. alloys containing
manganese additions the effect of inereasing the time of tempering
was not studied, and the results were obtained on materiat reheated
for ~ hrs. at 600° C. Although appreciable hardening effects were
obtained, it cannot be assumed that the optimum conditions have
necessanly been obtained. In fact, it is much more likely that with
pro onged heating at this or probably somewhat lower temperatures
greater improvements in the properties may result. Neither alloy

i i contaminS 5 Pcr cellt- manganese nor L.S.18 hardened as com-
pletely as the corresponding alloy L.S.8 without manganese. While the
manganese alloys do not appear to possess at room temperature superior
properties to the ternary alloys of copper-nickel-aluminium, the results
of tensile tests at 300° C. and 400° C. indicate that the presence of
manganese results in a greater proportion of the strength being retained
at these temperatures than in the corresponding alloys which do not
contain manganese.

Composition.

Only nominat compositions of the alloys have been indicated, for
results obtamed on analyzing various samples in the course of the work
generally agreed with the synthetic compositions. The compositions
o all the alloys made have been checked spectrographically, and sifce
most of the metals used were of the purest quality obtainable com-
mercially, the impurities generally were very smali in amount. The
alloys containmg manganese constituted the only exception, for in the
preparation of these the cupro-manganese introduced more iron than
was found in the manganese-free alloys. In the latter it was of the
order of 0-05 per cent., whereas in the manganese alloys it was 0-1-0-2
per cent. It is therefore possible that the retardation of the hardening
process which has been noted in the case of some of the manganese
a loys may in some measure be associated with the presence of iron.

Summary.

1. A study has been made of the effect of quenching and temperino-
on the properties of copper and a variety of commercial copper alloys
containing additions of nickel and aluminium.

2. It has been found that in order to obtain appreciable temper-
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hardening effects the aluminium content sliould not be less than about
0-5 per cent. and the nickel content should be in excess of 2 per cent.
The extent to which temper-hardening occurs is determined, apart from
variations in the heat-treatment, by the composition of the alloy and
the ratio and amounts of nickel and aluminium present. The optimum
hardening occurs when the nickel is present to the extent of at least
four times the aluminium content.

TEMPERINC TEMPERATURE °C
Fig. 7.—Effect of Tempering on tho D.p. Hardness of Quenched Alloys.

3. The alloys are obtained in the softest condition by guenching
from about 900° C., and can be appreciably hardened by tempering at
f;lb'(;l_.lt 4$O°—600° C., as shown by three typical temper-hardening curves
in Fig. 7.

4. The exact conditions for obtaining maximum hardening vary
with the composition, and for some of the alloys a detailed study has
been made of the effects of guenching temperature, time and temperature
of tempering, and also of tempering cold-worked alloys.
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5. A few typical alloys of each group, i.e., copper, copper-zinc
copper-tin, copper-manganese, containing nickel and aluminium,
ilave been produced in the form of either strip or rod, or both, and
complete tensile tests carried out at room temperature and at.elevated
temperatures on alloys in various conditions.
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Table |.—Copper-Niclcel-Aluminium Alloys.
Temperature after Quenching.

No.
Alloy.

o~NOU

N w
OO wWNF

Nil
N19
N20
N13
N21
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Nominat Composition.

f= o o N
8 28 ES
8. £. E_

é5 5
g z& 22
99 05 0%
98 10 10
95 5 25
90 50 5%
99 06 0*33
98 %2 0-66
95 33 1G5
90 66 33
99 075 0*25
95 15 05
9% 35 125
) 60 20
90 5 25
84 120 40
99 08 02
98 6 04
9% »0 190
o5 60 15
90 g0 20
875 100 25
895 90 15
95 455 05
90 ol 09
85 1305 135
) L, 890
91 " &0
90 20 890
87 50 840
70
700 30%0  Nil
700 200 10
7000 2825 175
700 280 2-00
700 2125 2*75

171

Influence of Tempering

Diamond Pyrainid Hardness.

Quenclicd from 900° 0. (1 Hr.) and Tempered £ &é
% fd for 2 Hrs. at Temperatures of . — S5a8¢g
d Ese
;ﬁ ) B
300° C' 400° C. 450° 0. 500° C. 550° 0. 600° C. 650°C. ST —
1:1 Ni-Al Ratio.
4G 46 45 47 46 45 47 47 1
48 50 50 48 50 50 52 56 . 8
[e] 65 65 62 71 68 64 64 8
86 92 88 86 92 96 102 115 29
2:1 Ni-Al Ratio.
46 50 46 50 50 46 52 45 6
49 52 50 48 50 49 53 53 4
64 69 69 67 72 67 67 67 8
G Sl 88 100 121 131 133 109 57
3:1 Ni-Al llatio.
47 52 50 4G 45 51 45 49 5
47 49 53 48 53 50 50 53 6
59 62 67 74 73 64 63 65 15
67 68 70 153 185 155 129 119
7 83 88 109 142 168 187 153 110
124 126 130 195 195 215 243 254 130
4 :1 Ni-Al Ratio.
44 44 45 46 45 44 44 o
46 46 47 46 47 47 46 1
55 @ 114 100 76 64 58 59
75 S5 155 187 183 149 134 112
69 70 86 121 168 186 184 117
94 120 185 227 240 227 218 146
6:1 Ni-Al Ratio.
81 90 155 185 181 171 172 104
10 :1 Ni-Al Ratio.
48 49 52 52 68 49 48 20
64 88 155 172 181 162 150 117
75 90 172 192 206 229 230 155
Aluminium-Bronze ” containing Nickel.
66 68 68 70 72 68 2 67 6
71 71 75 71 76 76 74 76 5
108 119 128 133 150 123 115 108 42
97 110 116 122 143 170 190 93
: 30 Cupro-Nickel containing Aluminium.*
84 86 82 82 85 87 3
93 103 119 142 97 99 49
96 98 124 183 197 168 101
99 112 153 207 216 206 117
95 134 179 212 266 282 187

* The low temperature heat-treatment in this series was of 1 hr. duration,
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Table II.—Copper-Niclcel-Aluminium Alloys. Influence of Time of
Tempering at Different Temperatures.

Diamond Pyramid Hardness.

Quenched from Quenched from Quenched from
6 900° 0. (1 Hr.) 900° C. (1 IIr.) 900° 0. (1 Hr. Mazcimum
8 and Tempered and Tempered and Tempere Hardness
No. of at 400° C. for at 500° 0. for at 600° C. for Increment.
Alloy. BW Periods o f:— Periods o fi— Periods o f:—
«od
§0 AsRe-  Now

Sg 15 0 20 15 2 20 15 2 20 corded QOp-

min.  hrs.  hrs. min. hrs. hrs. min. hrs. hrs. in serred.
Table I.
11 63 65 65 68 71 09 64 67 8 8
12 80 87 88 109 92 92 130 6 102 131 29 50
7 04 62 69 82 72 133 67 67 8 69
8 70 83 88 105 98 121 143 103 133 113 57 67
3 59 61 67 100 73 133 63 79 15 74
30 G/ 70 70 126 140 155 174 153 155 171 119 107
4 7 S3 88 131 114 112 166 187 167 110 110
33 55 114 140 100 135 64 107 59 85
27 75 140 155 181 174 187 195 103 149 163 112 120
34 09 74 86 109 107 124 183 140 186 212 117 113

20 94 161 185 209 215 227 237 221 227 233 146 143
28 81 153 155 122 166 185 190 104 171 195 104 114

35 48 53 52 91 52 52 68 61 49 69 20 43
30 64 139 155 158 158 172 185 154 162 177 117 121
37 75 111 172 200 177 192 209 192 229 218 155 154

71 75 76 76 75 74 73 5 5
15 108 135 128 157 153 150 140 142 115 106 42 49
119 116 121 120 122 140 126 170 179 93 82
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Table IV.— Copper—Nickel-Aluminium Alloys.

No. of
Alloy.

N19
N20
N13
N21

ITard-
llolled.

116
131
1(52
215

116
120
131
200

119
122
139
157
171
270

119
116
128
144

181

128
145
175

224
224
246
266

206
212
218
250

Hard-Itollcd Materiat Tempered for 30 Minutes at

300° 0.

121
134
166
218

112
122
142
225

114
119
140
164
183

115
117
130
146
183
185

123

183

240
246
266
302

212
212
218
266

Hard-Eolled Strip.

wl00° C. 500° C. 000° c.

86
121
164
243

72
109
150
230

78
117
140
177
197

76
78
127
172
197
235

120
174
233

146
197
200
307

220
230
250
322

Diamond Pyramid Hardness.

Temperatures o f:—

52
64
92
224

52
57
100
237

52
57
116
200
221

56
56
104
190
225
240

92
187
229

120
151
183
258

211
266
280
322

52
62
82
187

700° C. S00° C. 900° C.

47
56
75
142

48
54
72
128

50
50
58
85
158
195

52
104
206

90

120
203

103
237
243
287

Properties of

The Tempering of

46
55
71
103

46
52
6S
85

44
52
60
79
86

Maximum
Hardness
Incrcment.

43
62
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Table V.—Copper-Nickel-Aluminium Alloys. Prolongcd Tempering
of Hard-Rolled Strip.

Diamond Pyramid Hardness.

Tempered at TemEered at Tempered at Maximum
300° O. for 400° 0. for 500° 0. for Hardness
No. of Periods o f:— Periods of:— Periods of Increment.
Alloy
Hard-
Rolled. As Re-
% 20 60 3 3 20 30 3 20 Ccorded Row
min.  hrs.  hrs. inin.  hrs. hrs. min. hrs.  hrs. Table served.
V.
11 162 166 168 172 164 90 166 92 92 89 4 10

12 215 218 213 213 "213 217 239 224 192 155 28 28

7 131 112 151 150 150 85 158 100 100 112 19 27
8 200 225 221 233 230 237 246 237 227 177 37 46

3 139 140 139 112 110 86 152 116 112 112 1 13
30 157 161 165 167 177 226 203 200 220 220 43 69
4 171 183 195 200 197 258 221 221 246 246 62 S7

33 128 130 137 146 127 122 153 104 128 145 2 25
27 144 146 170 183 172 197 215 190 209 218 46 74
34 174 183 193 200 197 215 264 225 262 270 70 96
2G 181 185 233 237 235 233 252 240 268 270 69 89
35 128 125 123 122 120 73 98 92 75 117

36 145 153 1S3 195 174 211 209 187 206 218 52 73
37 175 183 228 217 233 226 240 229 246 262 58 87

14 224 216 216 246 197 144 140 151 140 124 22 22
IG 266 302 320 297 307 210 220 258 227 212 41 54
N19 206 212 218 221 220 228 292 211 254 258 14 86
N20 212 212 237 232 230 297 278 266 297 290 75 85

NI3 218 218 221 216 250 300 307 280 294 302 87 89
N21 250 266 312 322 322 327 33 322 333 315 83 95

Table VI.—Mechanical Properties of Copper 92-5, Nickel 6, Aluminium
1-5 per Cent. Alloy (L.S.7) in Rod Form, in the Softened Condition
and after Temperingfor 2 Hrs. at Yarious Temperatures.

imi Proof Stress, -
Condition. Diamond Iﬁlrrg&?f Tons/in.*. Tensile Etlioonng{a
Pyramid tjonality, Strength, per Cent.
Hardness. Tons/in.*. Tons/in.*. on 2in.
0-1%. 0-2%.
Quenched from 900° C. 68 12 4G 5-2 22-0 48
Quenched from 900° C.
and tempered for 2
hrs. at the following
temperatures:—
300° C. 68 12 4-0 5-2 22*0 47
400° C. 125 4-0 9-3 10-9 29-0 36
500° C. 142 10%5 16-2 17-0 35-8 34
600° C. 194 17-9 23-0 34-0 44-3 20
700° C. 119 6-4 12-9 137 28-8 30
800° G. 80 1-6 4-9 5-4 22-0 48
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Table IX.—Properties of Copper-Niclcel-Aluminium Wires (0-064 in.

Diameter.)
. ! ) Specifio
Tensile Elongation i
Condition. Strengtb,  Per Cge‘nt. on Ff&silcsrtgﬂr%es'
Tons/in.1 2in. per cm.
cube.)
Alloy L.S. 20. Coppor 95, nickel 4, alumin-
ium 1%.
Cold-drawn 35-8 2 o*45
Cold-drawn, followed by tempering at
450° C. for 20 hrS...ccccevieeiiccicee 30-8 5 7*61
Quenehod from 900° C. 19-9 30 9-33
Quenchod from 900° C. and tempered at
450° C. for 20 Nrs....cccccciccnccncce 31-7 14 7-70
Alloy L.S.10. Copper 92-5, niekol 6, alu-
minium 1-5%.
Cold-drawn . . . . 40-5 1 12-28
Cold-drawn, followed by tempering at
500° G. fOr 2 NrS.vcvccvieecce e 49-0 10 8-88
(Juenehed from 900° C. 22-7 29 11-55
Quenehed from 900° C. and tempered at
550° 0. fOr 2 NrS..ccoiecicieeeeen 38-5 9 8-42
Alloy L.S.Il. Copper 85, nickel 135, alu-
minium 1-5%.
Cold-drawn . . . . . 41-5 2 19-96
Cold-drawn, followed by tempering at
550° C. for 2 hrs. . 54-4 19 15-23
Quenehed from 900° C. 22-4 20 18-94
Quenehed from 900° C. and tempered at
600° C. for 2 Nrs e 39-5 12 14-82

Table X.—Mechanical Properties of Copper 85, NicJcel 13-5, Aluminium
1-5 per Cent. Alloy in the Form of Eztruded and Drawn Tube.

Extruded and Drawn Tube 0-75 in. Outside Diameter
and 0-018 in. Wall Thickness.

Condition.
Diamond  Limitof Pro- Tensile Elongation,
Pyramid  portionality,  Strength, Per Cent. on
Hardness. Tons/in.*. Tons/in.*. 2in.
Cold-drawn . . 159 5*9 33-8 7

Cold-drawn, followed by tem-
pering at 500° C. for 2 hrs.. 233 10-6 52-7 15
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Tabte XIl.—Copper-Zinc-Niclcel-. Aluminium Alloys. Influence of
Time of Tempering at Different Temperatures.

Diamond Pyramid Hardness.

d
Quenched from Quenched from Qnenched from '}12’? m:srg
% 900° C. (1 Hr. 900° C. (1 Hr.) 900° 0. (1 Hr. Incre ment
No. of and Tem ere and Tempered and Tem ere :
Alloy é‘ at 400° 0. for at 500° 0. for at 600° 0. for
Periods 0f:— Periods o f:— Periods o f:—
B As Re-
g corded Now
in Ob-
o1 15 20 15 0 20 15 2 20 Table served.
G~ min.  hrs. hrs.  min. lirs hrs.  min.  hrs. hrs. 1.
A5 4s 49 50 50 49 52 48 49 49 48 5 4
A4 49 50 50 52 51 54 54 50 52 49 5 5
A3 52 52 52 54 53 53 65 52 55 71 6 19
A2 53 54 53 S8 53 58 96 55 86 101 33 48
Al 82 84 128 155 126 177 166 153 143 142 95 95
17 92 109 160 224 193 220 224 200 188 137 128 132
41 65 67 73 122 89 116 139 85 72 70 51 74
42 7 84 102 157 143 157 187 127 193 157 116 116
10 57 58 60 111 90 116 155 92 60 63 59 98
39 72 74 93 155 126 153 193 130 190 191 121 121
43 65 66 78 116 78 131 150 92 134 113 74 85
45 151 156 193 183 154 172 170 150 137 122 42 42
18 79 81 86 92 82 81 83 84 83 80 9 13
19 80 92 103 123 107 112 119 106 121 112 41 43
20 82 100 10 131 124 131 142 143 150 143 68 68

Tabte XIII.—Gopper-Zinc-Nickel-Aluminium Alloys. The In-
fluence of Inilial Quenching Temperature.

Diamond Pyramid Hardness.

No. of Quenched from 800° C.  Maxi- Ouenched from 900° C.  Maxi-
Alloy. Quenched and Tempered 2 Hrs. muin - Qaenched and Tempered 2 Hrs. mum

from at Temperatures of:—  llard- from at Temperatures of:—  Hard-

800° C. ness 900° C. ness

Incre- Incre-

500°C. 550°0. 600°C. Mment. 500°C. 550°0. 600°0. Mment.

A2 58 58 63 81 23 53 58 64 86 33
Al 96 165 158 143 69 82 177 160 143 95
17 143 212 197 170 69 92 220 195 188 128
41 74 110 78 72 36 65 116 74 72 51
42 116 159 178 174 62 77 157 193 193 116
40 66 66 66 66 0 57 116 61 60 59
39 81 157 202 195 121 72 153 193 190 121
43 72 146 148 113 76 65 131 139 134 74
45 103 131 130 130 28 151 172 150 137 21
18 82 83 82 84 2. 79 81 78 83 4
19 90 122 127 111 37 80 112 116 121 41

20 98 140 166 151 68 82 131 146 150 68
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Table XIV.—Copper-Zinc-Nickd-Aluminium Alloys. The Temper-
ing of Hard-Rolled Strip.

Diamond Pyramid Hardness.

No. of Hard-Eo!led Materiat Tempered for 30 Minutes at .
Alloj. nnrd- Temperatures o f:— Maximum
Holled. Hardness
Incrcment.
300° 0. 400° 0. 800° 0. GO < 700°0. 800° 0. 900° 0.
A5 187 197 103 91 76 64 53 48 10
A4 183 200 112 104 80 65 54 49 17
A3 202 221 206 145 127 69 57 52 19
A2 205 232 225 164 142 94 58 55 27
Al 212 237 233 174 145 131 96 82 25
17 227 262 278 251 185 164 143 92 51
41 177 187 203 190 106 78 74 65 26
42 193 212 233 250 212 174 116 6S 57
40 153 158 161 158 81 71 66 65 8
39 195 197 211 246 246 139 81 72 51
43 162 164 160 187 179 81 72 65 25
45 209 230 230 1S3 1G2 140 103 151 21
18 203 206 207 153 108 93 82 77 4
19 212 218 230 224 197 97 90 78 18
20 209 224 233 240 237 170 98 S2 31

Table XV.—Copper-Zinc-Nickel-Aluminium Alloys. Prolonged
Tempering of Hard-Rolled Strip.

Diamond Pyramid Hardness.

Masimum
Tempered at TemEered at TemEered at Hardness
No. of 300J 0. for 400° C. for 500° 0. for Incrcment,
Alloy.  nard- Pcriods of (— Periods of Periods of —
Rolled. AsRe-  Now
corded QOp-

30 20 63 30 3 2 30 3 20 inTable seryed
min.  hrs. hrs. min. hrs. hrs. min. hrs. hrs. XIV. '

A2 205 232 233 193 225 162 162 164 160 148 27 28
Al 212 237 248 220 233 170 162 174 164 154 25 36
17 227 262 290 287 278 232 206 251 204 172 51 63

41 177 187 193 193 203 195 187 190 183 139 26 26
42 193 212 221 230 233 264 262 250 250 209 57 71

40 153 158 166 170 161 120 151 158 177 151 8 24
39 195 197 203 221 211 272 270 216 274 252 51 79
43 162 164 172 179 160 214 212 187 209 197 25 52

45 209 230 240 230 230 176 162 183 169 153 21 31

IS 203 206 221 224 207 200 185 153 121 114 4 21
19 212 218 233 210 230 233 237 224 233 227 18 28
20 209 224 233 240 233 238 250 240 252 240 31 43
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Tabte XVI—Mechanical Properties of Copper-Zinc-Nickel-Aluminium
Alloys in the Form of Rolled Strip.

[y <

. 22, Proof Stress, =°

. 88 = Tons/ing o

No. of Alloy. Condition. SE2 w5E oii E8
g8 -£2 2% ¢
S>3 Ego =B
a%= 32+ 0-1%. 0-2%. meo

Gl A. Cold rolled (50% reduc- 19S 11-1 X .

Copper _— ( 30-8 39-7 G
nickel 6*0;, B. Cold rolled, followed by 240 250 31-0 46-6 u
aluminium 1-5; temgerlng at 500°
zbic 20-0% for 2 hrs

C. Quenched from 900° C. (e] 4-1 53 57 228 61
1). Quenched from 900° C. 101 172 220 230 36G 29
and tempered at 500°
C. for 2 hrs.
@ A. Cold-rolled (50% reduc- 227 12-1 233 45-7 6

Copper 65-0; tion
nickel 13-5;  B. Cold-rolled, followed by 278 29-0  36-0 55*5 6
aluminium 1*5; tem[ZJering at 500° O.
zinc 20*0% for 2 hrs.

C. Quenched from 900° C. 87 4-2 9-0 93 241 58
D. Quenched from 900° C. 190 17-7 24-4 253 36-7 33

and tempered at 500°
C. for 2 hrs.

Tabte' XVII—Diamond Pyramid Hardness of Copper-Tin-Nickel-
Aluminium Alloys in Yarious Conditions.

Nominat Composition.
Qt%enched Qucnched Cold- Cold-

No. of Eolled Rolled
Alloy. Copper, Tin, Nickel,  Alumin-  900° C. Tem— (50% Ec- and Tem-
Per Per Per  ium,Per (Lhr). pered.  duction).  pered.
Cent. Cent. Cent. Cent.
IT 91-5 4 3 1-5 93 107 187 201
2T 88-5 4 6 1-5 99 201 217 281
3T 79-5 4 15 1-5 106 213 196 * 288*
4T 87-5 8 3 15 101 129 218
5T 84-5 8 6 1-5 119 218 234 246
6T 75-5 S 15 1-5 155 281
T 83-5 12 3 1-5 117 174
ST 80-5 12 6 1-5 131 227
9T 71-5 12 15 "5 196 310

* After 25 per cent. reduction.

Table XVIII.—Copper-Tin-Nickel-Aluminium Alloys. Influence of
Tempering Temperature After Quenching.

Nominat Composition. Diamond Pyramid Hardness.
< g2 ¢ Quenched from 900° C. (1 Hr.) and Tempered Maxi-
G S 5% 2 Hrs. at murm
c8 -0 =0 Hard-
I co mC L. Es ness
. do && 5& Incre-
& 1 H z < 04 300° ¢Jj400° C. 450° O. 500° C. 550° C. 600° C. 650° C. ment.
IT 915 4 3 15 93 99 96 100 104 107 98 94 14
-1 88*5 4 G 1-5 99 112 114 193 197 201 175 123 102
7T 835 12 3 15 117 144 167 174 145
ST 80*5 12 6 15 131 150 187 227 202
9T 715 12 15 1*5 196 215 248 305 310 114
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JOINT DISCUSSION ON BROWNSDON, COOK, AND
MILLER’S AND JONES, PFEIL, AND GRIFFITHS’PAPERS.

Mr. W. T. Gehttths,* M.Sc, (Mcmber) : | would liko to direot attention
to a difficulty and to make a suggestion. The diffioulty is the old one of
nomenclaturc, and is illustrated by tho three papers which have so far been
presented this morning. In the first Dr. Rosonhain referred to “ age-
hardening ” and also nientioned “ precipitation-hardening.” In the second
tlie authors have described the same general phenomenon as “ temper-
liardening,” whilst we, in the third paper, have called it “ precipitation-
hardening.” It is now obvious that tlie treatment gmng this type of
hardening is applicable to a wide range of alloys, and it would undoubtedly
simplify matters if there could be some uniformity of nomenclature.

The difficulty extends also to tho individual operations producing the
liardening. When we first wrote our paper we used the word “ temper ” to
refer to tho reheating operation, but, on furtlier consideration, we came to
the conclusion tliat, in its establislied usago in steel treatment, it gave an
impression of softening rather than hardening. We therefore employed the
simple word “ reheating,” although undoubtedly a term more descriptive
of the effect of the operation would be preferable.

The suggestion | wisli to make is that the subject is wortliy of immediate
consideration by tho Institute, and that a ruling be given regarding a nomen-
elature which could be employed uniformly.

Thoprbesidbnt : It will be better not to discuss this now. | suggest that
the matter be referred to the Council for their consideration.

Professor D. Ilanson,j D.Sc. (Viee-President): These papers are two of
the most important that have been published on the age-liardening of copper
alloys. They are fuli of new information, and they are most stimulating,
because of tho very promising nature of tho results which haye been achieyed.
The alloys described are not by any nieans the first of the copper alloys which
haye been found to bo amenablo to this typo of treatment, and | ani sure
that they will not be the last. A few of the simple copper alloys, for instance,
those containing iron or beryllium, exhibit this phenomenon, but in the
present work we haye a case in which it is apparent only when two
elements are added to the copper. We have parallels in the ease of aluminium
alloys. There are huge possibilities in the combination of two elements at
a time in copper, but when we consider the addition of three, or even four
elements at a time, it can be readily realized that there is an immense field of
investigation, which may be justified by the achieyoment of important results.
I wish to refer to two generat aspects of the guestion. The earlier heat-
treated copper alloys sullered because they mostly possessed rather low elastic
limits, the beryllium alloy being an exception. It is a yery notable adyance
that these particular series, by simple heat-treatment, can bo obtained in a
condition in which they attain a vory considerable elastic limit. That elastic
limit may be still further improved by the application of a smali amount of
cold-work followed by still further heating, or perhaps by cold-work before
the tempering or reheating process. | would suggest that thero is room for
still further work on the inerease of the elastic limit of these alloys while main-
taining the greatest possible degree of ductility. Dr. Brownsdon and his
colleagucs have carried out a certain amount of work in that direction wdiich is
most promising, but | am sure that they will agreo that their exporiments by

* Manager, Research and Deyelopinent Department, Tho Mond Nickol Company,
Limited.
t Professor of Metallurgy, The Uniyersiiy, Birmingham.
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no nieans exhaust the possibilities in that direction, and | suggest that a
most useful further study could be made.

These two papers cmphasize the need for knowing why these things liappen.
Both papers give us a great many facts, which are rather difficult to eorrclate.
Mr. Jones, in introducing his paper, referred to the variation which was found
when the dillerent proportions of the added constituents were added to the
alloy. These workers will, I am sure, admit that they are rather groping in
the dark at present. | feel that the wrong policy would be adopted if work
of this kind were allowed to be earried too far without discovering the
ultimate causes and the constituents responsible for the phenomena produced,
and also what are the changes in solubility, &c., which goyern the heat-
treatment.

It is yery important to know this if certain types of deyelopment are to
be brought about with speed and certainty. For instance, in some of these
systems an alloy might be produced which would have a vcry high degree of
strength assoeiated with high electrical conductiyity. To bring about such a
condition tho minimum amount of hardening agent must be added; if two
elements aro involved, they must be presentin just the right proportion, and
the heat-treatment must be such as to bring about the maximum degree of
precipitation. All those results will be achieved much more intelligently if
it is known just what the alloy is. We do not want to know that it is an
alloy of copper, nickel, and aluminium; we want to know in what particular
form those elements are combined to bring about these particular results.

The time and temperature of heat-treatment in alloys of this type reguire
a great deal of investigation. Up to the present, attention seems to havo
been directed principally towards obtaining the rcsult in tho minimum of
time. | suggest that that is not necessarily the best direction in which to go.
It has been shown in tho case of many aluminium alloys that certain results
are produced by tempering periods of long duration which differ materially
from the results produced by short heat-treatments, evcn though the
mechanical properties of the alloys may be yery similar. A good deal more
attention should be paid to the properties of these alloys, particularly the
pliysical properties apart from the mechanical properties, by yarying the
periods of time.

Dr.-phil. Eugen Vadebs * (Member): | inyestigated tho precipitation-
hardening of aluminium-nickel-copper alloys as long ago as 1927, a German
patent application being filed in the same year.f My original investigation
was confined to sand-casting alloys, but last year workable alloys were studied.

In the paper by Dr. Brownsdon and his colleagues the maximum aluminium
content permissiblc in nickel-eopper alloys is stated to be about 3 por cent.
This doesnot seem to be correct in all cases. We have found that aluminium-
nickel-copper alloys can easily be cold-rolled if, with the presence of 3 per cent.
aluminium, the nickel contcnt does not exceed 15-20 per cent. If the
aluminium content inereases to 4-5 or even to 6 per cent., the nickel content
must be reduced to 10 per cent. or less. Aluminium-nickel-copper alloys
containing about nickel 10, aluminium 5, and copper 85 per cent. haye a Brinell
hardness of 70 when guenehed; they can be rolled in the cold and in tli¢ hot
conditions without difficulty. The authors State that they have established
the conditions of heat-treatment to secure the greatest improvement in the
properties. This refers particularly to the temary system aluminium-nickel-
copper. Of more complex alloys, only those containing zinc, tin, and
manganese have been inyestigated. We have found that an addition of iron
to aluminium-nickel-copper alloys may be useful. In some patents dealing

* Hirsch Kupfer- und Messingwerke, A.G., Finow/Mark, Germany.
t This application has now been granted; see D.R.P. No. 586,338.
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swith hardening aluminium-nickel-copper alloys tliere is mentioned, it is true,
the presence of a smali iron content, but this amounts to only 1to 2 per cent.,
whilst we liave investigated alloys with 5-15 per cent. iron. An alloy with
nickel 10, aluminium 5, and copper 85 per cent. shows marked temper-
hardening effects if 10 per cent. of iron is added, whereas the alloy free from
iron possesses no hardening tendencies.

he solubility of aluminium in nickel-copper alloys seems to be advan-
ta”eously influenced by the iron. When guenehing alloys containing iron,
more aluminium is held in solid solution tlian with alloys which are free fiom
iron, and in conscauence, the mechanical properties of these alloys are much
higher than with the ternary aluminium-nickel-copper alloys. Certain iron-
aluminium-nickel-copper alloys havc a tensile strength of about 77 tons/in.2,
thc elongation amounting to 3-4 per cent. on 2-5in. It rnight bo thought
that the alloys were badly influenced by tho iron as regards the rolling
properties, but this is not tho case. We liave cold-rolled an alloy with 10 per
cent. iron from 6 mm. to 0-5 mm. in thickness without annealing. The
elongation of this alloy in the soft, i.e., guenched, condition was about 50 per
cent. on 3in.; in others it was more than 60 per cent.

As for tho ratio of nickel and aluminium, we were unable to observo that
tho figures 4:1 gave the best hardening effects in all cases. W ith higher nickel
contents this ratio cannot bc the right one.  Alloys containing 20 per cent. or
more nickel becomo very hard with an aluminium content which would
correspond with this ratio. . . . .

From tlie results we have obtained it appears that the nickel and tlie
aluminium contents are dependent on each other, inasmuch as a low nickel
content permits a high aluminium content, whereas a high nickel content, on
thc other hand, reguires a lower proportion of aluminium.

In the paper by Messrs. Jones, Pfeil, and Griffiths, it is stated that with
inereasing aluminium content a higher temperature is necessary to givc the
best precipitation-hardening. This is correct only for alloys which aro free
from iron and which have a lownickel content.  With inereasing nickel content,
and thc more so if iron be added, the annealing temperatures must be higher,
thc aluminium content having less effect. W ith regard to thc mekel content,
the authors come to the same conelusion, as is stated on p. 145.

Tho aluminium-nickel-copper alloys containing iron aro of mterest not
only becausc of their high tensile strength, but also by rcason of their magnetic
properties and good resistance to heat. An addition of only 5-10 per cent.
of iron is sufficient to make the alloys strongly magnetic. The permeabihty,
susceptibility, &c., have, liowever, not yet been investigated. It may be
that these properties render the alloys useful for electrical purposes, tho
more so as they are absolutely rust-proof. . .

\.s for tho heat-resistance; certain alloys of this range are not senously
attacked even if heated to 900° C. for 3 hrs. They retain practically all their
bright and smooth appearance.

Mr.s. L. Archbutt = (Member) : Have Dr. Brownsdon and his colleagues
found any changes in the elastic modulus in connection with the raising of the
elastic properties—the limit of proportionality—in some of these copper alloys,
and particularly in the copper-rich alloys ?

Mr. E. H. Buoknall,1 M.Sc. (Member): | note that on etching the age-
hardened copper-nickel-aluminium alloys a black residue was left behmd,

* Principal Scientific Officer, Department of Motallurgy and Metallurgioal
Chemistry, National Physical Laboratory, Toddington. , -

f Junior Scientific’ Officor, Department of Metallurgy and Metallurgical
Chemistry, National Physical Laboratory, Toddington.
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wlicreas on eteliing the guenched alloys no such residue remained. A some-
what similar behayiour is exhibitecl by eopper-nickel-silicon alloys, the
guenched materiat dissolving completely in a 20 per cent. solution of nitric
acid in water, whilst with aged materiat a residue remains which consists of
nickel oxide and siliea. The weight of residue increases but slightly, howeyer,
with the duration of tempering until the maximum hardness has been reaehed
and passed, when it increases rapidly to a constant value. It would be
interesting to learn to what extent the phenomenon was studied by Dr.
Brownsdon and his colleagues and how far their experience was parallel.

In amplification of Professor Hanson’s remarks, it is my very strong
opinion that more prolongcd inyestigation of a number of the alloys might be
extremely jirofitable. In Table Il of tho paper by Dr. Brownsdon are set out
eertain yalues for the attained hardness increment. The values, being simply
the masimum arriyed at in a comparatiyely smali number of experiments,
probably do not rcpresent the true masirna of liardness-time eurves. Indeed,
the effect of composition 0L the increment appears more pronounced than our
knowledge of other age-hardening copper alloys would lead us to expect. |
refer particularly to the alloys of copper with beryllium and with titanium,
in which the major effect of increase in alloy content beyond the minimum
which will cause hardening appears to be in shortening the time in which
masimum hardness is attained at any particular temperature.

Mr. N. F. S. Htjobard,* B.Sc. (Member): In dealing with these alloys
to a limited extent on a practical scale, | liavc noticed the very marked
brittle range at low temperatures, somewhere about 300° C. The authors have
not mentioned this, and it is important, because it may greatly limit the
sphere of usefulness of the alloys. The existence of this brittle range should
be known to those who wish to use these materials in practice.

Mr. Archbutt asked whether the precipitation treatment had any elfect
on tlie elastic modulus. It has yery little effect indeed on eertain alloys, such
as those containing nickel 10, aluminium 3, and nickel 7-5, aluminium 7-5
per cent.

A Japanese firm exploited alloys of this character a good many years ago,
but I do not know what commercial success they met with.

Mr. A. J. Mtjrpiiy,! M.Sc. (Member): In their second paper, written in
1921, Read and Greayes went fairly deeply into the properties which could be
obtained by heat-treatment of these alloys. My impression is that they were
able to increase tlie Brinell hardness by sometliing like 60 or 70 per cent. in
alloys with about 5 per cent. each of nickel and aluminium.

I should like to support Professor Hanson’s remarks about inyestigation
of tlie constitution. | know that practical exploitation cannot be held up
until the last word is written on the constitution of alloys, but | entirely agree
that there is a great danger of missing very yaluable possible developments
if a little side-tracking into the question of constitution is not done.

Ihe materiatwhich is precipitated on heat-treatment has always interested
me yery much. When Austin and | did some work primarily on the lirjuidus
of the eopper-aluminium-nickel alloys about 1923, we considered that we
obtained evidence to suggest that- the (3-phasesof the copper-aluminium and
nickel—aluminium alloys were isomorphous and formed a continuous series of
solid solutions. In that ease the constitucnt which is precipitated is possibly
a mixcd B-phase of copper-aluminium and nickel-aluminium, but opposed to
that there is tho faet that in the cast alloys a curious cruciform eonstituent is

* Broughton Copper Company, Ltd., Manchester,
f J. Stono and Company, Ltd., Deptford.
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obltained which looks more like a nickel-aluminium compound than a solid
solution.

Have the authors of either of these papers found serious distortion during
heat-treatment? That, | understand, has threatencd to be a serious
disadvantage in copper-beryllium heat-treatable alloys.

Finally, I think that we ought to realize that if an alloy depends for heat-
treatment on the attainment of certain mechanical properties, as things aro
to-day those properties must really be exceedingly good to justify the expense,
time, and close control which are necessary in the commercial production of
the finat heat-treated alloy.

Dr. Haubice Cook {inreply): W ith regard to Professor Hanson’s remarks,
we guite appreciate that the experiments on the improvoment of the elastic
limits by a combination of heat-treatment and cold-working are only pre-
liminary, and certainly feel that the work could be very usefully extended in
this direction. We are optimistic about obtaining even better values than
those which we have recorded in the paper. We all realize, of course, that it
is very desirable to know the underlying mechanism which has given rise to
the improvemcnt in the properties of the alloys which has been recorded.
Professor Hanson’s remarks in this connection have been echoed by Mr.
Bueknall and Mr. Murphy, but in carrying out the work we had not the
opportunities of making any extended study in this connection, and although
we have some ideas on the subject, we have carefully refrained from any
premature expression of opinion in the paper.

Concerning the question of minimum time and the effect of time and
temperature, our experiments were not altogether directed to finding out tho
minimum time reguired to accomplish the maximum hardening. It may be,
of course, although there is no evidence from our results to suggest it, that a
long ageing period at lower temperatures might yield improved qualities.

Regarding Dr. Vaders’ remarks, it is stated in our paper that when the
aluminium content exceeded about 3 per cent. diffieulties were experienced
in fabricating the alloys. This observation applies to methods of cold-working,
such as cold-rolling and cold-drawing. We know that by hot-working,
cxtrusion, liot-rolling, and so on, alloys with an aluminium content of up to
about 5 per cent. can be readily worked. In that connection, Messrs. Jones,
Pfeil, and Griffiths in their paper State that in the preparation of their alloys
the ingots, which were f in. thick, were, after softening by guenching, cold-
rolled down to a thiekness of £ in., a reduction of 66 per cent. From our
experience that would be an extraordinarily difficult thing to accomplish,
espeeially in alloys of high aluminium content, exeeeding, say, 4 per cent.
Tables I, I, and 111 of their paper show that these alloys, even in the tjucnched
condition, i.e., in their softest possible condition, had a Brinell hardness in
excess of 200. | should like to ask whether those alloys were cold-rolled to
66 per cent. thiekness, sifice no remark is made to the contrary in tho paper.

As no time is available now, we will reply in writing to the other points
raised in the discussion.

Mr. W. T. Griffiths (in reply): | agrec that a further knowledge of the
constitution of the nickel-copper-altiminium alloys and information regard-
ing the true cause of the precipitation-hardening phenomenon would bo of
great value, but suggest that the complex and lengthy investigations entailed
are perhaps more suited to University laboratories or thoso of our large
researeh institutions. For such studies to be of the greatest value it would
be necessary to take into account the effect of the presenee of impurities and
additional elements such as deoxidizers which, it is already known, play an
important part in the precipitation-hardening phenomenon. Dr. Vaders has
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pointed out how tlie addition of iron affects tho matter, and in our earlier
paper * on tho copper-nickel-silicon system we showed how manganese, added
primarily for purposes of deoxidation, affected the hardening of alloys.

Information regarding precipitation-hardening must, to a largo oxtent, he
obtained by inferenee, and in point of fact one of the best methods of studying
precipitation-hardening phenomenon lics in determinations of the hardening
effects producible in the alloys. While we have considered tho fundamenta!
aspects of tho problem, we felt, in preparing our present paper that, in the
absence of proof, speculation would bo of doubtful value, our aim being to
place on reeord some of the results obtained during tho past five or six years
with a yiew to stimulating tho interest of others in tho precipitation-hardening
of tho nickel-eopper-aluminium alloys.

Dr. Cook is correct in his statement that tho eold-rolling of alloys contain-
ing more than 4 per cent. aluminium is difficult. We attempted to produce
wrought products from alloys containing up to about 7 per cent. aluminium,
but those containing more than about 3i per cent. aluminium cracked badly
on cold-rolling, owing probably to tho difliculty of producing tho soft eon-
dition. Atteinpts to produce strip by liot-rolling also failed in the majority
of the high aluminium alloys, and it should have been pointed outin the paper
that the alloys SX referred to in Table I, and TT referred to in Table 111,
were liot-rolled and not cold-rolled. It should be added that the hot-rolled
strips were by no means free from cracks.

CORRESPONDENCE.

Messrs. Jones, Pfeit, and Geiitths (in further reply to the discussion) :
We fully appreciate the possibility pointed out by Professor Hanson, and
referred to also by Mr. Bucknall, that the relation between time and tempera-
ture in the precipitation-hardening heat-treatment was well worthy of study,
and might lead to tho deyelopment of useful properties differing from those
described in tho paper. We have not ignored this matter altogether, but so
far as meclianical properties are concerned we found that the best all-round
results, taking into aceount the probable cost of the heat-treatment, wero
giyen by short-timo treatment at a relatively high temperature.

Dr. Vaders suggested that only in the case of low-nickel alloys was it correct
to state that with inereasing aluminium content a higher temperature is
necessary to give the best precipitation-hardening. Our results, however,
over the range 10-45 per cent. nickel dealt with in tlie paper, definitely point
to a higher temperature being necessary the higher the aluminium content.
Similarly we found that higher temperatures are necessary for tho complete
softening of the precipitation-hardened alloys the higher the aluminium con-
tent, whilst the temperature reguircd for softening is nearly independent of
the nickel content. It is necessary to distinguish between alloys hardened
by precipitation and alloys hardened by cold-working. In the latter case a
higher annealing temperature is reguired the higher the nickel content.

In our view’ the high heat-resistance of the copper-nickel-aluminium alloys
is due essentially to the aluminium and nickel crontents and, so far as our
esperiments indicate, additions of iron and a number of other elements have
no substantial effect in this connection.

The effects of iron in obtaining high mechanical properties referred to by
Dr. Yaders, are interesting, and we are inclined to suggest that these are
probably due to a reduction of the rate of diffusion iu tho alloys. In the
ternary alloys it appears dilScult to retain all the aluminium in solution by

* Loc cii.



Authors’ Reply to Correspondence 191

guencliing when the content of that element is in excess of about 4 per cent.
W ith iron present tho separation of tho hardening constituent is possibly
made more difficult, as is also the growth of tho partieles of tho preeipitated
phase, so that tho hardening effect on reheating may bo greater. In this
connection, howeyer, it should be mentioned that by the simultancous use of
tho effect of eold-work and precipitation-hardening' even better combinations
of properties can be obtained than those given by Dr. Vaders.

Mr. Hubbard referred to brittleness at 300° C. Wo havo encounterod
brittleness at a temperature somewhat higher than this, viz. 350°-500° C., in
copper-nickel-aluminium alloys of high aluminium content, but in the moro
generally useful alloys of the series containing about 1-5 per cent. aluminium
elongations of 10-15 per cent. were obtained in tensile tests at 350° C.

Mr. Murphy raised the guestion of distortion on heat-treatment, which is
a serious disadyantage in some heat-treatable alloys. In tho copper-nickel-
aluminium alloys of relatively high aluminium content, cracking sometimes
occurs on heat-treatment, but in the case of the readily forgeable compositions,
in which commercial interest principally lies, cracking and distortion does not
oecur. In some cases in our experiments tensile test-pieccs were lieat-treated
after machining without distortion being deteeted, even by a test so eritical
as the determination of limit of proportionality, using the Martens mirror
apparatus.

Dr.F.Jonhnson * (Member): Tho authors statc, on p. 154, that “ So far as
the authors aTe aware, it has not been recorded that copper-zinc alloys con-
taining additions of aluminium and nickel exhibit temper-hardening
properties.” This has caused me to look up some old lecture-notes in which
there was a reference to work by Irresberger,| who obtained the following
results with a brass containing copper 60-5, zinc 33-65, aluminium 2-8, and
nickel 2-96 per cent.:

Heated to 789° C., Quenched in
As Cast. Water, and Annealcd at 450° 0.
for 30 minutes.

Tensile strength, tons/in2 36-0 45-5
Elastic limit, tons/in.2 1G7 27-8
Elongation, per cent. 19-0 18-0
Brinell hardness number . 125 272

These figures indieate that a brass, fortified by the addition of aluminium and
nickel, will respond, even in the cast state, to tho kind of heat-treatment
adopted by the authors. | haye not seen the original paper by Irresberger,
so that | cannot State whether the cjuenching treatment results in softening,
whieh would havo broughtthe results definitely under the category of “ temper-
hardening,” to use the authors’ term. Alloys of this type, howeyer, should
repay investigation as regards possibilities of age-hardening (a term which |
prefer) as well as regards ordinary heat-treatment.

Dr. Brownsdon-, Dr. Cook, and Mr. Mitter \in reply): As regards a
suitable nomenelature to indieate the improyement in strength and hardness
which takes place when alloys of this type are reheated after guenching, we
agree with Mr. Griffiths that it is very desirable for some suitable expression
to be generally adopted. We eonsider that “ age-hardening ” should bo

* Head, Metallurgical Department, Central Tochnical College, Birmingham,
t See abstract, this J., 1923, 30, 479.
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reseryed for those alloys which harden at normal temperatures. This leaves
us with a choice between “ prceipitation-hardening ” and “ temper-harden-
ing ” from the expressions which are now in use, and after due consideration
we adopted the latter. In so doing we have been influeneed to some extent
by the views expressed in Professor Porteyin’s May Leeture. While the
word “ tempering ” is one whieh is commonly assooiated with the heat-treat-
ment of steels, *“ temper-hardening ” isan cntirclj' differentword, and deseribes
exactly what happens, namely, a hardening which results from a process of
“ tempering ’which is a reheating. This expression, moreover, has tho advan-
tage of not making any assumptions regarding the meelianism of the proeess.

Dr. Vadcrs’ experienee with alloys of this type goes to show that both
thc aluminium eontents and tho nickel:aluminium ratio can bo modified
eonsiderably still giving alloys showing temper-hardening properties. Refer-
ence to Table | in our paper eonfirms liis findings, and in this connection we
would wish to make it elear that in earrying out our experimental work we
always had in mind tho obtaining of temper-hardening in copper alloys with
as little interferenee as possible to their original properties and methods of
working. In other words, our main objeet was to obtain an age-hardening
copper, brass, or copper-nickel alloy with a minimum addition of aluminium,
for with inercased guantities of aluminium not only is the nature of the basie
metal or alloy very much modified, but difficulties in working arise. Dr.
Vaders’work on the addition of iron to these alloys is of eonsiderable interest,
but in the absence of further knowledge of their properties we aro unable to
assess their value. We aro surprised to hear that Dr. Vaders did not obtain
temper-hardening properties with an alloy containing copper 85, nickel 10,
and aluminium 5 per cent., this alloy being not yery different from Alloy
No. 25 in Table I, which contained nickel 12 and aluminium 4 per cent., and
the hardness of this alloy was doubled by suitable heat-treatment.

W ith regard to Mr. Archbutt’s guestion, we liave not any evidence which
shows that the modulus of elastieity is sensibly affected by tempering the
soft- or hard-worked alloys. Tho elastic modulus yalues for the alloys are of
the order of 19 x 10~° Ib./in.2.

In reply to Mr. Bucknall, no experiments of a quantitative naturo have
yet been carried out on the residues obtained when tho heat-treated alloys are
dissolved in acids, but rcalizing, since the observation was first made, that
useful data may be obtained from a study of such residues, we are continuing
this line of inyestigation.

The possibility of a brittle range in these alloys referred to by Mr. Hubbard
has not been speeially investigated, but figures given in tho paper indicate a
falling off of elongation with inerease in temperature, the elongation in tho
temper-hardened alloys being at 300° C. only about half of what it is at normal
temperatures, but we would scarcely consider this as indicating a brittle range.

Mr. Murphy refers to distortion on heat-treatment, and some preliminary
tests that have been made indicate that this is not serious. The guestion as
to whether the improved physical properties obtained by heat-treatment are
eeonomieally worth while depends so much on eireumstances that it is only
possible to come to a useful conclusion when considering the use of such
alloys in some speeifie application.

Finally. Dr. Johnson directs our attention to somo results obtained on a
60 per cent. copper-zinc alloy, indicating that such an alloy containing alu-
minium 2-8 and nickel 2-96 per cent. hardened after Ojuenching and temper-
ing. We made one or two expcriments with alloys of 60 : 40 type plus addi-
tions of nickel and aluminium, but failed to obtain any appreeiable hardening
by suitable heat-treatment, and for this reason we confined our experimcntal
work to the richer copper alloys.
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FURTHER OBSERVATIONS ON THE DISTRI-
BUTION OF POROSITY IN ALUMINIUM
AND COPPER INGOTS, WITH SOME NOTES
ON INYERSE SEGREGATION.*

By N. P. ALLEN,f M.Met., Member.

Synopsis.

Three copper ingots and four aluminium alloy ingots cast in a specially
tapored mould havo beon examined. In all cascs tho distribution of
porosity followed the probable form of tho isothcrms in tlio cooling mass,
and was much influenced by the mould tapor. Tho typo of inicrostructuro
also had an influence on tho distribution of porosity, tho naturo of which
is discussed. The inverse sogrogation of two aluminium-eopper alloy
ingots has beon found to bo closely rclated to their porosity.

Introduction.

In a previous paperl obserrations on the distribution of porosity in
works’ copper ingots have been reported, as tbe result of which a
certain “typical ” porosity distribution was dedueed. The present
work was undertaken:

(@ To confirm the existence of this “ typical ” distribution;

(b) To study tbe effect upon it of the mould tapcr;

(©) To determine to what extent this distribution is common to
all ingots, or to wbat extent it is peculiar to tough-pitch
copper.

The last point is important in deciding tbe processes which aTe at work,
since if tlie distribution is peculiar to copper, it is clearly useless to
attempt to explain it in terms of processes which are common to all
solidifying metals, whilst if it is found in a wide variety of other metals
and alloys, it cannot be accounted for by means of reactions which
occur in copper alone.

Scope of the Work.

The following is a list of the examples studied.
Ezample 23. An extremely porous casting of electrolytic copper.

* ilanuscriptreceived May 24,1933. Prcsented at the Annual Autumn Meeting,
Birmingham, Septembcr 20, 1933.
t Lecturer in Metallurgy, Univorsity of Birmingham.
VOL. LII. N
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Examples 24 and 25. Fire-refined tough-pitch copper: two ingots
from the same charge"cast in the same mould, one with the wide end
upward, the other with the narrow end upward.

Examples 26 and 27. Aluminium-silicon alloy (10-3 per cent.
Silicon): two ingots—cast wide end upward and narrow end upward
respectively.

Examples 28 and 29. Aluminium-copper alloy (6-7 per cent.
copper): two ingots cast wide end upward and narrow end. upward
respectively.

The aluminium alloys were chosen because gas porosity can be
readily produced in them, and the aluminium-silicon alloys have the
further advantage that quite wide variations in the silicon content
have very little effect on the density (see Table I). The aluminium-

Tabte |.—Density of Aluminium-Copper and Aluminmm-Silicon Alloys.

Density. . Density.
Copper, Per Cent. Pilr“é%%t
Slater.” Edwards.f Slater®  Edwards.f
4 2-772 2-784 4 2-693
8 2-866 2-865 8-4 2-680
12 2-952 10-3 2-663
24 . 3-243 15 2-642 2-652
Change for 1% addition 0-0223  0-0202 0-0047  0-0042
Mean 00213 0-0045

* Privato corumunication from Dr. I. G. Slater.
t J. D. Edwards, Chem. and Met. Eng., 1923, 28, 165.

copper alloys have not this advantage, and, moreover, are known to
be liable to inverse segregation when chill-cast. It was necessary,
therefore, to determine the extent of this segregation and to take
account of it in the interpretation of the results.

E xperijiental Methods.

The experimental methods were the same as those employed in
the previous work. Pieces were cut out of the ingots in a systematic
manner, and their densities determined by Archimedes’s method, the
figures reported being the apparent densities in water at room temper-
ature. Occasionally pieces with large cavities open to the surface
were encountered. In these cases the sample was weighed (W grams)
and the cavities were filled with plasticine. It was then re-weighed
in air (w2 grams) and in water (w3 grams). The density of the piece

was taken to be ———_.
w2 — w3
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The accuracy of mcasurement was well within + O-OL for the copper
specimens, and about + O-Q0L for the aluminium.

All the ingots were cast in the same mould, a diagram of which
is given in Kg. 1. It was made in two pieces, of solid copper, and
was unusually heavy, so that the chilling effect on the metal was
severe. The ingots were square in cross-section, 9| in. long, and
tapered from 2f in. square at one end to 3| in. square at the other.
The mould thickness was substantially increased at the narrow end,

JJ.OLJ..L

HALF PLAN
Fig. 1.—Copper Mould.

to encourage progressive solidification from that end. From each
ingot a vertical section about f in. thick was taken, which, after macro-
examination, was cut up in the manner shown in Kg. 2 (Plate XLVI1I1).

Details of Ingots.

Ezample 23.— Porous H.C. Copper Ingot.

The metal was tough-pitch H.C. copper in the form of oily rolled
strip, melted in a high-frequency electric furnace under an ample
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cover of charcoal, so that the metal becamc practically free from
oxygen. Before casting, nitrogen was bubbled through the metal for
10 minutes to remove the gas which was present, but this was un-
suceessful, for the metal when cast rose considerably in the mould,
the ingot inereasing in length at least 1in. The mould was wide end
upward.

The macrostrueture of the ingot showed columnar crystals growing
from the top, bottom, and sides, extending to a depth of f to \ in.
and enclosing a region of equi-axed crystals some Jg-to J in. in diameter.

2 3
FiO. 4.—Copper Ingots. Examples 23, 24, and 25.

(1) Cruciblo melted electrolytic: low oxygen; (2) Tough-pitch: ingot cast
wide end up; (3) Tough-pitch : ingot cast narrow end up.

The blow-holes were extremely numerous and very smali, except near
the top, where cayities up to f in. in diameter were found. In spite
of its very low average density, there was a border about \ in. thick
round the bottom of the ingot quite free from blow-holes. The transi-
tion from this region to the porous region of the ingot is shown in
Kg. 3 (Plate SLYII1). Itisimportantto note how the same crystal was
sound at the heginning of its growth and porous at the end.

The distribution of porosity is shown in Fig. 4(1), the most interest-
ing features being : (a) the great variations in density; (b) the genera 1
tendency of the density contours to run parallel to the mould walls
except for the very marked sound cone in the bottom centre of the
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ingot; (c) the great porosity of the materiat exuded when the metal
“rose ” in the mould.

Examples 24 and 25.—Tough-Pitch Fire-Refined Copper.

These two ingots were cast from the same charge of reverberatory
furnace copperunder sofar aspossible identical conditions, with the excep-
tion that whereas Example 24 was cast with the wide end of tho mould
uppermost, Example 25 was cast with the narrow end up. The details
Jro.summarizp.din Table Il, and Kg. 5 (Plate XLI1X) shows themacro-

Tabie |l —Casting Conditions.

Composi- Casting Wide or Mould

i " Mould
Ingot. Nature. tion, Per Melting. Temp., Narrow Temp., :
¢ ¢ Cent. °c.’ Endup. ~°c.  Dressing.
23 H.C.copper 0-001 Oa H.F. furnace wide bone ash
24 Fire-refined 0-02 As Reverberatory fur- 1120 wide 120 bone ash
25 copper 0-0-1 Ni nace ’ narrow 70 u
0-01 Pb
0-0005 Bi
0-07 Oa
2G  Alununium- 10-3 Si Coke-fired crucible: 660  wide 100 none
27 Silieonalloy stirred with stick 650  narrow 90
28 Alloy "3L11” 6-67 Cu  .Coke-fired crucible: 760  wide 90 none
29 stirred with stick 720 narrow 80 i»

structure, which presented no unusual features. The furnace was at the
time engaged in the production of a variety of sizes of wedge bar, which
set perfectly level, but, on account of the smali size of the ingots and
relatively great weight of the mould, these ingots solidified with a
decided sink, and, on being cut up, were found to be piped to a depth
of about 1| in. The pipe was filled with water during the density
determinations, so that the density figures recorded were not affected
by the pipe.

Fig, 4 (2 and 3) shows the results. The density contours were
similar in form to those exhibited by Example 23, but the actual
density differences were very much less. In spite of the much greater
mean density of the ingots, there was no border region absolutely free
from blow-holes: in short, whereas in Examples 24 and 25 gas was
evolved immediately solidification began, in Example 23 a certain
amount of solidification took place before any gas was given off, although,
apparently, the amount of gas subsequently generated was very much
greater. The effect of altering the taper of the mould was felt chiefly
in the axis of the ingot. When the casting was wide end up, the axis
was everywhere comparatively sound. In the ingot cast with the
narrow end upward, the axis was the least sound part of the ingot in
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the upper two-thirds. and relatively sound in, tlie lower third. An
interesting feature was found in the neighbourhood of the pipe, where
a pereeptible local increase of density occurred. It seems that towards
the end of solidification there took place in the centre of the ingot a
decrease of pressure, under the influence of which the comparatively
poious region in the centro of Example 25 was produced, and oxidized
metal from the surface was drawn into the centre of the ingot. Fig. 6
(Plate L) shows such an osidized stream drawn into the space between
two dendrites situated just below the contraction cavity in Example 24.
Where this metal was able to enter, it caused a local increase of the
density of the casting, but where it could not penetrate, the lower
hydrostatic pressure in the ingot resulted in an increased amount of
porosity, as is shown by the prolonged inter-dendritic cavity in Fig. 7
(Plate L), taken from a position a little lower down in the ingot than
Fig. 6. It is probable that this lowering of pressure was produced by
the contraction on solidification when the metal was so far frozen
across the top of the ingot that feeding was interfered with. This
would account for its effects being much more obvious in the ingot
cast with the narrow end upward.

Examples 26-29.—Aluminium-Silicon and Aluminiutn-Copper Alloys.

Examples 26-29 are two pairs of ingots, one cast with the wide
end up, and the other with the narrow end up, of aluminium-silicon
alloy and aluminium-copper alloy, respectively. The materiat was
good-quality scrap, and in each case enough metal for the two ingots
"as melted in a Salamander crucible in a coke-fired furnace. To
ensure that gas should be present, the metal was stirred at about
750° C. with a wooden stick. The wide-end-up ingot was cast first.
Wiliile the mould was being cooled and reversed, the metal was returned
to the furnace and kept warm, and the narrow-end-up ingot was then
cast. All the ingots were fed as long as possible, and evolved gas
fairly liberally during solidification. Other details are reported in
Table 1.

_ITnone of the ingots was the layer of columnar crystals more than
J iu- deep, and the succeeding equi-axed crystals were very fine and
uniform. The visible porosity in the copper alloy ingots (Examples
28 and 29) was slight and cvenly distributed. The Silicon alloys
(Examples 26 and 27) showed, besides uniformly distributed pores,
serious inter-dendritic porosity just below the surface in the wide-end-up
ingot, but deep into the ingot in the other, which also showed an
appreciable primary pipe. These cavities are illustrated in Fig. 2 (Aand
B) (Plate XLVIII). The microstructures of the aluminium-copper alloy
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ingots were characteristic of alloys of their composition. Those of the
Silicon alloy ingots showed a little primary silicon in a ground-mass
consisting of a few smali dendrites of aluminium, surrounded by a
coarse, unmodified eutectic.

In order to estimate the efiect of segregation in the aluminium-
copper alloy ingots, copper determinations were made in the positions
shown in Fig. 9 (E and F), where also the figures obtained are recorded.
Inverse segregation to the extent of some 1 per cent. on the average
was present in botb ingots, and the lines of equal copper content ran
roughly parallel to the walls of the mould.
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The results of the density measurements are summarized in Fig. 8
(A to D) and the figures for the aluminium-copper alloy ingots, eorrected
for copper segregation, in Fig. 9 (G and H). For this purpose the
mean value for the effect of copper on the density of the alloy arrived

at in Table I is used, and the densities are given as they would have
been if the copper content of the ingots had been uniformly 6-67 per
cent. Any density changes consequent on the solution or precipitation
in the solid state of CuAl2are quite negligible.

The same orderly variations of porosity esisted as were found in
the copper ingots. In all cases the generat tendency of the density
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contours to run parallel to the mould walls was marked, indicating that
the flow of heat was the most potent factor. Thero was a certain
tendency for the contours to flatten out at the top of the ingot, due
probably to hubbles of gas being trapped below the surface of the
metal, but this was a quite minor phenomenon. The sound cone, so
prominent in the copper ingots, was defmitely absent in the aluminium-
silicon aIon ingots. There was DISTAHCE FROM CENTRE OF INCOT (cm.)
a trace of it in the aluminium- e 4202 a8
copper alloy ingot, Esample 29,
and it was definitely present in
Example 28. It was difficult to
detect in the uncorreeted density
figures, but the corrections for
copper segregation brought it up
sharply. The top region of
enhanced density found in the
copper ingots Nos. 24 and 25, and *
attributed to feeding, was absent i
in Examples 26 and 27, but quite o
marked in Examplc 28 (copper-
aluminium alloy ingot wide end
up, Fig. 9, G). Otherwise the
porosity was determined chiefly
by the order of solidification: the
metal was soundest where it
solidified first, and least sound
where it solidified last, and it is
noteworthy that the porosity of
the “ gassy ” metal was influenced
in the same way by the shape of
the mould as the piping would
have been had the metal been orop of deus/ty
gas-free; i.e. it tended to be eon- FI°-10— Companson of Al-Cu and Al-Si
fined to the top when the wide end
was up, and drawn more deeply into the ingot when the top was the
narrower. The curves for Example 29 might almost be a diagram
from a text-book illustrating the formation of primary and secondary
pipe. This is considered to be evidence in favonr of the close connee-
tion between gas porosity and contraction on solidification argued in
the author’s paper on “ The Influence of Pressure on the Evolution of
Gases from Metals.” 2

There was an important difference between the two alloys in the
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rate at which tlie amount of porosity varied as the solidification pro-
ceeded. This is shown by the spacing of the density contours, and
further illustrated in Fig. 10, in which the decrease of density (corrected
in the case of copper alloy) along vertical and horizontal sections is
plotted for the wide-end-up ingots of each type. In the aluminium-
copper alloy the decrease of density was fairly rapid at first, and then
slower, with an incrcase towards the top of the ingot, where feeding
effects were felt; but in the silicon alloy it was at first siow, and then,
as solidification became more nearly complete, estremely rapid. On
the basis of the views previously expressed, the difference is to be
related to the structural characteristics of the alloys. The aluminium-
copper alloy has a long freezing range during which massive interlacing
dendrites are formed, ended by the solidification of a comparatively
smali amount of the eutectic. The aluminium-silicon alloy, on the
other hand, has a short freezing range; the primary ciystallization
consists of smali, comparatively undeveloped crystals, and the quantity
of eutectic is large. The solidification of the wide-end-up.ingots is
illustrated diagrammatically in Fig. 11, in which the process is con-
sidered as resulting from the gradual travelling of thc solidus and
liquidus isotherms through the mass. Fig. 11(a) represents the
aluminium-copper alloy ingot at the point where the liquidus isotherm
has just bridged the top of the ingot. On account of the long freezing
range, there is a large volume included between the liquidus and solidus
isotherms, in which a comples tangle of aluminium dendrites surrounded
by copper-rich liquid is present. In such a mass, the advance of the
solidus isotherm is accompanied by solidification of the eutectic with
its associated contraction, and unless liquid metal travels from the top
and centre of the ingot fast cnough to compensate for this contraction,
a decrease of pressure at the solidus face must result. The flow of this
metal is hindered by its own viscosity, and the narrowness of the inter-
dendritic channels through which it must pass; consequently the
pressure at the solidus face readily decreases to a value below the internal
gas pressure of the melt, and evolution Of dissolved gas is promoted.
Nevertheless, a considerable amount of downward and outward flow
of feeding metal does occur, as consideration of the copper distribution
shows. On the otlier hand, the aluminium-silicon alloy at the same
stage (Fig. lic) exhibits a narrow zone between the liquidus and the
solidus, interspersed with relatively few granules of primary Silicon
and a few smali aluminium dendrites. These interfere little with the
feeding, practically no decrease of the hydrostatic pressure takes place,
and gas evolution reccives no assistance from the conditions within the
ingot. When solidification approaches completion, conditions within
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'SOLIDUS /SOTHERM -
w M

. © w

(a) (b)

Fig. 11.

(0) Great distance between solidus and liquidus. Dendrites numcrous and
interlaced, interfering with feeding. Conscauent rapid drop of prcssuro. Evoélution
of gas promotcd. . . . . .

(6) Metal complctely solid on top. No further feeding. Smali quantity of
residual liquid. No great local inereaso of porosity. . )

(c) Smali distance between liquidus and solidus. Few and smali pnmaiy
crystals, not interfering with feeding. Consequent smali drop of pressure.
Evolution of gas not promoted. . .

(f) Metal complctely solid on top. No further feeding. Large guantity of
residual liquid. Great local increase of porosity.
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the ingot change. The bridging of the top of tho ingot by the solidus
isotherm (Fig. 116 and d) cuts oS the residual liquid from further
feeding, and the contraction on solidification must appear as cavities
of some form or other. At this stage the region within the solidus
of the aluminium-copper alloy contains large cpiantities of dendrites
with comparatively little liguid entangled between them. The local
increase of porosity due to the cessation of feeding is therefore slight.
The aluminium-silicon alloy at the same stage encloses a large pro-
portion of liquid within the solidus isotherm, and the cavities produced
by its solidification are relatively nnmerous and large. The interaction
of gas evolution and contraction on solidification is thus very successful
in explaining the density distributions in the wide-end-up ingots, and
a little consideration will show how the variations found in the narrow-
end-up ingots are produced.

The Theory of Invekse Segregation.

Not only does this view of the solidification give an explanation of the
incidence of porosity, but it also provides a siinple and satisfactory ex-
planation for the inverse segregation of the aluminium-copper alloys.
In Fig. 9 it is evident that, neglecting the bottom sound eone, which is
due to some second phenomenon which will be discussed later, the
distribution of copper is the reverse of that of porosity. Where cavities
appear, copper is lacking, and it is impossible to escape the suggestion
that a copper-rich liquid has travelled from the contre of the ingot to
the outside in the manner suggested by the above description. If
liquid metal does indeed travel outwards between the dendrites in
response to the contraction at the solidus face, then it must be rich in
copper, since it will receive the copper rejected into the residual liguid
as the dendrites grow; and sifce the resistance to the flow of this
liquid is least in the early stages of freezing, it is not surprising to find
that the outside of the ingot is richest in copper.

In both ingots the behaviour at the top of the ingot is anoinalous.
There is at the top a decrease of copper content, accompanied by a
decrease of porosity. This is due to the continuous addition of fresh
liquid for feeding. Once dendrites begin to appear'in this region, the
liquid fed to the bottom of the ingot is a copper-rich concentrate: that
added as liquid metal corresponds with the average of the alloy: the
net result is a loss of copper. The addition of fresh liquid militates
against the production of cavities, and this region is relatively sound.
The local copper enrichment found near the centre of each ingot possibly
represents eutectic liquid fed from the top of the ingot in the later
stages of solidification.
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Tliis theory of inverse segregation is somewliat similar to tbat of
Genders,3according to whom tbo impurity-rich residual liquid is blown
to the edges of the ingot by gases generated at the centre. The evolu-
tion of gas in this way would certainly assist the movemcnts of the
feeding liquid, but the fact that alloys substantially free from gas show
the segregation as sevcrely as gas-containing alloys has in some quartcrs
militated seriously against the theory. The recognition of the part
played by contraction overcomes this objection, and the process en-
visaged by Genders may be ¢onsidered as a particular case of a generat
action. Several other theories of inverse segregation have been pro-
posed, of which those based on the Ludwig—Soret effect, under-cooling,
and movements of the primary dendrites bave been attractive to
metallurgists. The first is open to seyeral objections—namfely, that
the effect is not large enough to account for inverse segregation, that
it is too slow to establish itself to produce any change in the time in
which an ingot solidifi.es, and that, although attempts have been made
to produce the effect in molten alloys, they have not been successful;
furtber, it does not explain the most prominent feature of inverse
segregation, which is that it is produced only in alloys having a long
freezing range.* Impressed by this fact, watson = endeavouTed tO
establish a connection between inverse segregation and tho movement
of the primary dendrites away from the chilling surface. He succeeded
in proving that if a mixture of dendrites and liquid is suddcnly cliilled,
the dendrites are repelled from tbe chilled side, but overlooked the fact
that when a molten alloy is poured into a cold mould there are no den-
drites present to be so repelled. The dendrites present in an ingot are
produced by the action of the chill, and such dendrites cohere together,
and are not free to move : otherwise it would be impossible to produce
a hollow shell by “ bleeding ” an ingot, or to make satisfacto Ty “ slush ”
castings. Moreover, Eosenhain and Archbutt 6 have shown that the
shell produced by “ bleeding ” a copper-aluminium alloy casting itself
presents inverse segregation: the phenomenon cannot therefore be
due to dendrites which aro not connected to the shell. Thus, whilst
the effect described by Watson certainly exists, its bearing on the
ordinary inverse segregation which occurs in a casting cannot be con-
sidered to be proved. The amount of under-cooling necessary to
explain the phenomena on the under-cooling theory has not yet been
observed in metals.

* Benedicks 1 has established a connection between tbe Ludwig-Soret effect
and tho slope of the liauidius curve, but this is not identical with thofreeziwj range
with which inyerse segregation is related. If the slope of tho ligmdus curve were
the determining factor, a 50 per cont. silver-coppor alloy would show much the
samo amount of segregation as a 70 per cent. silver-copper alloy, which is not tho
case.
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The movement of the residual liquid under the influence of contrac-
tion on solidification leads not only qualitatively to the phenomena of
mverse segregation (in showing the necessity for a freezing range, and
a temperature gradient, which are the eonditions for the existence of
a zone of dendrites separated by liquid chaunels, and for a structure
in which tho dendrites difler much in composition from the liquid
so ‘difying last), but the extent to which the segregation should occur
can also be roughly estimated. Consider the case of an aluminium—
copper alloy containing 6-67 per cent. copper, and assume that in the
border zone the feeding was perfect (i.e. that the metal froze without
any cavities), which was very nearly true in the ingots studied. The
solidification contraction of this alloy is about i per cent. by volume 7
If tins were compensated for by the infiltration into the border zone
of eutectie liquid, 100 grm. of the border materiat would gain (allowing
for the higher density of the eutectic) about 5 grm. of eutectic liquid&

The composition after solidification would be 100x 6-67+ 5 X 33 *_

*  Per cent- c’pper. This calculation assumes that the whole of
the contraction takes place when the eutectic freezes. Actually, this
is not the case : each stage of solidification is accompanied by a portion
of the contraction, and the lignid thereby drawn into the border region
varies in composition from 6-67 per cent. of copper (which is the com-
position in equilibnum with the first nucleus to appear) to 33 per cent.
copper (the composition in equilibrium with the solid separating last).

aking 20 per cent. copper as the average composition, and adjusting
the weight of metal drawn in to 4-5 grm. to allow for its less average

density, the finat composition becomes 100 X 6—?34+5 45x 20__ 79

This agrees very well with the values found (6-91 — 7-36), and altliou”h
one cannot be too confident about eitlier the contraction value employed
or the mean composition of the liquid drawn into the border region,
the calculation shows that the causes invoked are adequate for°®the
ettects observed.

Similar calculations to the above were made with regard to the
silver-copper alloys by Plielps 8 in discussing Smith’s 11 well-known
paper on this subject, and he also concludcd that contraction was
sufficient to account for the segregation. Moreoyer, he showed (and
Smith confirmed) that the alloys of silver with bismuth (which expand
on solidification) segregate in the opposite way to the alloys of silver
with lead. Gulliver8came to the same conclusion in discussing Reader’s
work on mverse segregation in bronzes, and directed attention to the

* CuAl eutectic = 33 per cent. copper.
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presence of porosity in the regions low in tin. Masing and Haase,1?
and, later, Masing and Scheuer 13have also studied the relation between
volume eontraction and inverse segregation, using the figures of Masing
and Haase,12and Fraenkel and GodeckeM with respect to the systems
eopper-tin, aluminium-zinc, aluminium-eopper, and silver-copper.
In all cases the calculated amount of inverse segregation was of the
same order of magnitude as that found, although the numerical agree-
ment was not good. Other workers, notably Bauer and Arndt,15
lokibe,10 ELuhnel,16 and Price and Phillips,I7 whilst recognizing an
outward mterdendritic flow of the residual licpiid as the cause of inverse
segregation, have sought other explanations of the origin of the move-
ment, but it is noteworthy that lokibe, as a result of his later investi-
gations of the tin-zine alloys,8Bhas come to the conclusion that solidi-
fication contraction is the most important cause. A summary of the
theories of inverse segregation has recently been made by Masing and
Scheuer,13 whose conclusion is in favour of an interdendritic flow
theory, with contraction on solidification as the primary cause when
cooling is rapid, and gas evolution in the case of ingots cooled slowly.

Summary.

Regarding the results as a whole, it appears that the production
of cavities in an ingot is a regular seguence of events, in which the
order and the manner in which the solid constituents separate out
from the licpiid, together with the contraction on solidification, play
a greater part than the movements of gas bubbles. The porosity
distribution previously considered “ typical ” of copper ingots is
confirmed by the present copper ingots, but is not common to all ingots.
It appears rather to be the result of two distinct processes, one of
which causes the metal to become more porous as solidification proceeds,
whilst the other produces a sound cone at the centre of the bottom of
the ingot. Of these, the former has been found in every ingot yet
esamined and may be the result of

(@) The greater rate of cooling at the outside;

@ The segregation of dissolved gas to the centre;

() The fali of hydrostatic pressure as solidification proceeds, on
account of the inereasing obstructions to feeding.

All three probably play their part, but information is lacking which
would enable one to decide their relative importance. There is definite
evidence for the part played by the contraction on solidification,
particularly in alloys with a long freezing range, in which also the
contraction determines inverse segregation. The relationship between
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inter-dendritic porosity and inverse segregation in sucli alloys may be
stated thus: to the extent that inter-dendritic feeding is possible,
contraction on solidification produces inverse segregation; to the
extent that it is hindered, it promotes gas evolution and inter-dendritic
porosity.

The second process sometimes occurs and sometimes does not. The
form of density contour it produces would be consistent with the rise
through the mass of light particles (or the fali of heavy ones), more
time being allowed for the separation in the centre of the ingot. Ingots
which give ofE gas early in the freezing process, or have a long freezing
range, show the phenomenon more clearly than others.

The influence of the type of structure on the distribution of porosity
is of practical importance in the foundry. If castings sufler from large
cavities or localized spongy patches, the remedy is either better feeding,
or the choice of an alloy with a longer freezing range, which will dis-
tribute the porosity. If, on the other hand, the trouble is extensive
ramifying porosity, producing permeability under pressure, an alloy
with a shorter freezing range, with more rapid cooling and less gas
content, is likely to be better.
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Plate XLVIII.

C D A B
Fig. 2.—Aluminium Alloy Ingots showing Method of Sectioning.

Fig. 3.—Transition from Sound to Porous Regions
in Copper Ingot. x 5.
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Fic.5.—Macrostructures of Examples 24, 25.
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Fig. 7.—Inter-dendritic Cavity in Copper Ingot. x 100.






Discussion on Allen’s Paper 209

DISCUSSION.

Mr.H. Sutton,* M.Sc. (Member): Tliisvery careful reeord of observations
on tlie ingots examined by Mr. Allen will be of value to those into.rested
in the subject. There is no referenco in the paper to the relatiye weights of
the ingots and moulds, but | hope that Mr. Allen will bc able to give those
yalues. The Committee which is now studying Steel ingots is making a
practice of giving in all eases tho relativo weights of ingot and mould, and that
bas been in many instanees of considerable interest.

I am glad that the author proposes to expand the portion of the paper
dealing with inverso segregation. In tho seetion on tho theory of inverso
segregation he makes one remark which seems to me scarcely in aecord with
practieal observations on freezing ingots : “ Since tho resistaneo to the flow
of this liguid is least in the early stages of freezing, it is not surprising to
find that the outside of the ingot is richest in copper.” Although bied ingots
of aluminium-rich copper alloys show inverse segregation, that particular
form of inverse segregation which in those alloys takes the form of exudations
from the surface at the side seems to oecur at a very late stage in freezing.
I mention that because | liave watched ingots freezing which liaye been
stripped fairly soon, and havo observed the exudation of liguid when it woukl
appear from the head of the ingot that tho whole thing was practically solid.

| have been very much impressed with the reeent German work on inverse
segregation, and | should appreeiate tho additions which Mr. Allen has
mentioned. K. lokibe f has studied the problem yery intently, and in a reeent
publication states that ho has found that inverse segregation oecurs in tin-zinc
alloys after dissolyed gases havo been removed by evacuation. Haasc J has
studied the yolume ehanges on reheating smali chill-cast samples of copper-
zino alloys. The marked inereases in yolume observed aro attributed by Haase
to diffusion effects in tho direction of equilibrium. It is apparent that the
tcmpered specimens which he used have fissured yery seyerely in the outer
zones, and inverse segregation was very readily seen on the eross-sections
througb those samples, particularly after tempering. It seems incvitable
that expansions oceurring in such alloys must be recognizcd as a yital factor
in relation to segregation. Haase also mentions that the phenomena are
obserycd in vaeuum-melted antimony-bismuth allojrs. Since inyerse segrega-
tion is obseryed in some eases whero no solid solutions aro known to be formed,
it appears that the contraction may have the same effect as expansion and
may result in a similar form of segregation.

At the Royal Aireraft Establishment at Earnborough we cast large
aluminium alloy ingots for forgings with a hot-top or dozzle lined with sand,
and this results in good feeding and appears generally beneficial. Inverse
segregation, however, cannot be avoided in this way, and there is reason
to suppose that it may be slightly inereased.

Bohner §found that topping up fairly large aluminium alloy ingots during
freezing had no effectof practical importance on segregation, and our experience
has been in accord with that observation. The results obtained by Bohner
on aluminium alloys indicate thatboth inverse and normal forms of segregation
can be minimized by the use of yery high or very low rates of cooling of the
molten alloys, and this indication is also in good agreement with the view
that inyerse segregation is the result of yolume ehanges.

* Senior Scientific Officer and Head of Metallurgical Department, Royal Air-
eraft Establishment, South Farnborough.

t K. lokibe, Sci. Rep. Téhoka Imp. Univ., 1031, [i], 20, 608.

1 C. Haase, Z. Mctallkunde, 1932, 24. 258-261.

5 H. Bohner, llauszcit. V.A.W. w.d. Erftwerk, 1932, 4, 24-30.
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In conclusion, | should like to say that it seems to me difficult to conceive
of the eutectic, or liguid approaching eutectic composition, passing regions
in which there are contraction cavities and leaving contraction cavities behind
it on its way to the outer surface.

Dr. R. Gendeiis,* M.B.E., M.Met. (Member): While one can agree
substantially with Mr. Allen’s views and his conclusions from his work, it
must be borne in mind that eertain important variables in the casting process
liave been entirely negleeted, and conseguently some of the more generalized
statements which he has made must be subject to modification under eertain
eonditions different from his own.

The horizontal variations in density which are shown by the eopper-
aluminium and aluminium-silicon ingots seem to be gencrally representative of
a large yariety of alloys. The brasses, whieh do not contain dissolved gas,
so far as we are aware, show a very similar variation in density, and tho deerease
in density in the middle region of the ingot is greatest when tho range of
solidification is greatest. A 00 :40 brass approximates in this respect to tho
aluminium-silicon alloy and a 70 : 30 brass to the copper-aluminium alloy, but
this must not be taken to mean that the effect of gas is negligiblo. Gases can
undoubtedly exert a yery considerable cffect under eertain eonditions.

As regards inverse segregation, tho workers who have been referred to by
Mr. Allen cannot complain that ho has treated them other than fairly, and it
seems to be fairly well agreed at the present moment that outward inter-
dendritie flow of rich liguid must be responsible in some measure for inverse
segregation. This outward flow is certainly due in some cases to the efiects of
gas pressure, and in that eonnection | should like to support Sir. Sutton’s
rcmarks, because it is difficult to understand why a liguid should move from
the interior of an ingot to the outside, filling up eavities on the way and
leaving cavities behind it, unless there is some aetual pressure behind it. In
tho case of phosphor-bronze, one can visually observo the exudation of
liguid on tlie outside of ingots and see that these smali exudations are originally
bubbles of gas which burst to form liguid nodules.

My own doubt, which has been previously expressed, that interdendritic
flow of rich liguid to the outside eould account completely for inverse segrega-
tion has been due partly to the factthat | made a differentguess at tho composi-
tion of theoutward-flowingliguidfor the purposesof calculation, and so obtained
a figure different from that given by Sir. Allen; in passing, | should like to
suggest to Mr. Allen that one cannot come to the conclusion which he gives
in his section on the theory of inverse segregation (that “ the calculation
shows that the causcs in\rokcd are adeguate for tho efiects observed” ), when
the figures in the calculation are not confidently obtained, or even confidently
guessed. Another point in eonnection with this matter is that lokibe showed
some years ago that his porous alloys craeked the crucible in which they were
solidifying; and that, of course, can hardly be a contraction effect.

There is another point which may bo new and which is illustrated by the
present results. If a smali ingot of aluminium-copper alloy, containing about
6-10 per cent. of copper, be allowed to solidify in a smali mould and elosely
observed during solidification, it will be seen that the dendrites growing at
the mould surface are separated from each other by liguid, and float loosely
against the mould. If the mould is tilted, these floating dendrites are easily
detached and drift away into the liguid mass. It is elear, therefore, that the
ingot surface next to the mould is not completely solid for some considerable
time; it is separated by liguid channels which are guite wido in the early
stages, and there is the possibility that the dendrites can sink by their own

* Research Department, Woolwich.
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weight into closer contaot with eaeh other, thus constricting tlie interdendritic
channels. That would restrict the amount of interdendritic flow and tlie
proportion of the effect which eould be due to a plain contraction of the
outer solid layer. If the effect occurred one would expect that consolidation of
the outer layer would be evident in an ingot mould cast narrow end up, where
the walls slope outwards and downwards, and tho data given by Mr. Allen
are in accordance with this view in showing that the inverse segregation is
eonsiderably less in the ingot with the narrow end up than in the ingot with
tlie wide end up. It may also be noted that the former is aetually the sounder
of the two, although Mr. Allen has unfortunately not given us the complete
density figures for the whole ingot; i.e. tho density of the whole ingot taken as
one specimen. There are grounds, therefore, for believing that the outward
interdendritic flow of rich liguid by contraction is not the whole cause of in-
verse segregation.

In describing the copper mould shown in Fig. I, Mr. Allen states “ the
mould thickness was substantially increased at the narrow end, to eneourage
progressive solidification from that end.” That encouragcment is, | think,
quite insufficient to have any appreeiable effect.

Dr, W. Roseniiain,* F.Inst.Met., F.R.S. (Past-President) : | have read
Mr. Allen’s paper with very great interest and with eonsiderable appreciation
of the work done and of the strenuous efforts made to find a rational inter-
pretation of the results. | am afraid that | cannot agree that those efforts
havc been entirely suecessful, because the facts which lie guotes do not
unfortunately by any means tally with tlie facts which are freguently found
in the production of ingots of various sizes under other conditions.

I must criticize Mr. Allen’s use of the word “ feeding.” Most of us will
understand by “ feed metal ” hot metal which is added to the mould during
the process of solidification. | gather that has not been done in this case, and
that the so-called feed metal is merely the residual liquid which lie believes
flows down into the cavities of the ingot. He does not explain, however,
how it selects which it is going to fili and which it is going to leave.

I find a difficulty in understanding just how Mr. Allen arrived at his
eonclusions. He speaks in one place of a negative pressure being formed
in the upper part of the ingot when a solid erust has formed on the outside
surface which prevents downward sagging of the ingot externally. In a
perfectly gas-free metal that may occur, but | am inclined to doubt if it ever
does, becausc it is extremely difficult to obtain a metal which is sufficiently
gas-free. Moreover, if there were really a negative pressure and liquid channels
leading from the liguid interior through tho interdendritic interstices to the
outside, under a negative pressure that liquid would be forced in by atmo-
spheric pressure and would not be allowed to flow outwards under gravity
against such a negative pressure. | feel, therefore, that if Mr. Allen wishes us
to aceepthisyiew thatitisrich, interdendritic liquid which is flowing outwards,
he will find it difficult to reconcile that with the esistence of a negative pressure
on the inside of the ingot. | do not think that it matters a great deal, except
from the point of view of tho argument, because | doubt very much whether
a negatiye pressure ever really exists except very transiently indeed.

Mr. Allen and others who speak of this flow of rich interdendritic liguid
as causing inyerse segregation are, | think, inclined to ignore or neglect one
point. If a sufficiently high figure be assumed the desired result can be
obtained, but it means "that a very large amount of a richer liguid has to flow
outwards, unless the interdendritic spaces of the outer layers are large com-
pared with the dendrites themselyes, and that we haye yet to proye. There

* London.
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is the further faot that this idea of an interdcndritic liguid flowing outward
implies the existcnco of a much more fusible liguid in tlie alloy. Now, where
there is a eutectic in the alloy with primary crystals of fairly high freezing
point, those conditions might bo realized, but | think that it will be found
that inverso segregation occurs in solid solution types of alloys in which there
is no eutectic wliatever and in whieh the freezing rango is comparatively smali.
It is certainly in favour of the argument that a larger freezing range helps
to produco inverse segregation, butinverse segregation does oecur in gold-silver
alloys in which the freezing range is smali, and in gold-copper alloys still
moreso. Those casesare very well known—in factl think that the phenomenon
was first discoyered in those alloys.

I will not occupy further time on tho guestion of inverse segregation.
It is a very largo guestion, and there are many view-points about it. | agreo
with Dr. Genders that in many cases gas pressure within tho ingot has a
great deal to do with it, particularly those exudations from the surface with
which we are all familiar, but inverso segregation can occur in the practical
absenee of gas, and therefore other causes must be at work as well as gas
pressure.

The other point to which | wish to refer is tho method which Mr. Allen has
adopted in studying the distribution of porosity and inversc segregation in these
ingots and in discussing his results. | think that he has rather assumed—I
admit it is difficult to avoid the assumption, but it is not a true one—that
his ingot mould has been filled with liguid metal at rest before solidification
began. That is very far from being the case. Solidification must begin, in a
lieavy copper mould such as he used, the moment the stream of metal com-
mences to enter it, and there mustbe a greatdeal of turbulence and disturbance
while that stream of metal is being poured in. That is bound to affect the
beginnings of crystallization, and there is good roason to belieye it affects
tho generat structure and the distribution of gas and also tho segregation
in an ingot. The study of steel ingots has brought this out guite clearly,
and | havo seen esamples of a good many ingots in which there is no doubt
whatever that tho method of filling the mould makes an immense difference.
Tho difference between a Durville cast ingot and an ordinary chill-cast ingot
in which the metal is poured in as a jet is very marked in that respect, and
we shall have to await some further work in which this guestion of filling
the mould has been adeguately considered before we can generalize on the
information, in itself most useful and interesting, which Mr. Allen lias given us.

Dr. F. Johnson * (Member): | have one or two brief remarks to make on
this paper. Tho first refers to an ingot of copper which, as made by Mr. Allen,
showed a considerable rise in tho mould after being melted in a highly reducing

atmosphere. | am glad to see that result publislied, because it disposes,
so far as | can see, of the argument that electrolytic copper cannot be “ over-
poled.” | think that that is a definite case of “ over-poling ” electrolytically-

produced copper.

Another point arises from the remarks of Dr. Gendcrs with regard to
exudation. In a paper published by American investigators f in which exuda-
tions of copper were shown in the case of a copper ingotrather rich 11 cuprous
oxide, the exudations were copper-cuprous oxide eutectic and showed no
gasatall. They were not hollow bubble exudations, but solid blobs of eutectic,
which seemed to show that the pressure behind them had been very consider-
able. They occurred, if | remember rightly, at the side of the ingot as well
as at the top.

* Hoad of Metallurgy Department, Central Technical College, Birmingham.

f W. H. Bassett and J. C. Bradley, Trans. Amer. Inst. Min, Mci. Eng., 1926, 73,
700-705.



Authors Reply to Discussion 213

Anothcr point refers to invcrse segregation, and | think Dr. Rosenhain
has rather antioipated what | liad to say there with respect to one case
which occurred in my own experiencc and has been placed on record
in the proceedings of the Institute, Admiralty gun-mctal, in tho form
of a smali chill-cast ingot, showed high tin content in tho outer shell, low
tin content in the centre, almost complete absence of the low melting point
interdendritic constituent in the outer shell and a preponderance of it in tlie
centre. It was a very elear easo of inverse segregation, but one which could
not, as far as | can see, come into line with Mr. Allen’s explanation of the
internal pressure forcing a low-melting-point constituent into the inter-
dendritic spaces.

Dr. A. G. C. Gwyer* (Vice-President): | am glad to see that Mr. Allen
has broadened the basis of his work, because tlie subject of inyerse segregation
is ono which is exercising us, | think, a great deal to-day, and it is very gratify-
ing to find that he has extended it to metals other than copper. He has
referred to the fact that he has rather cut down his remarks 011 other work,
and | should be glad if in his reply he would consider the recent work of Masmg
and Scheuer. Their theory is rather different; they regard tho process as
being due not so mueli to contraction pressure, which they regard as a supple-
mentary factor, as to the growtli of the primary crystals forcing the nuclei
apart, while interstitial metal flows in the spaees. It would be interesting to
have Mr. Allen’s yiews on that.

There are ono or two details which it is perliaps important to liave. |
am not elear about the guestion raised by Dr. Rosenhain with regard to the
feeding—whether these ingots were or were not fed. If they were fed separately,
a few particulars about the temperature of the feeding metal and also the pour-
ing temperature would be useful, as these factors are of importance. lhere
is also the guestion of turbulence, as to whether they were poured guietly
or not.

The Author (in reply) : | will give the relativc weights of the ingots
and mould in my written reply.

The copper ingots were not fed, and the aluminium ingots were fed.
Naturally the use of the word “ feeding ” for the interdendritic flow from the
centre to the outside of tlie ingot is guestionable, because the idea is not of
sufficiently long standing to liave had a word allocated to it, but feeding
is a good word, sifice the process is a continuation of tho process that is carried
out when extra metal is poured into the top of the ingot.

W ith regard to exudations on the surface of a casting and the eifect of
rras generally, 1 do not think that there is really much doubt that when
exudations come out on the surface of the casting gas must be the cause.

I't is interesting to hear that the behaviour of 70 : 30 and 60 : 40 brasses
with regard to the distribution of their porosity follows the generatl lines
indicated in this paper

The method of calculation | have employed is not, | beheve, so arbitrary
as Dr. Genders appears to think. It is similar to that employed by Masing
and Haase. Tho figures for contraction on solidification are of course a little
doubtful, but they are not more than 20 per cent. out, and similarly the mean
figuro for tlie liguid that feeds into the interstiees is not out as much as that,
and all I have claimed is that the volume changes are enough to give the type
of effect observed. | do not wish to place any insistence on the seeond and
third deeimal plaees.

Dr. Rosenhain has raised the guestion of the pressure jnside the ingot.
I have dealt with that subject to some extentin a previous paper. He neglects,

* Chief Metallurgist, Tho British Aluminium Company, Ltd., Warrington.



214 Author’s Reply to Discussion

| think, the possibility that there may be variations of pressure in tlie liguid
metal from side to centre of the ingot.

Referring to Fig. A, whichrepresentsan ingotin the process of solidification,
at some stage or other there must be in the ingot an outer zone, A, which
is complctely solid, a zone, B, which is partly liguid and partly solid, and
possibly a zone, C, which is complctely liguid. Atmospheric pressure, p,
exists outsido the ingot, but sifice the zone A can sustain a difference of

pressure, there is no reason why the pressure in the liguid at the solidus face
should not be considerably less (p-a). Atmospheric pressure exists in the
liguid in the top of the ingot, and in the centre, in accordancc with this
hypothesis, the pressure is less (p-b). There is no reason, however, why a
should be egual to b, and it only reguires a to be less than b for liguid metal
to travel both from the feeder head to the centre of the ingot and from the
centro of the ingot to the outside.

I cannot deal with all the points mentioned in the discussion, but | should
like to refer to the extraordinarily fine paper by Masing and Scheuer, which
is a yery balanced summary of the present state of the subject of inverse
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segregation. | do not entirely agrce with Dr. Gwyer a statement of what
those authors say. | belieye they practieally commit themselyes to tho inter-
dendritie flow tlieory, with a reseryation that in some cases under-eooling may
be a factor. They say there are seyeral possible eauses for interdendritic
flow, and place them in the order : (1) contraction on solidification; (2) the
effect of gases; (3) thc crystal thrust on account of diffusion; (4) the sgueezing
action of the contracting solid crust on the interior of the metal. They regard
the first two as important, but the third and fourth as relatiyely unimportant.
They do not say that any ono of them is the sole cause of inverse segregation,
and | entirely agrce with that interpretation on the eyidence as it stands at
present.

CORRESPONDENCE.

Tite A utiior {infurther reply to the discussion at thc meeting): The weights
of the copper ingot mould and ingots were as follow :

Total weight of mould . . . . . 116 Ib.
Weight of copper ingots . . . 2G-27 Ib.
Weight of aluminium alloy |ng0ts . . . S$-3-8-9 Ib.

I thank Mr. Sutton for directing attention to the reeent work in Germany.
His recent very yaluable summary * makcs it unnecessary for me to expand
my yery brief treatment of the subject of inyerse segregation to any consider-
able extent. Tlie terms “ late ” and “ early ” as applied to stages in the
solidification process aro only relatiye. | have described as “ early any
stage before the solidus isotlierm has travelled deeply into tlie ingot. Mr
Sutton will probably agrce that at the time cxudations appear, liguid metal
still exists in the skin of the ingot, but, on account of the appcarance of the
liead of the ingot, this appeals to him as being “ late ” in the process. The
experiments of Haase on yolume changes accompanying diffusion are yery
important, but thc phenomenon described by him takes place over a period
of hours, whereas inyerse segregation is established in a few scconds, and it
seems ratlier dangerous to connect the two. The difficulties experienced by
Mr. Sutton, and also by Dr. Genders, in conceiving the interdendritic flow
of residual liguid may be overcome by contemplating thc sinking of tlie mercury
in the stem of a thermometer when the temperature is falling. The mercury
trayels towards the bulb in response to the contraction taking place there,
leaying a cayity behind it. There is no pressure in tho stem driving it down :
the necessary force is provided by the negatiye hydrostatic pressure produced
by tlie contraction of the mercury in the bulb. Surface tension (being tlie
resistance to the formation of a new surface) proyides thc reason wliy no con-
traction cavity forms in the bulb. If this resistance be oyereome, by the
introduetion of a bend, as in a clinical thermometer, or by the evolution of
gas bubbles, as may happen in a solidifying metaU a new mercury-free gap
be~ins to form in the capillary, and, if tho process is repeated ofton enough,
there is no reason why any number of such gaps may not be produced, without
the bulb ever being other than completely filled with mercury. Similar
conditions exist in the interdendritic spaces of a solidifying ingot. lokibe
has now come to the conclusion that tho expansions occurring in his copper-
zine alloys had no bearing on their inyerse segregation : indeed, tho very
factthat the alloys cracked the erucible in which they solidified tends to show
thatthe expansion occurred afterand not duringsolidification, itbeingcharactcr-
istio of a solid materiat that when it expands it insists on maintaining its
former shape, and will break its Container in order to do so, w'hile a plastic

* Metailurrjisl (Suppt. to Engineer), 1933, 9, 22-24.
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mass which contains any appreciablc proportion of liguid will during expansion
accommodate its shapo to that of the vessel in which it finds itself.

With regard to the method of pouring tho ingots mentioned by Dr.
Rosenhain and Dr. Gwyir, this was done from the melting crueible with
ordinary care, tlie crucible lip being just above tho top of the mould, and the
feed metal was supplied from tho same crucible. The guestion of possible
turbulcnce effects isimportant, and, if opportunity offers, | shall investigate it.

The contribution made by Dr. Johnson is Yery interesting : there is everv
reason to supposc that high pressures, such as might cause exudation of
tho eutectic, can be generated within ordinary tough-piteh coppcr ingots,
Tlie curious distribution of interdendritic constituent observed by him in
Admiralty gunmetal is certainly the revcrse of what would be expected from
the considerations put forward in this paper. Work on the segregation of
bronze ingots is going forward at Birmingham Uniyersity, and this matter
will be given attention.

Mr- 0. W. Ellis,* M.Sc. (Member): The facts so lucidly presented by Mr.
Allen in this paper constitute a most important contribution to our knowledge
of tho distribution of porosity in ingots. His explanations of this phenomenon
and, in particular, of its relationship to the distribution of copper in ingots of
aluminium-copper alloys are of special interest to mc in view of tlie fact
that | recently attempted to explain a somewhat similar relationship which
appears to exist between the distribution of porosity and the distribution
of tin in ingots of copper-tin alloys.

When considering the phenomenon of inverse segregation in copper-tin
alloys, | was faced with this guestion : Does viscosity play tho important
part which many workers apparently believo it to play in dclaying tho flow
of liguid through the system of capillaries which may be imagincd as existing
in ingots of alloys of wide freezing range during the last stages of freezing
(stages of freezing such as are well depicted in Figs. Il (a) and 11 (b) of Mr.
Allen’s paper)? | was led to answer this guestion in the negative, mainly
because | was unablc to conceive how inverse segregation could bccome more
marked in bronze ingots, the greater their rate of cooling, if viscosity were so
potent an agent in prohibiting the movement of tin-rich liguid through tho
system of capillaries which | had visualized.

Mr. Allen believes that viscosity is a most important factor in determining
that “ the pressure at the solidus face ” decreases “ to a valuc below the
internal gas pressure of the melt,” and hence that “ evolution of dissolvcd
gas promoted.” 1lis acceptance of this somewhat generat view leads him to
the point where he must of neeessity say : “ Nevertheless, a considerable
amount of downward and outward flow of feeding metal does occur, as con-
sideration of the copper distribution shows.” It would appear that Mr. Allen
has arrived at the same impasse as that reaehed by myself wlien studying this
interesting problem in so far as it related to the bronzes. Having reaehed this
impasse, | set myself this problem : W hat forces are there that might cause
moYement of tin-rich liguid from the central (hotter) parts to the pcripheral
(cooler) parts of the system of capillaries existing in a bronze casting during
tlie later stages of its freezing ? My answer to this guestion is summed up
in paragraph 49 of my recent paper on “ The Meclianism of Inverse Segrega-
tion ” (see reprint, Met. Ind. (Lond.), 1933, 43, 226) : “ It is suggested,
therefore, that the phenomenon of inverse segregation is occasioned by the,
tendency for such contraction cavities as form in a rapidlv cooled casting,
in which a high-temperature gradient exists, to do so in those portions of the
capillary system where the least surface energy is reguired for their formation.
The faet that the vapour pressure of the melt at the ends of the capillaries is

* Dircctor of Metallurgieal Research, Ontario Research Foundation, Canada.
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always less than that at the centro of tho system decreasos the likelihood of
the formation of contraction cavities in its more constricted portions. The
result will be that the tin-rich liguid in the system will become concentrated
in the peripheral capillaries, while tho central capillaries become filled with
contraction cayities.” This theory is dcyelopcd somewhat more fully in the
paragraphs prcceding that just guoted.

It is pleasing to noto the emphasis which Mr. Allen places on tho coincidenco
of centre porosity and inyerse segregation. My experience with bronzo
castings has already led mc to the view that “ inyerse segregation is always
eoincident with pronounced incipient shrinkage, but that incipient shrinkago
is not of neeessity accompanied by inyerse segregation ” (see paragraph 17
of the paper referred to aboye). This well-established fact must be recognized
in any attempt to explain the phenomenon of inyerse segregation.

A somewhat interesting side-lino that might be followed by the author in
connection with this inyestigation would be a study of the relationship, if
any, which exists betwcen the distribution of porosity and the distribution
of hardness in the ingots ho has worked with. That Brinell hardness and
density appear within certain limits to go hand in hand in tho case of bronzc
castings | have referred to in paragraph 28 of the aboye-mentioned paper.
Co-ordination of these two properties should be eyen closer in tho alloys which
were the subject of the author’s test. It is belieyed that plots of the hardness
numbers similar to those of the density yalues in Figs. 4 and 8 of Mr. ALlen’s
paper would bring out still more clearly certain of the points which he has
already presented.

Mr. I. E. Gorshkov * (Member): Mr. Allen’s new paper is as interesting
as his previous one on tho same subject, but in neither does he point out tho
difference between the gas and tho shrinkage porosity.

The method for determining these two kinds of porosity which | proposed
in my note on the author’s preyious paper f has been somewhat modified
sifice, and is now applied in the following way :

(1) First, the density of a cast specimen ylis determined(the yolume of

100 grm. of alloy is V= A7),

(2) The specimen is then heated for a short time to the temperature near
its melting point, the density usually decreasing in conseguence of a partial
gas expansion in the blow-holes, but chiefly because of the liberation of gas
from the solid solution with blow-hole formation. Lot the density after this

anneal be y2 (the yolume of 100 grm. of alloy V, = —").

(3) Tho specimen is afterwards subjectcd to compression effected on all
sides of it by mcans of a cylinder and punch put into a press up to the constant

density y3 (the yolume of 100 grm. of alloy F3= —-).

The specimens brittle at room temperature and more plastic at eleyated
temperatures, are subjected to compression at these eleyated temperatures
and cooled down again to room temperature, the pressure being constant.

(4) An anneal at a temperature a little higher than that of recrystallization
is applied to determine the change in density produced by work-hardening.

The resulting density, say, y4 (the yolume of 100 grm. alloy F4= — ), lies
in the neighbourhood of y3. 7i

* Assistant Professor, Metallurgical Instituto and Light Metals Institute,
Leningrad, U.S.S.R. o

f ™ The Distribution of Porosity in Copper Ingots,” J. Inst. Metals, 1933, 51,
301.
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(5) Finally, a second short time anneal is carried out at the temperature
near the melting point as in stage 2, and the density ys is determined {tlie

yolume of 100 grm. of alloy V5= —
N

All our experiments were carried out under the following conditions :

A specimen of 2 cm.3yolume was taken for this purpose.

The pressures in compression were applied above the yield-point of tho
materiat.

The compression was performed on a press for mechanical testing and of
proper capacity.

After each operation, before determining the density, the specimens were
ground with emery paper on all sides.

The calculation of the gas guantity and of the yolume of shrinkage
eavities in the specimens was carried out by referring them to 100 grm. metal
in the following manner :

K (cm.3).
The gas yolume was reduced to normal conditions (1 atm., 0° C.)
tt L \Y%

_ gM. 273 ,
00. (273 + g p1;033 (cm.")
where t (° C.) = annealing temperature near the melting point in stages
2 and 5;
p (kg./cm.2) = gas pressure in the blow-lioles; = yield-point of tho materiat,
both at the temperature t° C.;
JBhrinee “ A2 ~5(em.3).

It will rcadily be seen that tho difference V2— Vxcan even giye an idea of
the gas quantity contained in the solid solution.

A certain degree of inaccuracy in the determination of the gas yolume may
bo due only to the gas diffusion through the metal in the solid state, but as tho
annealing time is rather short (within i lir.), 110 considerable diffusion is to
bo expected.

Mr. Allen’s doubt about the weldability of shrinkage yoids seems to be
unjustified, as, generally speaking, no ingot is free from shrinkage cavities,
whereas the same materiat obtained after mechanical working by pressure
shows no shrinkage porosity. It is also well known that in producing iron
plated with non-ferrous metals, even lieterogencous metals are welded
together, owing to the rolling process, which cireumstance justifies the con-
clusion that through alternation of mechanical- and heat-treatment, either
subseguently or simultaneous, shrinkage eavities become thoroughly welded.

As to Mr. Allen’s further doubts about the unweldability of gas cayities
in non-ferrous metals, they are also disproyed by eyeryday experience when
such cayities in an “ as rolled ” and aiinealed metal are swollen and show
“ blisters.” Even if such cayities under pressure become partially welded,
i.e. the gas enters the solid solution (which would explain the first failure in
Mr. Allen’s application of my method) such gas nevertheless becomes liberated
again under a high-temperature anneal.

The above procedure is being successfully applied to both the ingots and
the sand-castings. The latterin the following cases : (1) for castings used under
high hydraulic and air pressures; (2) for testing and choosing casting methods;
(3) for controlling castings in mass production and the like.

Dr.S.W.Smith,* C.B.E., A.R.S.M. (Member): In his interesting remarks
on so-called “ inverso segregation,” Mr. Allen refers to Watson’s work in

* Chief Assayer, The Royal Mint, London.
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establishing a eonnection between this phenomonon and the movement of the
“ primary dendrites ” away from the chilling surface.

The use of the word “ dendrites ” as descriptive of the primaries tends,
perhaps, to lead to some confusion of thought when discussing the earlier
stages of solidification and certainly so in the case of copper-ricli silver alloys.
This appears to bo borne out by Mr. Allen’s conimentthat Watson “ overlooked
the fact that when a molten alloy is poured into a cold mould there are no
dendrites present to be rcpelled.” By “ dendrites” Mr. Allen eyidently
yisualizes tho materiat which forms the solid shell, whereas, of course, tho
first formed primaries of which Watson was speaking are discrete, isolated
particles, formed at a still earlier stage which, as he has clearly demonstrated,
arc free to move in the still molten matrix. In the case of the copper-rich
silver alloys these primaries are usually globular in form, and not arborescent.

The movements of such primaries clearly occur at an earlier stage than
that at which a solid shell begins to form against the chilling surface. When
these outer portions actually become rigid, they are made up of both primaries
and eutectic, but the average composition of this shell is lower in copper
content than the avcrage composition of the whole mass.

It is of this second or later phase of solidification that Mr. Allen is speaking
when he says, “ The dendrites present in an ingot are produced by the action
of the chill and such dendrites cohere together and are not free to move : other-
wise it would be impossible to produce a hollow shell by bleeding.”

He then refers to the experiment by Rosenhain and Archbutt, who showed
that the 12 per cent. copper-aluminium alloy exhibits liguation (or “ inverse
segregation ”) in an ordinary chill casting, cven in respect to a diflerenco of
composition between the outer and inner portions of a cylindrical shell formed
by “ bleeding ” or pouring out the unsolidified portions as soon as a conyenient
thickness of shell has formed. The outer portions of this shell were poorer
in aluminium than the inner portions, and the ayerage of the shell was poorer
than the ayerage of the whole mass, showing clearly, on the view taken by
Watson, that some of the aluminium primaries which were formed in the vcry
early stages of chilling had already moved inwards, and had become more
eoncentrated towards the hotter portions of the mass.

Watson’s work is therefore entirely consistent with the results of this
experiment.

The Author (in reply) : | have read Sir. Ellis’s recent paper on “ The
Mechanism of Inycrse Segregation ” with great pleasure, and his contribution
is very welcome. We are agreed as to the general nature of the processes at
work, but difier in the difficult task of assessing the relative importance of
the very numerous faetors involved. The effect of inoreased rate of cooling
in enhancing inyerse segregation foltows naturally when it is considered that
interdendritic flow does not begin until a more or less rigid shell has formed
around the outside of the ingot. Before this has happened, contraction results
in a sinking of the level of the metal in the mould, and conseguently, the
sooner a rigid shell forms (i.e. the groater the rate of cooling) the greater is the
proportion of the total contraction occupied in the production of inyerse
segregation. There is no contradiction involved in the view that although
yiscosity effects are felt, interdendritic flow still occurs, for it is part of the
essential nature of yiscosity that it never entirely prevents the movement
which it hinders and, indeed, it is guite impossible for any considerable
lowering of pressure to occur at the solidus face without there being a move-
ment of liguid towards that face, if viscous resistance be assumed to bo the
only resistance to the moyement. Neyertheless, surface energy has its import-
ance, for if a liguid were not reluctant to produce new surfaces interdendritic
flow would be much less, and the number of contraction cavities much greater.
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I haye not neglected tho distinction between gas cayities and contraction
cayities, as Mr. Gorshkov complains, so much as denied its reality in many
cases, and while agreeing that his method of examining castings may give
yaluable insight into differenccs existing between thcm, | cannot accept the
claim that the results give either tlie yolume of contraction cayities or the
amount of gas present in the sample. It cannot be denied that shrinkage
cayities freguently weld in hot-working, nor that gas cayities oecasionally
do not, but Mr. Gorshkov’s method reguircd that shrinkage cayities shall
always weld, and that gas cayities shall never do so, and of this ho has offered
no proof.

Tlie close attention which Dr. S. W. Smith has given to the detailed
phenomena of solidification is very necessary to the complete understanding
of the process which we seek but cannotyetelaim to liave found. It isprobable
that Watson’s experiments liave been misinterpreted. Examining Fig. 5
of his paper,* one sees two sets of “ primaries,” ono coarso and not obyiously
dendritic (although a close examination reyeals that they had simple, branched
forms) corresponding w>itli the materiat which was solid before the chilling
action was applied, the other fine and arborescent, produced by the chill.
W atson’s eyidence shows auite clearly that tho former movcd when tlie chill
was applied, but it shows egually clearly that tho latter did not, for if the
fine primaries had been produced in the interstices between the eoarse ones,
and had then taken part in their movement, they would have been found
intermixed with tliem in the final sample. One of the most remarkable
things about Watson’s photographs is the almost complete absence of such
intermixture. The guestion of the form and freedom to move of the primaries
is immaterial; tho evidonco showing that tlie primaries produced by tho
chill actually stayed where they were formed is really guite strong.

* J. Inst. Metals, 1932, 49, 353.
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EXPERIMENTS IN WIRE-DRAWING. PART
xx1.— ANNEALING OF H.C. COPPER WIRES
DRAWN TO YARYING DEGREES OF
HARDNESS.*

By W. E. ALKINS.f Mm.sc., Member, and W. CARTWRIGHT.t O.B.E., m sc,,

Membeb.

Synopsis.

Copper wires drawn witli widely yarying amounts of reduction 1™
been annealed at different tomperaturos for periods up to 24 hrs. lho
greater tho amount of tho cold-work dono on tho wiro, the lowor is tho
temperature at which it begins to loso its work-hardncss and tho greater
the rato ofloss at any temperaturo,, but tho higher is tho tensilo strength
of the “ fully annealed ” materiat.

1. Introduction.

A suryey Of a large number of observations on the annealing of eold-
worked copper, tlie majority of tliem quite nnrelated, which liave come
sporadically over a period of 10 or 12 years within the knowledge of
one or both of the authors, has convinced tliem of the need for a thorough
and detailed investigation of the whole guestion. They have™ heen
much influenced in theiT decision to attempt such an investigation at
the present time by the introduction into commerce of oxygen-free and
silver-bearing higli-conductivity coppers and by a realization of the
possibilities so opened up.

They do not propose to offer here any review of previous work, for
they feel that, sifice none of it appears to them to have envisaged the
detailed inquiry which they regard as necessary, the customary review
may well be waiTed in the interests of economy.

2. Scope of the Present Paper.

The present paper is devoted to the description of esperiments
on a series of wires of silver-free high-conductivity copper, drawn
to the same diameter but to widely varying degrees of hardness. It
is hoped that it will be possible at a later date to extend the work on

* Manuscript receiyed May 9t 1033. Presentod at the Annual Autumn
Meeting, Birmingham, Septembor 20, 1933.
J" Research Department, Thomas Bolton and Sons, Ltd., Oakamoor.
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wire to oxygen-free and to silver-bearing copper, to asccrtain whether
thc behaviour on annealing is in any way dependent on the diameter
of the wire, and to examinc thc annealing phenomena in the case of
sheet and strip; enough work has been carried out on the micro-
structure of the wires dealt with in the present contribution to disclose
the interesting results which may be expected from more complete
work. Breaking load only is considered in the present paper.

3. Materiat.

A piece of about 250 Ib. weight was selected from a A-in. diameter
rod, hot-rolled from a hcavy wire-bar of good guality, silvcr-free, high-
conductivity copper. The metal had the following composition:

Por Cent.
C O P P T s 99-95
Silver . . . . . . . nil.
Lead . . . . . . . nil.
LT 0 N 0-003
Oxygen (by difference) . 0-047

The oxygen content was confirmed by the appearance under the
microscope of prepared sections of fully annealed wires.

The rod was cold-drawn after pickling without preliminary anneal-
ing; at appropriate stages during rcduction pieces of about 20 Ib. each
were cut from tho drawn wire, and these were all annealed together in
an open furnace for about f hr. at a temperature of approximately
650° C. They were then fmished by cold-drawing after pickling,
without any further annealing, together with the unannealed residue
cold-drawn direct from the original rod, into wire of nominat diameter
0-104 in. (No. 12 S.W.G.), great care being exercised to see that
the finat diameter was kept constant throughout. There were thus
prepared eleven coils of wire of the same diameter having breaking
loads from 399 to 544 Ib.; fuli details are given in Table I.

4. Experuiental Work and Methods of Testing.

The low-temperaturc annealing treatments, at 130°, 155°, 170°, 180°,
205°, 230°, 280°, and 330° C., were carried out in a Hearson electric
oven, proTided with temperature control (Hearson capsule), while the
high-temperature treatments, at 450°, 650°, 750°, and 850° C., were
given in an electric tube furnace. In both cases the efficiency of the
control was thoroughly satisfactory. For all temperatures up to and
including 280° C., treatments of 0-5, 1, 2, 6, 12, and 24 hrs. were given;
for higher temperatures the results of £-hr. heatings alone are included
here.
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Table | —Preparation of Materiat.

i Iteduction in Area Ratio: i
No. of Sample. Wﬁiz:ag%;%rei}ed, after Annealing,  Annealing Diameter Breaklﬂg.Load,
Inch. Per Cent. Finished niaraeter
i 0-128 35-9 1-25 399
2 0-160 59-0 1-56 457
3 0-186 69-0 1-82 474)
4 0-212 76-6 2-07 490
5 0-252 83-5 2-46 502
6 0-300 8S-3 2-93 513
7 0-348 91-3 3-40 520
8 0-400 93-4 3-90 537
9 0-450 94-8 4-39 544
10 0-500 95-8 4-88 544
11 96-7 5-5 542]
{dra-HTi from
™in. rod)

Three test-pieces cut from each wire were used for each anuealing
treatment: the oven or furnace was heated up and kept at constant
temperature, the series of 33 lengtlis was placed guickly inside and left
for tlie necessary period. At the end of the annealing the test-pieces
were withdrawn and either allowed to cool fairly rapidly in air or
quenched in cold water. No difference in breaking load was found
to result from the different methods of cooling, and no distinction is
therefore shown in the sequel between series cooled in air and those
cjuenchcd in water.

The breaking loads were determined on a 1000-Ib. Dennison tensile
testing machine reading in pounds, each determination taking not less
than 25and not more than 3 minutes. The load was applied guickly
up to 2 or 3 1b. below the rupturing value, and then inereased slowly
by inerements of 11b.: it became possible at an early stage to tell from
the rate of fali of the beam whether the test-piece would break within
the desired time or whether an inerease in the load was necessary. In
the great majority of eases, agreement to 1 Ib. was shown by the first
two tests on an individual wire: when the two did not differ by more
than 21b., two determinations were regarded as sufficient, and the mean
value was accepted. In a certain number of instanees the first two
results differed by more than 2 Ib., and in all such eases the breaking
loads accepted represent the mean of three or four tests.

Several of the annealing treatments were repeated on the whole
range of wires after an interval of time : in some eases the same treat-
ment was givcn a third time. The results were, with one exception,
completely confirmatory. The exception arose in the case of the £-hr.
annealing at 205° C.: in this single instance the accepted results were
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the means of two complete series of determinations, i.e. of four tests
on each wire.

Their experience in making the mensile tests has convinced
the authors that a difference of 2 Ib. between the mean breaking
loads of different wires, or between those of the same wire after
different treatments, is to be rcgarded as real and significant. The
importance of this fact will be scen in the discussion, at a later
stage, of the breaking load of the different wires after “ complete
annealing.”

5. Pkesentation 0of Results.

Adequate presentation of the results of the experimental work has
proved to bo a matter of considerable difficulty, and the authors readily
admit that charges of inadeguacy from certain points of view may be
sustained against their presentation. For the sake of economy, the
tabulated data have been cut down to the absolute minimum, and the
paper contains nothing more than the mean breaking load found for
each wire after each annealing period at each temperature. This has
involvcd the omission of all data bearing on the variability of the
results, and also of all chcck determinations: some figures in illustra-
tion of both points would no doubt have been of value.

The authors have endeavoured to bring out the salient features of
the results by graphical presentation. The relationships they have
chosen are inevitably arbitrary, and by no means exhaust the possi-
bilities : it is therefore hoped that interested readers -will plot others
for themselves. Typical diagrams only have been selected for publica-
tion, the number of illustrations having been cut down to the minimum.
The authors strongly recommend that readers should construct addi-
tional similar diagrams to supplement those included in the paper.

The methods of plotting which the authors have adopted agree in
the use of the breaking load in pounds as ordinate throughout. The
load is plotted against (a) temperature; {b) time; and (c) the ratio
annealing diameter
finished diameter

(@) The first two diagrams show the relationship between breaking
load and temperature for all the eleven wires when annealed for \ hr.
Fig. 1 brings out the generat features of the way in which loss of strength
proceeds with increasing annealing temperature. In Fig. 2, the ordinate
scale is increased considerably in order to show the differences between
the breaking loads of the various wires after annealing for \ hr. at
temperatures of 300° C. and upwards.

The four following diagrams (Figs. 3-6) give, for selected wires
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(Nos. 2, 5, 8 and 11), tlie same relationship in the case of individual
wires, alt annealing periods being shown together.

(& In the next four figures (Figs. 7-10) the changes in breaking
load of individual wires with inereasing annealing time are shown for
the same four wires. The loads at each annealing temperature are
plotted against the logarithm of the number of hours : the latter has
been adopted in preference to the simple number of hours in order to
give a more even spacing of the ordinates.

(If the same relationship—breaking load/(log) time—is plotted for
all the wires at each annealing temperature, a series of diagrams is
obtained, one for each temperature, which bring out well the differences
in annealing behaviour of the various wires.)

(©) Finally, an attempt has been made to relate the annealing
phenomena of the different wires with their original hardness. Plotting
breaking load after heat-treatment against breaking load as drawn was
useless, for the hardest drawn wires differed too little from one another
in their original strength. It will, indeed, be shown later that the
behaviour on annealing depends not nearly so directly on intrinsic
hardness before annealing as on the cold-working treatment by which
that hardness was conferred upon the wire. Percentage reduction of
area subsccjuent to annealing gives poor spacing of the ordinates, and
the difficulty has been overcome by the use of the quotient obtained by
dividing the diameter at which the wire was annealed by the finat
diameter to which it was drawn—the latter value being, of course,
constant for all wires. This quotient, i.e. the ratio a?r%nealln diameter
has been called for eonvenience the “ work ratio,” and has proved
itself of great value (not merely, it may be said, for the preparation
of elear diagrams).

The concluding diagram (Fig. 11) shows the relationship between
breaking load and “ work ratio ” as just defined for i-lir. annealings,
a separate curve being shown for each temperature.

6. Results.

The mean breaking loads of all the eleven wires after the different
annealing treatments are tabulated in Tables II-1X; of these, all
except the last relate to a single temperature, whilst Table 1X sets out
the results after |-hr. annealings at temperatures of 330° C. and
upwards. The changes in breaking load are illustrated in a variety of
ways, as has been described above, in Figs. 1-11. No very detailed
deseription of the features brought out by these diagrams will be

VOL. 1ii. P
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attempted, but attention will be directed briefly to some of the more
interesting points.

Tlie relationsliip between breaking load and temperature for eacli
wire conforms to tlie well-known form of softening curve, but the curves
for tlie various wires differ to a remarkable extent.

The more lightly drawn wires show a definite inerease in strength
at low temperatures, the hardest-drawn wires an appreciable decrease
after | hr. at 130° C. only. All wires up to and including No. 6

TEMPERA TURE°C
Fig. 1.—Rclationship between Breaking Load and Temperaturo ; Half-kour
Annealings.

(perhaps No. 7) show an inerease in breaking load; details of the maxi-
mum inerease shown by each wire are as follows :

No. 1.—399 Ib. as drawn; 411 Ib. after 1 hr. at 130° C.

No. 2—457 ” 469 2 ) |
No. 3.—474£ ) ” 483 , 2 » >
No. 4—490" % 493 }

No. 5—502 510 ,, 1 > 3
No. 6.—513J 519 } J >
(No. 7.—520 521 ,, 1 P 5
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The wires of low tensile strength retain their strength far better
than the harder ones. Even after 24 hrs. at 180° C., No. 1 wire shows

™

"\l

200 300 400 500 600 700 600
TEMPERATURESC

Fig. 2. —Relationship betwcen Breaking Load and Temperaturo; Half-hour
Annealings.

an increase of 3 Ib. over its original strength; it loses 5 Ib., or
1-25 per cent., after 24 hrs. at 205° C, 1 Ib. after 1 hr. and 4 Ib.
after 2 hrs. at 230° C., and shows a loss of 41 Ib., i.e. of just over
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500

400

0 50 100 150 200 250 300 350
TEMPERA TURE,°C

Fig. 3.—Relationsliip between Broaking Load and Temperature; Wire No. 2.

450

0 50 100 150 200 250 300 350
TEMPERA T(JRE,‘C

Fig. 4. —Relationsliip between Breaking Load and Temperature; Wire No. 5.
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10 per cent. only, after £ hr. at 280° C.—an annealing which suffices
to reduce the breaking load of each of the other wires nearly to
its minimum value (cf. Fig. 11). Wire No. 2 commences to soften

Fig. 5.—Relationship botween Breaking Load and Temperature; Wiro No. 8.

Table Il.—Annealed at 130° C.

Mean Breaking Load, Lb.

No. Annealing Period, Hoors.

1/2. l. 2. 6. 12. 24,

1 411 411 409 407 409 409
2 460 469 469 466 468 466
3 475-5 483 483 479 478 475
4 493 490 491 490 47S 484
5 507 510 509 507 505 499
6 519 515 516 510 504 504
7 518-5 521 520 513 498 497
8 533-5 520 526 515 480 452
9 534 527 515 480 435 387
10 534-5 529 522 494 449 405
11 533 523 514 485 445 408
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after 2 hrs. at 170° C.; No. 3 is unchanged after 2 hrs. at 155° C,
but less hard after \ hr. at 180° C.; No. 4 withstands without loss of
strength £ hr. at 155° C.; No. 5 12 hrs. at 130° C.; and Nos. 6 and 7

§ 350

250
0 S0 ()] 10

TEMPERATURE,°C
Fig. G—Relationship between Breaking Load and Temperaturo; Wire No. 11.

Table Il —Annealed at 155° C.

Mean Breaking Load, Lb.

No. Annealing Period, Hours.
1/2. 1 2. G 12. 34,
1 410 40S 410 404 405 411
2 457 405 463 456 453 454
3 476 474 475 463 452 451
4 489 485 480 466 458 449
5 514 498 496 477 464 425
G 510 498 498 476 466 399
7 510 503 473 405 367 377
8 512 505 424 364 327 323
9 515 461 389 340 317 312
10 515 465 397 347 320 314
1 510 456 403 349 326 317
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2 hrs. at thc same temperature (it should be remarked, however,
tliat No. 5 shows a decrease from its maximum strength—developed
by annealing for 1 hr. at 130° C—when kept at that temperature for 6

Fig 7 —Relationsliip between Brealdng Load and Timo (Log. Hours); Wire
No. 2.

Table IV.—Annealed at 170° C.

Mean Breaking Load, Lb.

No. Annealing Period, Hours.
1/2. 1. 2. 6. 12. 21.
1 405 409 400 403 402 402
2 457 458 455 452 447 435
3 471 409 457 410 383 353
4 487 475 469 425 402 363
5 503 495 480 450 392 329
6 503 493 464 404 404 357
7 496 448 388 327 355 327
S 479 446 365 315 314 305
9 475-5 380 335 310 307 305
10 455-5 390 325 307-5 305 302
11 446 377 341 313 308 300
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TIME ,HOURS
Fig- 8.—Rolationahip between Breaking Load and Time (Log. Hours); Wire
No. 5.

Table V.—Annealed at 180° C.

Mean Breaking Load, Lb.

Ko. Annealing Period, Hours.
1/2- 1. 2. 6. 12. 21.
1 409 404 405 403 402 402
2 4G0'5 453 453 440 416 390
3 4G9 455 425 356 347 313
4 4S3 465 440 365 325 312
6 49S-5 467 440 356 325 337
6 499 423 426 311 334 300
7 497 445 409 325 318 302
8 47G 304 318 310 305 300
9 431 346 312 307 304 301
10 405 321 305 302 302 300
11 350 333 316 303 300 296
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Fig. 9.—Relationship between Breaking Load and Time (Log. Hours); Wire

No.

=

PO ~NOUIRhWNE

1/2.

405
452-25
442
444
428-25
412-25
3315
3235
318
314
3155

No. 8.

Table VI—Annealed at 205° C.

395
431
332
336
334
302
329
302
304
302
299

Mean Brealdng Load, Lb.

Aimeallng Period, Hoiira.

2,

399
422
335
307
307
312
306
300
304
302
300

6.

396
341
296
298
311
298
302
300
302
299
299

398

300

24,

392
317-5
295
291
300
303-5
308
308
307-5
307-5
302
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TIME, HOURS

Fig. 10.—Relationship between Breaking Load and Timo (Loe. Hours); Wire
No. 11.

Table YIl.—Annmled at 230° C.

Mean Breaking Load, Lb.

No. Annealing Period, Houre.
1/2. 1. 2. G 12. 24.
1 398 399 395 380 360 312
2 398 325 310 287 2S4 285
3 299 293 291 287 285 287
4 300-5 293 293 292 2S8 291
5 303 298 299 296 293 296
(3 300 300 302 297 296 297
7 300 303 304 300 299 303
8 300-5 304 304 301 301 303
9 301 306 305 302 301 303
10 300 304 304 300 300 303
11 297 304 304 299 297 303



SSO

Experiments in Wire-Drawing. Part Il1l. 235

hrs.). The four hardest-drawn wires show a definite loss of strength after
i hr. at 130° C. These differences are perhaps best shown in Fig. 11.

o\

B

The eSect of increase in the annealing period on the breaking
load/temperature relationship is shown for four representative wires,

91 ‘Ot/Ol 9N!>+V3U9
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Table VIIl—Annealed at 280° C.

Mean Breaking Load, Lb.

No. Annealing Period, Hours.
1/2. I. 2. 0. 12. 24.
1 358 311 282 278 274 270
2 287 287 283 281 280 279
3 286 289 287 285 284 281
4 288 291 291 259 287 283
5 295 294 293 292 290 287
0 295 297 296 295 293 290
7 302 301 300 298 297 295
8 303 302 300 298 297 295
9 302 303 301 298 297 295
10 301 302 300 298 297 295
n 299-5 300 300 298 297 295

Table IX . —Annealedfor £ hr.

Mcan Breaking Load, Lb.

No. Annealing Temperatore, ° O.
330. 450. 050. 750. 850.
1 278 270-5 270 269 268
2 287 277 274 275 273-5
3 289 279-5 278 277 275-5
4 290 283-5 279 279 278
5 296 289 284-5 2s6 290
6 298-5 290-5 287-5 289-5 294-5
7 301 293 290-5 294 297
8 302 293-5 294 299 303
9 302 295 295-5 296-5 302
10 300 293 293 296 301-5
1 299 293 288 295-5 301-5

Nos. 2,5, 8 and 11, in Figs. 3-6. Asthe duration of the heat-treatment
is increased, loss of strength proceeds, with the result that a progressivo
shift of the load/temperature curve takes place towards the load axis.
Comparison of these four diagrams brings out very clearly the fact
that, as the amount of cold-work done on the wire increases, the whole
group of load/temperature curves moves in towards the load asis,
while at the samo time the central portion of each curve, where the
loss of strength is most rapid, tcnds to become progressively nearer
the vertical

Figs. 7-10 show, for the same four selected wires, the influence of
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inereasing annealing temperature (up to and including 280 C.) ou the
breaking load/(log) time relationship, and comparison of those diagrams
among themselves illustratcs the effect of inereasing cold-work. "Wtk
all wires, inerease in the temperaturo results in progressively greater
loss of strength, and all the softening curves have a marked resemblance
(provided only that appreciable decrease of breaking load has taken
place), but the distribution over the diagrams of the curvcs for the
different temperatures changes in a very interesting way as liarder and
hardor wires are examined. Thus, in the case of the first wire, the
curves for all temperatures up to and including 205° C. lie very close
together. Already in the case of wire No. 2 (Fig. 7) they have become
quite well differentiated, and this diflerentiation of the curves for tho
lower temperatures proceeds with remarkable rcgularity as the amount
of cold-work done on the wires increases. "When the very severely
worked wires are considered (cf. Fig. 10) tho curves for 180 and 205 G.
are found to have approached vcry close to those for 230° and 280 C.
Thus the breaking load/time curve for 205° beeomes displaced right
across the diagram as the reduction by cold-drawing increases.

It should be remarked here that this progressive displacement
across the breaking load/(log) time diagram of the load/time curves
for 155°, 170°, and 180° C., with inereasing cold-work, appears, if the
evidence of the results now available is carefully examined, to be
checked, and perhaps cven slightly reversed, with extreme seyerity of
drawing, at least in so far as those portions of the curves which relate
to annealings of the longer periods are concerned. The effect seems to
be too definite and persistent to be dismissed as an irregularity to bo
accounted for by experimental errors, but the authors are not prepared
at present to offer any further comment upon the matter.

Undoubtedly the best summarized statement of the whole of the
annealing phenomena examined is provided by a series of diagrams of
the type of Fig. 11, in which breaking load is plottcd against work
ratio, one diagram being devoted to each annealing period. Each wire
is represented by an ordinate, and the use of the work ratio as abscissa
gives a convenient spacing of the wires; curvcs are shown for each
temperature. In the authors’ submission, such diagrams will well
repay construction and careful examination, for so only, perhaps, can
all the points commented on above be fitted in due perspective into a
conception of the annealing phenomena as a whole.

Up to the present, attention has been directed to the commencement
of softening and to the rate of loss of strength of the various wires, and
no reference has been made to the values to which their breaking loads
decrease after “ complete ” annealing. A glance at Fig. 1 shows that
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all tlie wires do not attain tlie same minimum breaking load. In
Fig. 2 a much more open scale has been adopted for the breaking load
(ordinate), and tliis diagram brings out at oncc the somewhat unexpected
faet that tho more lightly drawn wires anneal down to considerably
lower strengths than the harder ones. It also suggests a rather sharp
differentiation between the first four and the last seven wires: the
load/temperaturo curves of the former fali gradually but steadily from
450° to 850° C., but those of the harder wires rise again quite sharply
after passing through a minimum at 650° C. (it is further worthy of
note that practieally all the wires show a slight maximum in the load/
temperature curves for -J-lir, annealings—at 330° in the case of wires
Nos. 3-6 and at 280° in that of Nos. 7—t1; Nos. 1and 2 especially the
former, must be regarded as not yet, at 330°, annealed to a degree
comparable with that obtaining in the ease of the other wires).

Even at 280° C., for all annealing periods from 2 hrs. upwards, there
is a regular inerease in the breaking load of the heat-treated wires with
inereasing original hardness, from No. 1 to No. 7 (the load values of
Nos. 7, 8,9, 10 and 11 are identical after 6, after 12, and again after
24 hrs. at 280° C.). The same is true after 12 and after 24 hrs. at
230 C., except that No. 1 wire, on account of its greater retention of
strength, must be excluded from the eomparison.

The influence of the amount of cold-work done on the wire on its
tensile strength after an annealing which would ordinarily be regarded
as “ complete,” i.e. for £ hr. at a temperature of 330° or above, is best
seen in Fig. 11; the results are essentially similar after longer annealings
«at lower temperatures. At each temperature there is an appreciable
inerease in the breaking load when any wire is compared with the next
more severely worked until wire No. 8 is reacked (No. 9 at 650° and
750°). It is remarkable that the inerease, as from wire No. 1 to No. 8
is greatest at 850° C.: it varies from 23 Ib. at 450° to 24 Ib. at 650°,
30 Ib. at 750°, and 35 Ib. at 850° C., the last-mentioned inerease being
no less than 13 per cent. of the breaking load of the No. 1 wire after
i hr. at 850° C.

Among the three or four most severely drawn wires, Nos. 8 (or 911,
the breaking load is generally fairly constant at all temperatures above
330 C., with the possible exception of 650° G.; in this case a distinct
decrease in strength is suggested from wire No. 9 to No. 10 and again
to No. 11.

In the light of these results it is elear that the tensile strength of a

eompletely ”” annealed high-conductivity copper wire is emphatically
not a characteristic property of the materiat, but that it is directly related
to the working treatment which the wire has undergone prior to its
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annealing. In a generat way, the more severe lias been the cold-
working, the higher is the tensile strength of the completely annealed
wire. It follows that any attempt to define “ complete annealing ”
or “completely annealed wire ” by tbe mere statement of a maximum
tensile strength alone is entirely unsound. A satisfactory figure for a
lightly drawn wire would be quite unattainable with a severeljr drawn
sample, and a tensile strength representative of complete annealing
in the case of a heavily drawn wire would represent partial annealing
only of a lightly drawn one.

The authors are very much tempted to suggest that the only really
characteristic tensile property of a ductile metal is the maximum
tensile strength which can be conferred on it at any diameter by cold-
working.

The results may thus be summarized in the statement that the
greater the amount of cold-work donc on the materiat, the lower is
the temperature at which it begins to lose its work-hardness and the
greater the rate of loss at any temperature, but the higher is the tensile
strength characteristic of the fully annealed materiat. The last-
mentioned clause is of vital importance in any attempt to arrive at a
theoretical interpretation of the phenomenon of annealing of cold-
worked metal, and, conversely, of that of work-hardening.

It is of interest to note that the differentiation of these wires into
two groups suggested by the form of the breaking load/temperature
curves, especially of Kg. 2, is confirmed by tensile tests made in May
1933, approximately two years after the materiat used in this work
was drawn. The breaking loads of the various wires in 1931 soon after
drawing and after two years’ storage at (possibly rather high) room
temperature were:

Wiro No. 1. 2.3. 4. 5 0 7. 8. 9. 10. 11,
£1931 . 399 457 474k 490 5 £ g%g 537 544 544  542)

T 02 513

Load, ib.]1033 ~ 400 457 474] 490 502 504 532 533 532 536
The loss of strength in the case of all wires  from No. 6 upwards is
quite definite.
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DISCUSSION.

Mr. E. H. Bucknatt1,* M.Sc. (Member): There are several points which
| feel should be emphasized in the discussion of this paper. The first is the
ono to which Dr. Rosonhain referred in his address,f and which has also been
nientioned in eonnection with Mr. Allen’s paper,f naraely, that this is a subject
on which 10, 20, 50, or even 500 or 1000 years ago metallurgists would haye
said that everything to be known was known—i.e., that when a workcd metal
was put into the fire it was softened. More reeently the position with regard
to annealing has been summarized by R. W. Bailey in a paper read before this
Institute. He showed that for copper and brass contours of egual Brinell
hardness on a log. time/temperaturc curve are parallel lines Crossing the curve
at an angle.

Since Mr. Bailey summarized the position in that way, the field has been
opened up in respect of the lower temperatures, partly by the work of the
British Non-Ferrous Metals Research Association on locomotive stay-rods,
in which | had the prhdlego to assist. We were able to show a marked
stiffening of eold-worked materials on low-temperature annealing. This
point, of course, has sifice been emphasized by Jones, Pfeil, and Griffiths in
their paper on the age-hardening of alloys of copper, nickel, and Silicon.§
The tensile strength values of the present authors, plotted by Bailey’s method,
instead of falling on parallel contours of tensile strength, appear to lie upon
conyergent lines—so the relation in this case is not logarithmic.

The authors, in discussing their results, State that a difference of 2 Ib.
in the tensile strength of the wires had a real significance. If that statement
be accepted—and | see no reason why it should not be—then itwould appear
definite that tho hard-drawn wires harden at the higher temperatures. For
example, taking the figures given in Table IX, it will be found that the
minimum tensile strength figure is usually attained by one of the intermediate
temperatures of annealing, and not by the higbest temperature. That is a
very significant diseovery. In the light of that and other data, it would
appear very important and very cnlightening to investigate the effeets of
annealings over shorter periods than half an hour at some of the elevated
temperatures, as well as the effect of longer periods at lower temperatures,
which was mentioned as a possible further ling of investigation in the presenta-
tion of the paper.

Professor D. H aksost])] D.Sc. (Vice-President): These results seemed to
me, when summarized, to conform to the generat laws of eold-working and
annealing as we know them. The authors summarize them at tho end of
their paper, and stato that they show that the greater the amount of cold-
work the lower the temperature at which work-hardness begins to bo lost and,
they add, the higher the tensile strength in the fully-anncaled materiat.
To state the law of annealing a little more fully, we must add “ tho greater
the initial cold-working the smaller the resultant crystal size.” They do not
refer anywhere to the crystal size of their materiat, so that the results cannot
be fully interpreted, but we do know that, broadly speaking, the smaller the
crystal size the greater the tensile strength, and the inerease of tensile strength
with the degree of cold-working to which they refer may be due to the smaller
crystal size which we would espect in such materiat. | suggestthat it might

* Junior Scientific Officor, Department of Metallurgy and Metallurgical
Chemistry, National Physical Laboratory, Teddington.

f See p. 55.

j This volume, p. 139.

§ J. Inst. Metals, 1931, 46, 423.

[1 Professor of Metallurgy, The University, Birmingham.
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be wortk their whilo to attompt to givo some measuro, or at loast cstimate,
of the crystal size in the resulting wires, because that might be a complete
explanation of the phenomena, and a statement on that point might mako
the conclusions of the paper very much more complete and satisfying.

Dr. H. 0 'Neil1,* M.Met. (Member): The figures given in this paper will
be of use to students and to those concerned with wire-drawing, and | hope
that it may be possible to includc values for reduction of area of the tensile
test-pieces, if they have been measured.

A criticism might be made with regard to the method of preparing the
copper before it was finally cold-worked. In order to secure a uniform
diameter of test-piece in all cases after drawing, the metal was rcduced to
different diameters, then annealed, and then finally drawn. From Fig. 2
| take it that if copper which has been reduced by various amounts
is annealed at 650° C. the breaking load will diifcr in the various specimens.
Therefore, sifice the authors prepared their initial metal by this method of
cold-drawing and annealing, their specimens were not necessarily in tho same
condition when they started the finat drawing. If the values given in Fig. 2
can be applied backwards in that way, it would mean that the wires which
they commenced to investigate had not all the same breaking load in the
first place, and were not strictly comparable.

AVhat is tho objection to hot-working the original bolt down to tho various
sizes, then annealing to remove working strains, and finally cold-drawing ?
I should think that the same objection could not be taken to hot-working as
to the preliminary cold-working. W hat precisely do the authors mean by
the breaking load? In making these tests, did they record the maximum
load or did they record the smaller breaking load ? Did they run the weight
back atall ? Ilcsults can be obtained with copper showing a smaller breaking
load than the maximum load, and it is important to know which ralues are
reported here.

The inerease in breaking load in worked specimens annealed at about
130° C. is an interesting effect. Increases in Brinell number are sometimes,
but not always, obtained under similar conditions.

I am interested in the reduction of area values because | should imagine
that the tensile reduction of area is smaller in those treatment regions which
give inereased breaking load. The inerease in breaking load is due, | belieye,
to a decrease in ductility. The specimen does not “ neck ” so much, and
therefore carries a bigger load. | should prefer to express the effect as a
decrease of ductility rather than by trying to conyey the impression of an
inerease of strength.

In our laboratory, Mr. Farnham has carried out some X-ray examinations
of cold-rolled copper which had been annealed at 130° 0. to produce this
slight “ hardening.” The copper had not been drawn, but had been cold-rolled
about 50 per cent. reduction, and showed a definite preferred orientation in
the rolled condition. After heating at 130° 0. the only change in the X-ray
spectrum was a slight decrease in the intensity of the preferred orientation.
The piling up of intensity was not so pronounced; it had become more diffused
along the difFerent lines. Wc also formed the impression that the lines were
a little broader after the 130° C. treatment than before. If that is sub-
stantiated, it would suggest that the grain-size has become still more con-
fused, and | suspect that perhaps within the distorted grains very tiny new
grains are forming, and there is a mist of these scattered throughout the mass,
which means more boundaries and generally greater stiffness and decrease in
ductility. This may be the basis of the inerease of breaking load which is
reported.

* Senior Lecturer, Department of Metallurgy, The University, Manchester.
VOL. LII. Q
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Dr. H. W. Brownsdon,* M.Sc. (Member of Council): The conclusion
reaclicd by the authors—namely, that the tensile strength of completely
annealed high-conductivity copper i3 emphatically not a charaeteristic pro-
perty of the materiat, is going somewhat too far in view of the fact that their
obscrvations are based on ono materiat only, a silver-free copper. Early in
their paper they mention that they hope at a later date to extend their work
to oxygen-free and silvcr-bearing copper, and until they have done so the
dogmatic conclusion in their present paper should be reserved until esperi-
ments on the other matcrials have been carried out.

Mr. J. S. Gien Primrose f (Member): The breaking load _referred to is
really the maximum breaking load in practice, and not the breaking load which
the aeademic peoplc may find when they run baek; we never run back in
practice. We find that this low-temperature annealing has a very remarkable
effect on the lightly-drawn copper as well as other wire, namely that of
releasing the sometimes smali, sometimes large, amount of internal stress left in
the skin due to the light drawing, which has leffc most of its work there and
not penetrated to the centro. Tho low-temperature annealing simply relieves
this internal stress and gives tho true stress of the wire or other materiat
recordcd on the breaking load.

Some of the other questions seem rather more difficult of interpretation,
except that what the authors have found as to light drawing giving the
internal stress on the outer skin may be carried further in by the heavy drawing,
and leave internal stresses insido which only tho higher temperatures will
relieve and give you the fuli value of the tensile and the breaking load to
come out on the testing macliines.

Practical people will appreciate these papers by Mr. Alkins as tho results
are most valuable in practice.

Mr. H. J. 3Miller4 M.Sc. (Member): The only point to which | wish to
refer concerns the increase in strength which is obtained by annealing at
the very highest temperatures, for this seems to be of fundamental import-
ance. It seems notable that in Table IX tho samples up to No. 4 behave
in a perfectly normal maimer, inasmuch as there is no increase in breaking
load at tho highest annealing temperatures, but from Nos. 5 to 11, i.e., tho
matcrials which have been cold-worked to a much greater extent, there is
a notable increase in tho breaking load figure.

These results are associated, | believe, with the development of dircctional
properties conseguent on differential grain growth, for the factors involved
are those which are known to bo responsible for the development of dircctional
properties in materials, namely, heavy amounts of cold-work followed by high
annealing temperatures. Abouttwo years ago, Philipp and Bunn | published
the results of some work upon the development of cfirectional properties in
some commercial coppers in strip or sheet form, making a study of the effect
of work and annealing temperatures. One material with which they dealt,
a deoxidized electrolytic copper containing traces of phosphorus and also of
silver, gave results which closely resemble those of the present authors,
for anomalous results were obtained when heavily cold-worked strip was
annealed at the highest temperatures. When tested in tho direction of
rolling there was a definite increase in strength; when tested at right anglcs
and at 45° to the direction of rolling the behayiour was guite normal, in that

* Superintendent of Research, I.C.l. Metals Ltd., Birmingham.

f Chief Metallurgist, The Whitecross Co., Ltd., Warrington, Lancs.
} Research Metallurgist, 1.C.I1. Metals Ltd., Witton, Birmingham.
| Tram. Amer. Inst. Min. Met. Eng., Insi. Metals Div., 1931, 353.
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there was continued softening with increase of temperaturo. Incidentally, |
may point out that directional properties were developed to such an extent
that tho tensile strength in those two latter direotions was only 85 per cent.
of that obtained with the direction of rolling. With smaller amounts of cold-
work and a wide range of annealing temperatures tho properties in each
direction were more or less egual.

I put forward this suggestion of directional properties to the authors for
their consideration. They cannot examine their wires across the direction
of rolling, and in that respect they have been unfortunate in the materiat
ehosen; if they had, like the American workers to whom | have referred,
worked with strip they eould have tested in all direotions.

Mr. Caktwright (in reply) : Mr. Alkins and | are, of oourso, acguaintcd
with the work of R. W. Bailey. Two points had to be borne in mind in
considering it: he made determinations of Brinell hardness, not tensile
strength, and we know of cases in which the tensile strength can decrease
while the Brinell hardness remains constant; we strongly suspect also that
his test-pioces were not round. We chose to work with wires of a fairly
smali diaineter in the liope that the work-hardening would pcnetrate to the
centre. We agree that further work, using annealing periods of shorter
duration, is likely to give interesting results we haye not now used heating
periods of less than half an hour, mainly on account of the difficulty of
aIIowmg for the time taken by the test- pieees to reach the nominat temper-
aturo of experiment.

We hoped from his introductory remarks that Professor Hanson would
give us some valuable information in the matter of crystal size. We have
endeavoured to investigate this guestion, but we find there are serious
difficulties m the way. Variation in grain-size over tho section of the
annealed wires renders useless the ordinary method of crystal-counting. We
have not, indeed, worked out a satisfactory lino of attack on the problem,
which is One of great interest to us.

Regarding Dr. 0 NeilPs remarks, we have not mado any measurements of
reduction of area : accurate determination of this property is no easy matter
with wires of one-tenth inch diameter. We have data for percentage elonga-
tion throughout, and hopo to make thom the subject of a short communica-
tion in the ncar future. Dr. 0’Neill raised one point, with regard to the
method of preparation of our wires, which is readily appreciated when our
present results are available, but the force of which was not nearly so apparent
when the work was being planned. Our primary object was the preparation
of a set of wires, all of the same diameter but of widely varying hardness,
and the method adopted furnished such a series satisfactorily.  In any case,
we are still guite unable to deviso a means for preparing a suitable series of
wires, within these conditions, which will not be liable to Dr. 0’Neill’s
criticism.

We share to the fuli his interest in the possibility of correlating the
increase in breaking load of the lightly drawn wires when annealed at low
E)emperatures with a change in the orientation of the crystals as revealed

y X-rays

We thank Messrs. Miller and Primrose for their interesting contributions
to the discussion. If and when we are able to extend our w'ork to strip and
sheet, we shall not fail to take into account possible directional effects of the
methods of cold-working we adopt.
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CORRESPONDENCE

Mii. W. E. Bat1ard* (Member): | am especially interested in the authors’
conclusdion that the greater the amount of cold-work the higher is the tensile
strength characteristic of tlie fully annealed materiat. Some years ago
| carried out a considerable amount of work on tubo drawing, and notieed
very similar results, and | givo below a representative series of tests
bearing out the contention of tho authors.

Original materiat—ordinary commercial deoxidized copper tu be m-
outside diameter X 2 in. inside diameter, carefully annealed; breaking load
15-72 tons/in.2. Elongation 42 per cent. on 8 in. Samples were taken and
given further cold-work in various stages with the following results:

Rcduction of Area, Breaking Load, Elongation,
Per Cent. ous/in.". Per Oent. on 8 in.
1 12 17-93 21
2 21 20-73 11
3 28 22-18 9
4 35 23-10 7
5 46-5 23-90 5-5

Tho tubes were then re-drawn without further annealing, with the following
results :

Total Reductiori of Breakinlg Load, Elongation,
Area, Per Cent. Tons/in.* Per Oent. on 8 in.
1 41-5 24-17 6-5
2 47 25-18 5-0
3 56 25-96 4-0
4 58 25-96 4-0
5 64 27-18 4-5

These hcavily drawn samples were then annealed at 700° C. for 2 hrs. and
tested.

Breaking Load, Elongation,
Tons/in.1 Per Cent. on 8 in.
1. 15-72 42
2 15-72 42
3 15-75 42-5
4 15-99 41-5
5 16*52 41

The above figures are only representative of many tests taken, and with
70 : 30 brass the results were even more remarkable.

* Metallisation, Ltd., Dudley,
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Some of the contributors to the verbal discussion seemed to attribute
such results entirely to changes in grain-size, and while this appears to be the
simple explanation, it bas never seemed entirely satisfactory to me. Never-
theless, it is not my purpose to enter into any discussion of the underlying
reasons of tho noted faots, but rather to direct attention to their practical
significancc. It is often assumed in works practice that a long and thorough
anneal will eradicate any mistakes in cold-working and leave the metal in a
suitable state for further cold-working. In tube drawing the evils of heavy
sinking cannot be disposed of so easily. | feel therefore that tho authors
are to bo complimented on stressing the fact that “ complete ” annealing is
not always complete, and | shall look forward with interest to any further
work which deals with this point.

The Authors (in reply) : We thank Mr. Ballard for his contribution, and
for the eonfirmation of our results which he brings forward from his experi-
ence with tubes. We in turn can support his contention that the undesirable
consequenees of heavy sinking cannot bo removed by the simple cxpedient of
giving the tubes a long annealing.
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THE EFFECT OF DIFFERENT ELEMENTS ON THE
ANNEALING AND GRAIN-GROWTH CHARACTEII-
ISTICS OF ALPHA BRASS*

By MATJRICE COOK, Ph.D., M.So., member, and HERBERT J.
MILLER, M.Sc., Member.

ADDITIONAL CORRESPONDENCE.

Mr. W. B. price, Pli.B. (Member): | havo prepared two charta (Figs.
A and B) showing the eflect of the additions of aluminium and nickel to
70: 30 and 80 :20 brasses. These charts give direct comparisons between
these brasses and the same alloys to which kave been added approximately
2 per cent. aluminium and 1 per cent. nickel. They also show the remark-
able effect that the combination of aluminium and nickel has on the
physical properties and the annealing and grain-growth charactcristics of
the 80 : 20 and 70 : 30 alpha brasses.

The addition of aluminium and nickel to brasses, besides groatly increasing
their corrosion-resistant properties, has a pronounced effect on the behaviour
of the alloys on annealing. Strips of 70 : 30, 80 :20 brasses and the same
mixtures containing 2 per cent. aluminium and 1 per cent. nickel were cold-
rolled 6# (B. &S.) hard (50-9 per cent. reduction) and annealed at temperatures
from 200° C. to 800° C. for 2 hours to study the influence of nickel and
aluminium on these alloys. All annealed samples were air-cooled.

Hardening occurs in all of tho above alloys at temperatures below which
recrystallization begins. The 70 : 30 and 80 : 20 brasses cold-workcd the above
amount, show the first traces of recrystallization at 275° C. and completo
recrystallization at 400° C. Addition of the aluminium and nickel to 70 : 30
brass raises the recrystallization temperature to 400° C. and the temperature
at which recrystallization is complete is 500° C. The same addition to an
80 :20 brass raises the recrystallization temperature to 350° C. and the
temperature at which recrystallization is complete is 450° C. The structure
of the nickel-aluminium brasses annealed at 500° C. is very fine, and cannot
be resolyed into a clearly-defined constituent cven at high magnifications.
This fine microstructure persists with little change in grain-growth up to a
temperature of nearly 600° C- This lag in grain-growth is accompanied by a
stiffness of the materiat which is unusual for non-ferrous alloys in this range
as shown by the charts. Above 600° C. grain-growth continues at a fairly
rapid rate.

Alcunic G (copper 70, aluminium 2, nickel 1 per cent., balance zinc) after
cold-working 4# to 6# hard, has a recrystallization temperature rango of
425°-450° C. The fine structure obtained at this temperature persists with
very little inerease in grain-growth until a temperature of 650° 0. is reached.
From then on grain-growth is rapid.

No. 80 Alloy (70 : 30) after cold-working 6# hard is totally recrystallized
at 375° C. and has a crystal size of 0-013 mm. at 400° C.

The age-hardening charactcristics produced by the addition of aluminium
and nickel to the alpha brasses is very clearly shown, and the retardation of

* Sec J. Inst. Metals, 1932, 49, 247-261.
t
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persists in the 80 : 20 brass containing 2 per cent. aluminium and 1 per cent.
nickel over a rango of practically 200° C. from 400° to 600° C., as is shown by

the elongation curve for No. 577 alloy on the chart.
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Tho A uthors (in reply): The curves which Mr. Price has Illustrated in Ins
intcresting communication show, we agree, the marked effect which additions
of aluminium and nickel can exert on the properties of alpha copper-zmo
alloys. We have since published a paper, jointly with H. W. Brownsdon,
dealing with the effect of aluminium and nickel additions on copper, copper
zinc, copper-tin, and copper-manganese alloys, in whieli we haye dealt at length
with the age- hardenlng or, to use a term which we prefer, the temper-liarden
ing characteristics of these alloys. Asa class the alloys possessthis property m
yarying degrees, according to their composition. That hardening occurs at
temperatures below that at which reerystallization commences we established
for many of the alloys by showing that marked increases m hardness and
strength of cold-worked alloys occurred when they were heated to compara-
tively low temperatures. We did not make a detailed study of the causes
eivinl rise to the hardening effect which we obseryed, and, while it may be
precipitation hardening, it does not seem to us that this conclusion regarding
the precise nature of the hardening can be reached from Mr. Price s curyes.

* See J-, this yolume, p. 153.
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OBITUARY.

W illiam Cleland, B.Sc., a director and generat manager of the Sheffield
Testing Worka, Ltd., died while playing golf at Sheffield on July 12, 1933.
Born at CoatbridljS, in 1862, he was educated at the Coatbndgc and
Hamilton Academy. ~Later he joined the firm of Messrs. Murray & Patterson,
Cnatbridee as an apprentice engineer. During this time he studied tho
enSeeZng sciences at ovening sehooi and obtained a Winter scholarsinp
at*South Itensington. On his return from London, he was successful
in obtaining an Eshibition at Glasgow University for three years, during
™hi°h period he studied under Sir William Thomson (Lord Kelym) and his
brother, Mr. James Thomson. He obtained a Thomson Scholarship, and
graduated as B.Sc. in engineering science. For a further three years he
was a demonstrator in the Engineering Department of the Yorkshire
under Professor Barr, and it was after this period t h » t *“ Ja* ~’
lag9—to undertake tho management of the Sheffield restino \\orks. A
that time tho firm undertook plain tensile and transverse tests ofiron, stee ,
mmd cast iron. It had only a local reputation, but smee then testino of a
kinds, including refractories, chemical, and niicroscopical work, and mves-
tif"itions into tho failure of allclasses of materials liave been undertaken.
c'ilr. Cleland was a member of the Institution of Mechamcal Engineers, a
member of the Iron and Steel Institute, and of the American Society for
Testing Materials. A Freemason, he was a member of both the Bntanma

iSlajjE SaU S S S K - ofth, StefficldC.Mom.n Society ,, d

a trustee of the Society’s Life Membership Fund. He wasa keen golfer
member of the Dore and Totley Club-and assisted €he Caledomans m a

mimber~of AMnd an original member of the Institute of Metals.

John Rolland died in London on July 27, 1933. _

He was born in Giasgow, and was educated abroad as wellasm Eng an .
He served his apprenticeship as engineer with Messrs. Swan Hunter and
Wieham Richardson, Newcastle-on-Tyne, and for a short time went to sea
For a while ho acted as surreyor to Lloyds Register ofBritish andloreig
tthinnin(T in Austria-Hungaiy and at Hamburg. In 1914, he was appomted
Works Manager of tho Turkish Arsenat at Constantinople, which was being
reorganized by tho Vickers-Armstrong group, but escaped from Turkey m
Nnwmker of that year when the Turks entered the War, and m 1910
appoinied Works Manager of a new factory at Lancaster for the manufacture
oFtorpedoes for the British Government. In 1916-1917 he was transferred as
Manaaing Director to the torpedo factory at St. Tropez, in the south of
France which also belonged to Messrs. Vickers-Armstrong, and was there
engaged until tho end of the War on the productwn of torpedoM
armaments. Ho then returned to England, and up to 1921 acted as Works
Manager at the Engineering Factory of Vickers, Ltd., Crayford, Kent.

1 Mr Rolland then started a successful business of his own as consulting
engineer and representative in Great Britain and Ireland of Benno Schilde
MascMnenbau A.G., Hersfield, subsequently taking up the agcncies of the
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Lurgigesellschaft fur Warmetechnik, Frankfort, and of Messrs. Fried. Krupp
Grusonwerk A.G., Magdeburg. ) ] )

He was a fluent German, Italian, and French Imguist, and this accom-
plishment proved most useful to him in his very interesting and yaried
career.

Mr'. Rolland was eleoted a member of the Institute of Metals on August 27,
1931.

Josemi Kent Smith, O.B.E., died at Detroit, Michigan, U.S.A., on
July 7, 1933- He had lived at Worksop, and went to the U.S.A. in 1925 to
become consultant on the Hornsey Iron Process, a local discovery taken up
by tho United States Steel Corporation. He had resided in the United
States before coming to Sheffield, where he was in practice as a metallurgical
consultant and did valuable work for tlie refractorics industry. Prior to his
return to America in 1925, ho was the guest at dinner of the Ganister, Compo
and Refractories Associations of Sheffield, the members of which presented
him with an illuminated address as a mark of their appreciation of his services
to local industry.

Mr. Smith was made an Officer of the British Emplre in March 1920, m
reco”nition of his services to his country during tho War. He was a member
of the Committee of tho Sheffield Local Section from its inauguration m 1918
until his departure for America in 1925. A mueh-esteemed, likeable, and
active member, he contributed several papers to tho Sheffield Local Section.

Mr. Smith was elected a member of tho Institute of Metals on March 21,
1917.

Sir Gitbert Chkistopher Vyle, K.B.E., died at his home in Moseley on
September 7, 1933.

He was born at Hereford in 1870, and was educated in London, Glasgow,
and Nottingham, and was then attached to the engineering branch of the
Post Office as electrical engineer. Ho subsecjucntly passed into the Colonial
Service abroad, and on his return to England he was engaged in the manu-
facture of electrical apparatus, then praetised as a consulting industnal
engineer in Manchester, and finally carne to Birmingham.

He joined the board of Messrs. W. & T. Avery, Ltd., in 1912, and became
Managing Director in the following year.

During the War he manufactured and desngned aircraffc for the Admlralty,
Army, and for the Air Force, and also made mine sinkers, préjectiles, and
munition factory equipment. He served on the Board of No. 4 area of tho
Ministry of Munitions, and was Chairman of the Finance Sub-Oommittee.
He was also a member of tho Royal Commission on Decimal Comage, and
serred on the Water Power Resource Committee, the Safe-Guardmg Enauiry
Panel, tho Special Enouiry into Fabric Gloves, and tho Enguiry mto Export
Credits System. From 1923 to 1924 he was President of the Birmingham
Chamber of Commerce, and assisted the Federation of British Industries in
tho Department Enguiry on Organization and m Lord Chelmsford s Oom-
mittee, and later became Viee-President of the Federation. In 1926, he was
President of the Association of the British Chambers of Commerce, and was
also Chairman of the British Committee of Empire Trade. In addition to
these actmties, Sir Gilbert was also interested in the Development Oouncil
Department of Overscas Trade and the Travel Association of Great liritam

and”RelamLiected President of thc British Engineers’ Association for the year
1929-1930, was Vice-President of the Engineering and National Employers
Federation, and President of the Birmingham and District Engineering
EmployerssFederation.
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Sir Gilbert Vyle was knighted in 1928, and tlie further honour of K.B.E.
was conferred on liim in the New Year list of 1932 in recognition of his
services on many national and Government committces and also m the neld
of intemational and Imperial aSairs. Thus, he was a Government ndviser
at Geneva on import and oxport restrictions, and was one of three olhcial
industrial advisers to the United Kingdom delegation at the Ottawa Economie

He also had many business intercsts, being Director of Radiation, Ltd.,
tho Soho Automatic Machino Co., and the Soho Trust, and Chairman ot the
Birmingham Local Board of tho Phoenix Insurance Co., Ltd., and of messrs.
Avery and Hardall and Soutliwell and Smith.

He was an active member of the Birmingham Business Club, the -Bir-
mingham Kotary Club, and the Birmingham Business Houses Sports Asso-
ciation. He was also a member of tho Labour Advisory Committee of
Birmingham and Smethwick.

His interest in education was shown by the fact that he was at one time
Wardon of the Guild of Undergraduates and a life Goyernor of the TJnwersity
of Birmingham. He himself wrote many articles on trade finance, industrial
lerislation and organization, and educational and postat matters.

° Sir Gilbert Vyle was eleoted a member of the Institute of Metals on
September 17, 1921.
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