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INTRODUCTION

Precipitation hardening allovs has assumed a major
role in modern dav development of allbya.. In his search
for stronger, harder naterials, the metallurgist has often
been linmlted by the cost of metals which posses the necded
properties. Partially as a result of this limitation end
partially beeause of the non-existence of materials satise
£ring his requirements, the metallurgist has turned to heat
treatnent to obtain desired eharacteristics.

From the studies of various research men, preclpitation
hardening and work hardening have developed. lHeat treatiné A
technigue hes so improved that metallurgists ean now nagnify
meny properties far berond their ordinary vaslues. 3Both
metallurgists and phvsielsts have advanced theories to ex=-
plain the phenomena, and although most research men agree
on fundenentals, their detalled explanations are often con=-

flicting and misleading.

This thesis will not attenmplt 1o correlate the numerous
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theories on preeipitation hardening or work herdening, but
will merely list the main ideas necessary for background.
the main function of this paper is a rudimentary study of
eopper-indium allors and the effects of time, temperature,
and composition on their hardening properties in the alpha
or solid sclution state., In conjunction with this investi-'
gation some research has been initiated on recrystallization.
and grain growth of these seame allovs. =
Previous Work

Iittle infornation on age herdening of these perticular
alloys 1s availeble, this lack of information being due to »
the high‘cost of indium and the resulting reluctance of
industrr to experiment in this field. ZIwo German scientists,
Weibke and Eggers, have done conslderable work with this
systen. They determined a constitutional diagram by sapprozi-
nate XL-ray methods. Although VWilliem Hune-~Rothery later g
modified their diagram by more precise thermel analysis, aa

portion of the diagram conegrning the present work follows.
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Pige 1= Part of Copper-Indium Phase Diagran
In their determination of the copper-indium dissram Weibke
and kggers noted that the hardness of eopper ﬁas only slightl-
increased Ly the addition of indium. In t.eir work on age
hardenins thev found that the herdening effect incressed witb
the percentage of indium. They reheated the various homoe- 5

o . :
genized alloys at 200, 308 ana 400. At 200° thev noted »o
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herdening effeet up to 400 hours; at 500° end 100 hours.
these investigators obtained a maximum hardness four times
as great as that of the homogenized sa.mple.l
Hardness

The investigator of hardening properties must have &
knowledge of hardnessivand its measurement. Hardness mey
be defined as (1) the resistance to indentation, (2)
stiffness or temper of wrought produets, and (2) machinebility
oharaeteristics.2 These eare the princeipal nethods of ex-
plaining herdness, but they do not completelr satisfy all
possibilitiess "Colonel Martel defines hardness of metals
as the resistance to displacing the molecules at thé surface
unit volunee®

Actuallv hardness cannot be explained so-simply, es
it is dependent on many complex interatomic forces. Therefore,
an sctual measurenent of hardness cannot be expressed in
terms of the fundamental phyvsical untis of length, tine,

force, ond mass. Herdness has been divided into two nmajor

1. Weibke end Plcger, Precipitatlon liardening
in the System Copper-Indium and the Effect
of lickel and Cadmium on It, L.A. €0,7524.

2., Metals Hendbook, The American Soclety for
letals, 1040, -s 7e, Cleveland Ohio

2. Landau, D., Hardness, The Nitralloy
Corporation, 1945, lew Vork, Pe 1l4.
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fields, "static” hardness, measured br permanent
deformation of the tested material and related to the
elastic limit of the material, and "dynamic® hardness,

neasured in terms of elasticitv.

The Rockwell Harduess Tester employed in this investi-

gation actnally measures the permanent deformation produced
in the metal. A 10 kilogram load is first applied to the ;
metal to overcome anv, surface imperfeetions; then & najor
load 1s applied, the weight being dependent upon the
penetrator used. The major load is then femov¢d and the
difference in depth of the impressions of the major and
minor loads is registered in terms of hardness on the*-
appropriate scale.

Conversion of readings from one scale to another ié
difficult becanse the conditions for one method of testing
varv from the others. The only possible wav to translate
from one seale to another is by comparing readings of the
firat scale with reading of the seeond scale, such values
being obtained from identical material. #~ueh & material
mav not exist for comparison of the desired scales.?

4« Symposium on the Significance of the
3 ess test of letals 1in Helation to
Anerican Soclety for Lesting

Des;gn.
erials, 1943, Philadelphia. Pae
pp. 841-42
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HE ALLOVS

8ix slloys of different composition were cast fronm
indium donated b thé Consoiidated Mining and Smelting
Company of Canada and Anaconde wire bar copper, the
gpecimens ranging from @ to 18 per cent indium. Although
nd'chemical enalvses were run on the alloys, subsegquent
mieroscopic study of each samnple revealed very few oxide
inclusions.

To conserve indium the first alloﬁ east contained
18 per cent indium. A sample wes then cut from the botton
of the cast alloy, & bottom section being used to awoid
inclusions and insure homogenelty. Sufficient cbpper was
then added to the remainder of the first casting to obtain
e second alloy of 156 per cent indium, A second specimen
was then prepared. Thils process was repeated until gix
samples had been obtained, one each of 3,6,9,12,15, and 18
per ceht indium,.

A1l alloys were melted in a small induction furnace.
No flux was required in the melt. The mold was cut from
graphite and consisted of thres pleces clamped together.
The dimensions of the mold were approximately 8/g in. by

2 in. by 2 in.. The size of the samples eut from the casting
was 5/8 ine br 1/2 in. by 2 ine.
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Graphite liners were placed in the induction furnscce
and a graphlte mold was used to decrease the possibility
of oxidizing the copper. .All gpecimens were recduced 25
per cent in thickness br repeated passes through a seét of
hend rolls. The rolled nlloys were then heated to 600° ¢
for a period of three hours and guencheds 7This process
promoted recrvstallization, which in turn tendéd t0 homo=
genlze the samples. Lach sample was then cleaned of ozilde
coating and smoothed on oppesite side to provide a good
gurface for subseguent Rockwell B hariiness measurenents.

Jdetallographie Studies

A sample was cut from each of the homogenized soaples
for studv under the microsecope. After the allors hhd been
polished, they were etched with ammoniscal hydrogen peroxide.
fieroscopic studr revealed a single phase in all dbut one
alloy. The alloy containing 18 per cent indium revealed
the presence of & second phase. This second phase, however,
is probably beta and does uot give & true plcture of solid
solution hardening. Small amounts of impurities, probably
oxides, were revealed in the speclmens.

A sample of each alloy at 40 per cent reduction was
also mounted for studyv along with other samples which had
been heated at 200° ¢ and 500° ¢ for various lengths of
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time to study recrvstallization and grain gfowth. The
lack of a suilteble etching agent on some of the higher
indivm allove made the results of this investigation
rather ineonelusive., Some values were obtained for the
lower indium allors by using ammoniacal hvdrogen peroxide
or concentratéd gulphuric acid as the etehing reagent.
The grain sige of each of fhe specimens was then measured
by a micrometer erveplece for measuring graln size.

Effect of Increasing Indium on hoekwell B Hardness

Roekwell B hardness tests were run on all the
quenched,homogenized specimens. These teste showed an
inereasing hardness with inereasing amounts of alloving
elements (see page =9 ).. The eurve produced by plotting
‘atonie per cent indinm against Rockwell B hardness shows.
geveral irresularities.

Torburv explained this increased hardness as being due
o residual stresses set unp in the parent latiice by atons
of the sclute metal., In his work he found the indentation
hardness ingreased linearly with the atomle per cent of
alloving elenent, Horburylalso found thet the hordening
effect was directly proportional to the difference in atoule
radili of the solute stoms and solvent atoms. The stresses

gset up br sclute atoms opoose the disloeation qf the lattice

T’ 8
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of an alloy.

Grain size also influvences hardness,which lncreases
with decreasing grain size., ©Smaller grain size means a .
greater nuanber of crrstals. This presents a greéter
varietr of crvstal”orientétion and - therebyr increases
registance to deformation. The factor of different érain
size mar account for some of the variance in the hardness
ag atonic per cent indium curve. Because of the irregularity
of the enrve, comparison of the copper-indium allowvs in

g0lid sclution is difficult.

Work Hardening

After o snall section of each specimen hed been
removed for mounting and microscople study, thé alloys
were cut in half. One half was used for the study of cold-
working properties; the other half of each alloy was later
nsed in sge-hardening testse

Theory

jork hordening is the hardening of a netal bv cold
working. Cold working is defined as "deforming a netal
plastically at such a tenperature and rate that strain

hardening occurs." A metal which has been deformed bélow

-

5e Jdetals Handbook, Pe 7
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its elastic 1limit tends to retnrn to its original atonie
location in equilibrium with regards to its original latficc
structure. If a metal is strainel beyond its elastie
linlt, however, plastie deformgtion takes place by bloek
movement elong grain boundarics or suecessivels preferred
8lip planes of the grain. The most favorablr oriented
grains, those in which the gliding plenes are at an engle
of 45 degrees to the direction of egtrain, will undergo
deformetion £irste The degree of deforastion is linited
br surrounding greins in polgyerpstalline material. After
the first deformation, anu 1noréased load is necessary
for further deformation. As deformetion continues nore
and more slip planes are roteted into the planes of the
applied force until a preferred orientation results. Ihis
process may be continued until the ultimate strength is
reached and the specinen fractures.

The plastic deformation of the metal is accompanied
.br an increase in the hardness of the metal. Verious exe
planations offered as reasons for this phenomenoﬁ have
proved inadeguate. Following 1is a list emplanations oflered

for the mechenism of work hardening.

l. The shattering of the lattice forms a
large number of small crystalline blocks
whose slip plenes are out of line and
therefore prevent slip.

Schupsaintedy
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Results
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The preferred orientation of the grains
has been listed as a possibility for
work hardening, but this explanation

fails to explain the hardening up to

the 30 to 50 per cent deformation ree
quired for preferred orieantation.

The bending and roughening of slip planes
br elastic deformation cause frictional
resistance to slip.

Localized slip regilons have eurved ends
that hinder further slip.

The disreéistry of slip planes in normal
grains due to their "mosaie"” sitructure
ls increased with continued slip.

The caleulated strength of atomie bonds
would indicate that metals are much stronger
than measured values. Since imperfeetions
of mosaie strueture result in weak planes,
slip occurs first in the weakest planes

and as these planes work harden, deformation
takes place along stronger or more nearly
perfect planes. The liniting strength of
the work herdening is therefore that of

vhe theoretical lattice.

The amorphous cement theory proposes &
nonervstalline metal along grain boundaries
and slip planes formed by movement of planes
and grains. This amorphous material is
much havder than eryvstalline metal and in-
creages resistance to further derformation.
This theoryshas met with insurmountable
obJjestionse.

The first step in cold-working was the reduction of

2ll 6 samples 5 per cent in cross section by rolling. The

hardness of each specimen was then checked with the Rockwell

C. Jboan & Mahla, The Prineiples of Phrsicel letallure
MeGraw-Hill, 19

s New Vork.
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Hardness Lester. The sanples were reduced another

. & per cent and the hardness again ehecked. This pro-~

geédure was repeated several times until a totsl re-
duetion of about 40 per cent was obtained on all allovs.

The per cent reductlion was then plotted against Roekwell

B hardness.

A1l curves thus obtalned were sinmilerly shaped

although several irregnlarities were moted in some. Most

differences from regular curves may be attributed to errors

in making hardness tests. Because hand-rolls were used

for rolling the alloys, some seetions of each sample may
have been strained to a greater extent than the rest of

the samples fThis differential cold working mev have ine
fluenced the hardness readings to a sligh’ degree.

Values obtalned range from 81 ﬁoékwell B in g & pexr
cent indium allov at 40 per cent reduction to 22 hbckwell
C 1n an 18 per cent indium alloy at 40 per cent reduction.
With other methods a greater reduction might have been

obtained and subsequent higher values for the hardness.

Age Hardening

The procedure for the age heardening or precipitation
hardening was relatively simple. Iiach of the homogenized
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samples was placed into an elecfric furnace for a period
of time ranging from 10 minutes to 32 hours, remeved, and
qﬁenched. The operation necessitated a large nuamber of
samples because the process was repeated at 8000, ZOUO,'
4000 and 500°., Small samples used may have contributed
to errors in hardness measurements.,
.Theorv

: ~ A German scientist, Dr. Alfred Vilm discovered age
hardening about forty rears ago while he was working
with the allovw "duralumin".7 Since that time, numerous
theories have been advanced to explain this phenomehon.
In 1919, Merica, laltenberg and Scott offered the L£irst
explanation for age hardening. These investigaiors exe
plained the inecreased resistance to slip of age hardened
alloys as being due to the formation of a seeond phase
along the grain boundaries and slip planes of the alloy.

Subsequent investigators have since offered nany

theories elarifyving and changing the orginél explanation
of lMerica and his associates. lost of these dlscussions
are conflicting and add little in materiasl value to the

earliest theory. A great number of the modern proposals

i ¢ Hardeni of Jeldls, The American
soeiety for Metals, 1940, Clevelend, Ohio P.l

¥



depeﬁd on the foraation of one or more transition

phases between the solid solution and finsl disorete

perticles of the precipitates Conclusive evidence aup-

porting any single theorr is lacking, however, 5
- A necesserv requirenent for age hardening is o

decreasing solid solubilitr with decreasing temperaiure.-

This statement means that at & definite temperature an

- alloy of a gertain composltion of one phase onlys Hith

suitable heat trentaent a Sceond phase precipitates fronm
the so0lid solution. ihis preclpitate nay form either
preferenticallv at the aéain boundaries and the 8lip planeg
or generalls throughout the matrix, Despersion of the
precipitate depends on the type of heat treatuents 4
svaten with an equilibrian 41agram of the tvpe shown in
Pige 2 18 required for ege hardeninge To prepare an
age~hardened alloy, one msut first homogenize o sample

of the neecessarv oompbsitlon et an elevated tenperature
where only one phase exlsis, a process called solution
heat treatments ihe allovy is drastically quenched from
the elevated temperature to preserve the homogeneous
structure. At the quenched temperaiure the alloy is supes

saturated with respeet to the Sevond phases 0 age herden

g Age Hardening of Hotals Pe 848
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the allor, one must heat the éample to a temperature -
where both phases exist at eguilibrium and hold at this
témperaturc £or the reguiéred times After this trestuent,
the alloy is again cooled 1o room temperature. Ioth

tine and temperature of the heat treatment are determined
by the composition of the alloy and the properties reé-

quired.

Xt P

lemperatvre—

Concentralron %/5

£ige 2 ~ Diagram Showing Phase Relations for
Precipitation

Allovs of this trpe nmar be hoanogeneous at room
temperature but thermodrnenically unstables Thercfore,
when the allor is heated to & Ligher tenperature,
stabilization of the alloy tends to teke pleces If the
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free encrgy of the second phave is less than that of

the initiel polid solution, second phase growth is ene-
céhraged. The £irst phasc of growth found in the coppere
aluninum grsten is Guinier-Preston gones, nemed in honor

of their diacoverere.9 These counsist of very thin plates
of second phase agoregatess. The size of these platelets
depends-on the age hardening temperature snd their dianeters
‘range in coppere-aluninum ellers from less than 50A9 at

26° ¢ to 800 A° at 200° C.

Un further treatment according to Uassermann and
Weerts, a tetragonal'lattice appears ‘in the copper~sluninun
alloras, the lattice differing from the criginal structure.
With continned aging this transition lattice 1s finelly
transforned to the lattiee‘of the second phesees The
sequence of the precipitation mayr therefore be written:

latrix - Guinler-rreston zone -
transgition lattice -~ second phase.

This theory has been offered in axplanation Lex
low teuerature hardeninge Accordingly initial hardening
15 ceused by Guiniere-Preston zones, while further hardening

10

Ve
10« Jge uardeninb~ot detals, Pe 403
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is due %0 the formation of the transition lattice and
the second phase lattices These phases may overlap, but

the fact that they are foraed has been substantiated by
L-ray analvsis. :

Several assumpitions have been made fo explein the
mechanism bv which the precipitated pérticles strengthen
the matrix. Jeiffries and Archer's slip interference
theory states that the particles act as mechanical keys,.Fl
A second theorr is based on the deformation of the erystal
lattice in the area surrounding the preeipiteted particle.
This ddstortion inereases the resistence to slip.

Results

| The expected precipitation hardening in the alpha
phase of the copper~indium svsten definitely appears%in
the graphs (pps 21-26 ). The decreasing solubility of
the indium in copper with decreasing temperature prédieted
this precipitation hardening. Because the homogeniéing
tenperature was in excess of the maxinum solubility§
tenperature, precipitation in the high indium alloyé-oo-
curred from the alpha plus beta phase rather than f?om
nomogenized alpha alone. The effeet of this treatm?nt

- | e
JI., lever, Robert H., Qggineer&gg Physical
ifetallurgyr, D« We Naostrand COs, iNGe,
New York, 1939, P. 7l.

i
|
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upon the results is not kncwn, no attempt being made to
treat other specimens for eomparison. Probably the
difrerence would not be appreciable sinee the amount of
bets was small and mar possibly have been transformed to
anlpha before precipitation of delia begans

A definite age hardening wes evident in the alloye
eontaining froa 9-18 per cent lndiunm with maxinum hardens
ing resulting at EOCO C within the time limits enployed.
in the experimente. PFrecipitation hardening occurzed soconer
at the 400° and 500° temperstures, but the mexinum herdness
4n all alleys which precipitation hardened was found at
200% Cs At 200° ¢ no apprecisble hardening was notliceable,
althdﬁgh the possibilitry of such hardening at longer
annealing time cannot de rmled oute The age hardening
ecurves would lead one to belileve that the greatest hardness
\of all such alleys at 200° and 500° took place wiithin 22
hours, the maximunm time emploved in the annealing. At
=00° ¢ the meximum hardness was not definitelr obtained
for anv alloy but 6, which conteins all alpha even at rocn

temperatures and therefore should undergo nc precipitation

hardeninge.
Although many fluctuatlon of the precipitatlion

hardening ocurves may be atirivuted to errors in hardaness
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testing, the 200° curves for alloys 2, &, 4, ond possibly
& show & preliainary hardenings ZThis earlyr hardening may
be a result of transition phases prior to final precipie
tation of delta. Other curves do not show this stage but
the action mav be so rapld in these cases that the results
do not appear on the graphse

The curves for alloy 6 ( see p36 ) show no precipi-
tatlon hardening, but e definite hardening does ocour &t
o chort tine intervel, this hardening being greater at
lower temperatures. One possible explanation is that
weakening stresses are reﬁoved by the low temperature
amnealing, the process herdening rather than softening
the metals Repld grain growth at the highor temperaturcs
is shown by the rapid decrease in hurdness.

One nay ooholuae that within the limits of the ex~
perinent the oritical size and distribution of the precipie-
tated partieles for maximua hardness oceurs at 800° .

The maximum hardness reached was in alloy 1 which had a
hardnoes of 28+ Le at 16 hours.
Reczvstalllzation end Grain Growth

The study of recrrstallization ond grain crowth weg
made on the cold worked samples“reduced 40 ber cent in
cross sectional area by repeated passage through o set 63'
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hand rolls. These deformed alloys were ocut inte a
sufficient number of piecesito ennble specimens of all
%o be treated at 200° end 500° for times ranging up to

2 hours in an electilic furnaces On removal from the

furnace, they were mounted, polished and etched for

mieroscopie study and grain size determination,
Zheory '

A work herdened metal, although it has great hardness
and strength, is 1h & state of unstable egquilibriume
Distortion of the orystal latilce by cold working produces
areas in whichL the symmetry of the atom arrengement has
been disturbeds These dlsturbed zones heve aon excese of
energy over the normal errstal strueture. The greater
the distortion in an ares, the greater the excess encrgve

Leeovery - Three distinet processes occur on anneall
a metal, the firat of these operatioha being recovery. AXis
the temperature of the metal is ralsed, the residual
stresses in the deformed arcas are gradually rclieved.
This recoverr of the metal may be seperable iroa subseguent
recrvstallization, or the processes may overlaps The
relief of these residual stresses may be accompanied by

an incresse in hardness ond en improvement of magnetie,



électrical, and miscellaneous gropertlea.lz wecovery

is not the complete rellef of etress but o partial relicf.
Uhe explanation offered for recovery is the straightening
of bent planes and mending of nicroseopie eraseks and
regionslof high stress. Although phraleal propertics may
vary, there is no change in miecrostructure during the
fecovery operations

Lecrvstallization -~ After a cold-worked meisl has

‘been held at a suffieclently high temperature for a period
of time, the energy of the distorted areas incresses wuntil
i% 18 high enough to break down the distorted latiice and
form nuolei for stress-free orvstals.

Softening of the metal may be sharply defined et the
point of reerystallizetion 1f the materiel has not partislly
recovered previously. Grein growth msy extend the change
of strength end hardness propertiess The rate of ree
crystallization is determined by the rete of formation of
nuelei end the rate of grain growthe These two processes
continue simultancously until the euntire netal has a new

crvotal étruoture.

Inpurities which do not form solid sclutions seem to

12, detals Handbock 5. 261
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have a yvariasble influence upon reervotollization. One
generalization of somevhat doubtful nature stotes that
impurities have 1lltile effect ocn reervatallization
tenperatures, IHowever, in alluninua sllovs, such ine
purities, especially in o fine state of subdivision,

exert o powerful influence in raising the reeryvstallizetion
tenperature. solub}e impurities or alloving elements
definitely raisc thé recrrstallization temperature, the
effect of successive additions being less as the sclution
approsches saturation.

Four other factors determine the grain size after
reervetallization: (1) the amount of deformation, (2)
the annealing temperature, (&) the time at the anncaling
tenperature, and (4, the original grain sizee. Lete of
heating to reervstallization temperature and the tenpere
ature at which the original deformation is made are
varisbles having a lesser influence on recrvetallization.

tach factor may be evaludted from the viewpoigt of
the cmount of energy which it contributes to the crvstal
lattice. vhen the energy content of the deformed lattice
exoeeds o certain minimun value, reorystallization takes
plecee. Both deformation and temperature contrivute to

the nininun energy required for reoervstallization. If
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a few small arcus only have sufficient encrgr at a
given temperature, few nuclel will be formed and large
grains will result.

Grain Growth - On heating bevond the recrvstalllzation

point the new grains tend to growe ZThis fact is based on
fundanental phvesiesl theorr which stated that et a glven
temperature o body tends to approach its lowest energy
level, & condition characterized by a large grain sizee.
Under ideal conditions, thercfore, a metal would exist
as a single crysiels The opposing force, the rigidity
of the‘lattioe is in equilibrium with the tendency to
form a single orvstal wheon the maxisum grain size for
a egrtain tenperature has been attained. !ndissolved
inpurities cause & snell grain size at low temperatures
and o narrow temperafure range of extreme grain growthe
generally grain size and hardness are effected by

annealing teamperature cs shown in the following diagrans



Gram Srze
/?ecaver_y

H. ardness

Fig. T Effects of Kecerrstallizatign on
Herdness and Grain Size. ¢

Results of the reervstallization and gralin growih
8tudies are neither consistent nor easily interpreted.
Difficnlties in etching alloys of higher indium content
nade grain size measurenents impossible in some instencese
AV first this feilnre to £ind s suiltable etohing resgent
Was credited to the corrosion resistence of the‘alloy,

Mt further study established the probability that wide=
8pread precipitotion of delte fron the ccld-rolled alloy
nade the surface appear uniforaly dorks

The two temperatures used for recrvstallization

atudies were 200° ¢ and 500° Ce Since recrvstalllzation

and grain growth are usually nccompanied by a softening

[o—

12. The Principles of Physical etallurgr, P. 126




of a metal, the hardening of alloy 1l at 500° ¢ does not
gonform with expected behavior. If recrvstallization

does not take place, there should be no substantial dee-
crecse in hardness. A possible explanation is precipi-
tation hardehing or recovery. A major decrease in hardness
of alloy 1 at 500° indicates recrvstallization at less
than 74 minutes. Further decrease in hardness indicates
grain growth. .

Allcy 2 shows imoreasing grain size at 200° ¢
‘between 30 minutes and 60 minutes but hardness is not
materiallv affected. These eontr@@ictory results are
probably due to errors in estimating grein size. Grain
silze could not be measured at 500° C, but hardness
meagnrements show a definite softening before 7. ainutes
and further softening at longer times. Alloy & shows
a decreasing grain size at 300° C, & probeble error in
measuring grain size, since there 1is no material fluetiation
in hardness over the interval.

Mloys 4, 5, and 6 behave similarly to the others at
500° ¢; that is, they recrrstellize at short annealing
time with subsequent grain growth. From the graphs one
can see that no recrvstallization is apparent in alloyvs

4 and 6 at 200° ¢, and although recrrsiallization secms



indicated by grain size in elloy 9, hardness measure-
ments show no apparent change.

In summery the graphs show definite recrvsitallization
at 500° ¢ with short ennealing times. At 200° ¢ recrvg-
tallization is doubtful up to o period of 2 hours. Despite
indications of reervstallization in sone alloys, the fact
that low indium specimens showed no apparent grain growth
at 200° contradicts any indication of reervstallization in
allovs of higher indium content. This follows from the
geéneralization that inereasing the alloying component

tends to raise the temperature of recrvestallization.

Conelusions

Although no preeise guantitative resulté were '
obtained in this investigation, several genersl feats can
be stated as regards the hardening properties of the alpha
Phase of the copper-indium systenm

The solid solutions showed & definite increase in
hardness with increasing indium content. The herdness
increased rapidly at low indium content, but the rate of
hardening was less at higher indium contents. The hardness
of the specimen containing 18 per cent indium is not a true
alpha phase measurement because of improper homogenizing

temperatures and the resulting presence of o small cmount

ERT——



HEY

of beta, The measured hardness of each of these alloys
nar be bbtained from the graph.

The cold working of fhese hdmogenize& specinens to
a reduction of area of 40 per cent produced allovs range
ing from 8C to 100 koekwell B. Following is a table of

hardinesses of other cold-rolled eoppexr alloyvs for

comparison.l4
Alloy ¢ # Reduction Hardness
(Koekwell B)
70 Cu 30 Ni 50 87
80 Cu 20 Ni 50 : 82
95419 Cu 4,66 AL - 40 20
88.82 cu 10.02 Al 10 a7
91le44 Cu 7450 Sn &0 95
80 Cu 20 2n 44 a7

Recrvstallization studies of this cold-worked metal
proved unsatisfactory. From the data.obtained, however,
one gan assume that reervstallization occurs for the 40
per ecent deformed allovs between 300° end 5000 Ce INo
8tudy of the effeet of prior grain size on the recrvs-
tellizaetion was attempted.

The major studvw 1nvolving'are hardening produced
insufficient results for anr sweeping conclusions. The
best temperature_for maniaum precipgitation hardening oecurs

in the neighborhood of ZOOO Ce Lesults indlcte that

14, Wilkins and Bunn, Copper and Copper-bese
alloys, I/leGraw=-Hill, 194, N.7.



naximum hardness lies far beyond the eging time of 22
“:hours,emploved in the test.

- The preceding paragragraphs suamarize the results of
the investigation conerning alpha phase hardening and heat
treating properties of copper-indium allovs. Better
controlled operations and temperatures might have produced
more valuable resulils, although present data indicates
trends and may marrow further investigation. Increased
tine of'pﬁeoipitation herdening at 200° is necessary to
find the maximum obtainable hardness. Studies in combined
age hardening‘and gold working nmight instrﬁment.the dige
covery of harder copper-indium alloys, es shown by alloy
1 in the recrystallization data. ok

The eolor of alpha phase copper~-indium alloys renged
from that of copper to a light bronze. The corrosion
resistance of copper 1ls lncreased by the addition of
indiun also. This property was evident from the difficulty
found in ebching some of the higher indium alloys.

The alloys are of no preaetical value at bresent,
their limitations resulting meinly from' the high cost and
seareity of indium and the faet that other elloys of
copper having sinilar properties"are'cheapef;‘
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