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STRENGTHENING EFTECTS OF SPINODAL DECOMPOSITION IN
GOLD-PLATINUM ALLOYS AND THE KINETICS OF THE REACTION

Ray Warren Carpenter
Inorganic Mzterials Research Division, Lawrence Radiation Laboratory,

Department of Mineral Teciinology, College of Lngineering,
University of California, Berkeley, California

ABSTRACT
January 1966

tress—;train characteristics, fracture, and reaction kinetics of
two gold-platinum alloys in various stages of spincdal decompbsition
have been experimentaliy investigated. The size of the‘struqtural modula- .
tions produced by spinodai décomposition ranged from about 20 to MO‘
lattice constants and the‘reagtion rate tihe dependence followed a law‘
similaxr to those derived to represent the cpalescénce of spheres. The

temperature dependence of the reaction rate égreed well. with that of

chemical diffusion in this alloy system. It was found that spinodally

‘hardened alloys had a very high work-hardening ratGQ the yield strength

increased upon decomposition, and the alloys were embrittled by this
reaction, fracture occurring through the grain boundaries. A theory was

proposed to explain the high work-hardening r}te,band the brittle grain

boundary fracture.was atiributed to precipitetion at the grain-boundaries

~

of soft, incoherent grains of the equilibrium phases.
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A. INTRODUCTION

The principalvbbjectives of this investigati-n were the éxperimental
determination of the effects ol :pinodal decomposi icn on the mechanical
p#operties of'cértain alloyn, and the temperature dependence of the re-
action rate. The decomposition of a solid solution by the process called
"spinodal" is a special form of solid state precipitatioﬁ reaction. Since
the conceﬁt is not well known, a brief desc?iption will be given herein.

' The term "spinodal" is of thermodynamic brigin, and for a binary

2
alloy denotes the points Xi.(i=1,2) at which g—g-: 0 on a (Gibbs) free
X5

energy-composition diagram for fixed temperature. This is schematically
illustrafed in Fig. 1 for the gold=-platinum system. The solid curve
shown in the bottom portion of the figure represents the free;energy of
the metastable‘superéaturated solid solution aé a function of composition
at the temperature T,. The boundaries of the two phase field (ai +'0é) |
at Ti on éhe phase didgram are given by the intersections of the common
tangent with.the matastable solution free energy curve. The spinodal

are given by the inflexion points of the free-energy curve

1
and are marked by the innermost pair of vertical dotted lines fram the

free=energy curve up to the Tl line on the phase.diagram, The dotted

lines within the ai'+»aé field boundaries on the phase diagram mark the

locus of spinodal points for all temperatures where the al + aé phase
field exists.

| The éignificanee of the spinodal curvé for precipitation reactions
éan be seen by considering a- +'a2 precipitation'reactiqns for‘alloys
with average compositions ingide and outside the spinodal region of the

| .
diagram. For example, -consider an ¢ alloy of average composition A,



D-

cooled to Tl where the o solution is unstable. It is usually assumed that
a precipitation reaction begins with local composition fluctuations within

- the & solution; when such a fluctuation occurs in the alloy A the com-
}{ifppsition ?f_the now segregated metastable solution is represenﬁed by a
ﬁéhbrd on the metastable‘free-energy curve connecting the composition points
of»the fluctuation. ' The figure shows the chord lies below the curve; this
'  15 a consequence of the downward coﬁcavity betwéen the spinodal points.
Thus any small fluctuation for an alioy of average composition between
the spiﬁodal points will cause a decrease of the metastable solution free
energy ahd is stable. On the other hand, the same type fluctuation in an
alloy o%_average composition B, where B is betwéen either df the spinodal
points_aﬁd the two phase field boundary, will cause an iﬁcreasevin free
energy because ‘the free energy curve is concave upward in.these regions;
then‘thé_fluctuation is unstable and will tend té:disappear (see B on freé
energy diagram of Fig. 1).  The concept of spinodal decoﬁposition is
clearly thatyéf homogeneous nucleation (i.e., no thermal activation is
required) of precipitate in the solid state, within the spinodal region
of,the"twd phase field. This concept was apparently first applied td
'solid state precipitation by‘Borelius.l’2 |

The approach taken by Borelius iSvelegant‘fqr its simplicity and

.clarity but it is strictly qualitative and gives no information on the
type of structuré to be expected., More recently,‘Hillert3 and Cahnu’s
have developed thermédynamic treatments of the transformation that allow
structural predictions. Hillert approached the problem by considering
changes in soiution free energy accompanying composition fluctuations in

a single crystallogréphic direction in the unstable solid solution (i.e.,

at a tembéréture‘within the oy + (, phase field), also accounting for the
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~and Lipson, H’argreaves,9 and Hillert. et al.
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-effect of éurfaée energy resulting from the composition fluctions. - He
was able_to'show anaLytically‘that the activation energy barrier for

‘. mucleation was very lbﬁjthroughout the two phasé regions and disappeared

completély ih the viciﬁity éf the .spinodal lines; surface.energy prevents
the decomﬁosition ffom occurring én‘too fine a scale. Using the deriva-
tive with respeét to:posiﬁion in the lattice of his free energy expression,
Hillert‘defined a diffusion equatioﬁ for the growth of the structure re=-
sulting from spinodal dgcomposition. The solutions to this equation for
small éomposition flucﬁuations"are periodic, leading tb a wave~like dis~-
tribution of fine coherent precipitate miclei fhroughout the volume of

solution. Cahn's theoretical treatment uses basically the same approach,

-however, he included a term in the free energy equation to account for the

" elastic strain energy due to coherency of the "nuclei with the_ihitial'

matrix and restricted the treatment to infinitesimal composition fluctua-~
tions. This restriction allowed the extension of the treatment to three

¢

dimensional composition fluctions. This treatment alsoc gives a periodic
distribution of the growth centers of the equilibrium phases. The inclu-
sion of strain energy modifies the spinodal curve, requiring a greater

thermodynamic driving force to cause the spinodal reaction in the pfesence

of strain energy, but does not change the predicted precipitate mofphology.

" Both Cahn and Hillert's theory are mathematically complex. They will~hot

be dealt with in detail here, but the results will be used when convenient.
. The crysfallographic changes occurring during spinodal decomposition

have been investigated by x-ray diffraction in the gold-platinum system

- by Tiedema, et al.6 and Van der Tooi‘n7 and in the Fe-Cu~Ni?éystem_by Daniel

10 An unmusual x-ray diffrace

- tion effect bermed "sidebands" was observed on Debye=-Scherrer photographs
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accompanying changes in the stress-strain behavior of the alloys were
correlated with A. The Au-Pt system was chosen because it has the largest
difference in constituent atom sizes of any known spinodal system12 and - )

thus the changes in mechanical properties should be large.

‘B. EXPERIMENTAIL METHODS

1. Alloy Specimen Preparation . é

A1l specimens ﬁsed for tensile and diffraction experiments were in |
the form of 0.020 inch diameter wirés. The wires were made* from ingots 5
which were induction melted in zirconium silicate crucibles. The atmos= :
phere‘during all melting and fabrication was air. After melting the
alloys were cast directly into graphite molds for solidification and then
water quenched as quickly as.possible. Ingot size was 5/8-inch diameter
and 5 inches long. Prior to fabrication the alloys were annealéd at )
900°C and then cold‘swaged to l/lO-inch in diameter. The wires were cold
‘drawn to final diaméter, with appropriate intermediate annealing.

Spectrographic analysis for metallic impurities (semi-quantitative)

*x .
done by two different laboratories showed the major contaminants to be

Rh (< .04%), Pd (< .OT%), Fe (< .O4%); all others less than 0.01%. Par=

ticular attention was given to siligon concentration. One investigator
gave thé silicon concentration as 0.0005%, the other was unable to detect  _.
silicon. |

Gravimetric chemiéal analysis was carried out on the alloys to deter=-

mine gold concentration, platinum being obtained by difference. The

!
i
i
|
|
i
S
1
|

= .
Alloy melting and fabrication into wires was done by Englehard Industries,
Inc., New Jersey. :

**

American Spectrographic Laboratories, San Francisco and Englehard Industries,

Inc.
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results were 20,00 * 0.0l wt-% Au in the 20-80 alloy and 60.585 % ,005 wt-%

- in the 60-L40 alloy.

2. Specimen Heat Treatment

Tensile specimens were homogenized by resistance heating using a
direct current power supply. The expefimental arrangement is shown in
Fig. 2. The hqmogenization treatment was terminated by quenching with room
temperature heliﬁm gas. The.coppef'quench tubes shown in the figure were
connected to two solenoid operated vacuum type gate vaives on a helium
reservoir tank maintained at about 13 psig. The inlet solenoid valve
was opened at the samé time the heating current was turned off and after a-
present time the outlét valve opened fo prevént too large a pressure rise

in the bell jar. With both valves open the steady state helium pressure

was about 7 psig. All homogenization treatments were conducted at a pressure

of i atm in argon. Temperature was measured during hémOgenization using a
Leeds and Northrup disappearing filament optical pyrometer. VSince spectral
emitfance of a metal is‘dependent upon the condition of the heafed surface
as weil as the metal itself_this correction faétor was measur;d directly.

A platinum/platinum-10% rhodiﬁm thermocouple was spot welded directly on ™
the specimen at approximately the center boint of the 3.25 inch lengﬁh. The

thermocouple wires were 0.002 inch diameter to minimize error due to con-

duction loss down the thermocouple wires. The specimen was then heated to a

‘steady, predetermined temperature and the temperaﬁure was measured simul-

taneously with the thermocduple and optical pyrometer. This was done for
both the 60-40 and 20-80 specimens over the true temperature range 921 to
10h86C. The emittance value found was 0.37 £ 0.02 at a wavelength

. o - . .
of 6500A. The uncertainty in the temperature measurement with the optical -
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Hr'pyrometer, whrch was callbratod by the Radlatron Laboratorj 1nsfrument
"‘shop, dis £ 5 C. Thls emlttance‘value is a system parameter because it o ) ;‘
o was measured through the pyrex bell Jjar; no»calibratioﬁs were made for Lo
f'glass absorptlon of the emltted radratlon.
Temperature-gradlentsralong the sample length were mnasured uéing a

' treversing deﬁiee forvthe'opticel pyrometer. With the eenter point of

bthe spec1men at 1220° C, the 1omperafure 1 inch above-andll iﬁch'below
.b were w1th1n 8 C of l?20°0 wh]Ch is w1th1n l% The gage 1ength of the

‘tensile specimens is the_central 1 inch; the teﬁperature distribution . _ \ |
._‘over'this )ectlon was isothermal, within the exporlmhnfa] uncertalnfy. |

'Ieothermal aging heat treatments were carried Qﬁt by immcrsing the

'sﬁecihen in a molten_salt bath (a mixture of sodium'nitrite and sodium

nitrate) for the required’time-temperature cycles. ‘Salt-bath temperature o E

S was measured by a chromel =alumel thermocouple connected to a pnriable |
vv’pofentlometer of * 0.01 mllllvolt sensitivity (0.25°C). All furnace
control and temperature monltorlnp thermocouples were checked for proper , o
vvoltage output at 100°C agalnst a mercury in glaso thermometer. Maximum |
. dlfference noted was less than 2°C. The salt bath was contained in an

. open toé eylindrical-pot about‘lOAincﬁes deep and 2.5 inchesvip diameter;
the temperéture gradient.withiﬁ the saltvfrom 1/2;incﬁ beleﬁ the surfaceﬂ
tefaﬁdepﬁhlof'h;ﬁ inches was found to'be.about 3°C using ‘a therﬁecouple v
._’Prébe and ;;he; bath vter»nperature; os.jﬁlla,tad + 2‘0 :a.round the set point
- fémﬁeraﬁﬁre'auriﬁgrthe'éging experiments. The aglng temperatures are
Ap:con81dered to be accurate within * L 3°C: of the qpec1f1ed value, except B o ,',

, for times longer than 12 hrs. For long aglng_treatments the uncertaintyv ' _ i i'.'

“is * 10°C. because of fﬁrnace drift overnight.,




o

e

3.' Tehsilé Tests

Because of the limited ductility found in aged specimens it was
necessary to devise a gripping technique that would not deform the wires

at the points of contact. The grips developed are shown disassenbled,

' with the aiignment Jig in Fig. 3. The small diameter stainless steel
‘fgrip tubes were 0.093 in 0.D.x 0,023 in I.D.x 1.25 inches long with
‘steel snap rith'fittedlto the outer ends. The brass grips were drilled

and broached to provide a slip fit with the tube. The tensile specimens,

3,25 inches in total length, were fastened inside the stainless steel

i grip tubes using an epoxy resinj the gripped length was approximately
f778 inch oﬁ each end.i-Tﬂe free span between brass grips was 1.5 inches.
‘The7assembled fenéile specimen and pgrip assembly was placed in the aluminum
.élignmenﬁrjig;'as showﬁ‘in Fié. 3, before the resin was cured. With the
'alignment Jjig fastened shut,‘so that the whole specimen-grip assembly was
‘a rigid unit, the resin was cured at’60°C. The alignment jig was not

removed until the specimen was in the tensile machine, with a slight

preload applied.'

Tensile tests were made in an Instron constant strain-rate testing

'machine.‘ All tests were run at a constant Strain rate of 0.005 inches -
per minute._‘Thé eloﬁgation was measured directly, using the central inch

»of the free span of the spec1men as a gage length, by attachment of an

electrical’ extensometer (Instron model No.:G-51-11 , sensitivity 5X10 5inc}))

: dlrectly on the wire.. The experlmental results were dlsplayed directly

as a load~-strain curve on an'X-Y recqrdef. A special alignment device

... (Riehle No. 86781 ") was used in the load train directly above the

upper specimen grip to minimize the effect of any bending moments in the

grip specimen assembly. This device functioned as a set of crossed knife
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‘acdééslﬁith'iéver arms é%fending out 7 inches from the load train axis at
 90° inferVals. Bénding:momenﬁs were measured by linear differential
'ftrénsformers atlthe'ends of the lever arms and a null-balance circuit
and rémo&ed from the load.traiﬁ by adjusting the knife edges until the

“transducers indicated zero net moment.

L. XeRay Diffraction Measurements

All diffréctidn pictures wefe taken with  114.6 em diameter Debye-
. Scherrer cameras; nickél filtered copper radiation'was.used.. The 0.020
“inch diaﬁeter aged tensile speéiméns were photographed in a camera suitably
modified to accept specimens of this length. Sideband measuremenﬁs for
rSfudy of reaction kinetics were made on shorter lengths of wire,

JTattice constants determin?d for the alloys in the homogenized aﬁd

i

- quenched condition are:

Alloy (Au~Pt) o aé, A _ Number of specimens
' ' examined
60-40 4,015 t .001 5
20-80 3,954 * 001 b

The lattice constants reported for these alloys by Darling, et al. are

4,012 * ,001A and 3.958 * .003A for the 60+wL0 and 20-80 alloys, respectively.

- Each of these values is the result of two determimations. To investigate
this discrepancy'the‘surfaée'of several wires of each composition was etched

"and rephotographed several times. It was found that the lattice constant of

the 60-L0 alloy was ab?ut 4.013A in the unetched cdndition; it increased to

4,015 * .001 after the first etch and remained at this value thereafter,
indicating surfacé'gnld_depletion dnring homogenization {the lattice con=-
‘stant of pure goid is iarger than that of pure platinum). The etching

~ treatments on the 20-80 al]oys did not show this effect, within the
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experimental limits. Since the effect was found in one of the alloys,

all specimens were etched before diffraction examination. In addition,

several specimens subjected to repeated aging in the molten salt bath were

etched and rephotographed between aging treatments to determine whether
the salt was responsible for any effects attributed to spinodal reaction;
No changes caused by reaction with the salt were found.' This is considered

sufficient evidence that the reaction is not confined to the specimen's

surface.

5e ‘Metallographic Technique

Specimens were mounted in an epoxy resin that would satisfactorily

cure at 60°C. The resistance of a quenched 60-40 specimen was monitored
; q [

for 2k hours at 60°C and no change was observed. It was concluded that

significant room temperature aging does not occur in these alldyé."PoliShing

" was done in the usual way, using chromic oxide, or aluminum oxide, as the

final polishing abrasive. The specimens were electrolytically etched in

an aqueous solution consisting of 90% distilled water and 10% saturated
KCN(aq) solution. The current deénsity and time were variable depending on’
whether the primary interest was grain boundary detail or the grains them=-

selves.

6.‘ Microhardness Measurements

. "Hardness of grains and grain boundary regions of wires mounted with

“the cylindrical axes horizontal and polished (and etched)_to‘gife a. flat

* plane of width slightly less than the wire dismeter were measured with a

Leitz Miniload Hardness Tester. A 25 gram load and Vickers pyramid ine

denter were used for all measurements.
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C. EXPERIMENTAL RESULTS

l. X~Ray Diffraction Measurements of the Structure

During Spinodal Decomposition

The structure of alloys containing 60% Au-L0% Pt and 20% Au-80% Pt
‘as a function of isothermal annealing time was calculated from measure-
" ments of sideband spacing on Debye=Scherrer photographs using the Daniel=
Lipson relation given above (Fq. (1) )= Investigations were made for the
two alloys at three teﬁperatures: 602, 552, and 502°C. Figures La, b and
Figs. 5a, b show:Debye-Scherrer films of the 2080 and 607h0 compositions
aged for increasing times at 602°C., respectively (films for aging exe=
periments at other temperatures are compiled in Appendix B). Neither
alloy in the homogeﬁized and quenched state shows evidence of diffuse
scattering. Weak, diffuse sidebands first appeared after one minute :aging
treatment and gain intensity and definition with aging time, The angular
displacement between sidebands and the parent Bragg reflection decreases

with increasing time, indicating an apparént wavelength growth. All:
meésufements of sideband spacing relative to the p;rent Bragg lines were
made on the (200) aﬂd (220) lines. This minimizes the uncertainty in
sidebénd position-résulting from'resolution;of the Ka doublet at higher
angles. The average wavelengths.calculated.are given in tabular form in

Tables I and II and shown in Figs. 6 and 7. It can be :seen that in all

cases where short annealing times were investigated the slope of the

curve decreases to a lower value than the central portion of the curve, —

which is linear, and at long annealing times the slope begins to increase.

Referring to Figs. ha, b and Figs. 5a, b, the relatively flat portion of

the curve occurs when the sideband intensity is weak and most diffuse,

=




Table I.

13-

. Average Wavelength vs Aging Time for 20 Au-80 Pt Alloys
(Wavelength in Lattice Constants)

Agetime (min) M0 Moo Comments
30 Sidebands present but
not measureable
120 16 =3 19 3
300 18 20
600 22 - ok
900 %0 2%
1200 . 25 32 Low angle sideband
' replaced by streaks.
Aged at 552°C
10 15 1h.0
30 17 15
60 20 21
180 28 27 Low angle sideband
: ' " intensity low
300 35 36 Low angle sideband
: replaced by streaks
Aged at 602°C
1 15.6 sidebands very diffuse
3 16 17 -
9 19 19
12 20 22
15 2% ol
18 ol 2L
21 2L 25
24 26 26
27 27 26
. 60 35 38 -
90 L8 Lo Low angle sideband

replaced by streéak




‘Table II:

~1h-

Average Wavelength vs Aging Time for 60 Au-lOPt Alloys

(Wa?elength in Lattice Constants)

Agetime (min) Moo Moo Comment s
120 18 - .
300 23 21
480 2k 2% -
600 26 2l
905 30 26
- 1200 3L 28
Aged at 550°C
10 17 15-
30 20 19
60 23 22
180 30 27
300 3L 30
Aged at 602°C
1 -- -- Sidebands present;. too
undefined to measure.
3 21 20
9 2% 22
12 ok 23
15 25 22
18 28 23
21 26 26
ob . 26 27
27 27 27
60 32 35
90 Lo 35 High angle sideband  _ .

replaced by streaks.
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and the linear portion to an intermediate stagé where sideband intensity

is greater and the bands are more well defined. The measurements of side-

;bdnd.position for the calculation of wavelengths were made at the intensity

- maximum within the sideband. In the later stages of reaction the low ahgle

sideband for 20-80 alloys‘and high angle sideband for 60-40 alloys haye'beén'
replaced by streaks, but the conjugate sideband is still present in each
case. This stage of the reaction corresponds to the increase in slope_of. 
the\growth curves, Figs. EOAand 21l. The two sidebands of a pair also show’
an ésymmetric intensity disfribution. The linear section of each curve

has been assumed to represent a steédy-state reaction rate in each case,

and an equation to fit this section of each curve has been calculated by

the method of least squares and.are tabulated in Table ITI.

Table ITI. 'Equations for Steady State Spinodal Reaction
* Rate in Gold-~Platinum Alloys.

Aging Temperature v .Equation
60% Au-40% Pt
502°C log A = 0.21 log t + 0.81"
552°C ‘log A = 0.20 log t + 1.00
602°C ‘ log A = 0.22 log t + 1.13
20% Au-80% Pt
1502°C ’ log A = 0.32 log t + 0.U47
552°¢C log A = 0.30 log t + O0.77
602°C : L log A = 0.32 log t + 0.98

Units: A in lattice constants

t in minutes
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2. Mechanical Properties

The stress-strain characteristics of alloys containing 60% Au-4LO% Pt

quenched and aged at 510°C are shown in Fig. 8. Mechanical property

e

meésurements for other specimens aged at 510°C for successively longer
times are given in Table IV. The stress-strain curves for these tests i
are included in Appendix A.

The most pronounced change accompanying aging was the large increase
in work hardening rate and the abrupt decrease in plastic strain evident
from the beginning of the precipitation reaction. The initial yield point

increases by about 2% during the first one-half hour of aging and approaches

a constant value aboﬁt 50% higher than the homogeneous quenched alloy after
5 hours at 5lO?C. Aﬁother group of specimens was aged at L410°C to investi-
gate mechanical properﬁy changes at earlier stages of the reaction. The
results obtained are given in;Table V and characteristic stress-strainv
curves for various stages of the reaction are shown in Fig. 9. (Allkstress-:
strain curves for this aging temperature are included in Appendix A.) The
work hardening gates for these curves at small plastic strain, show a
gradual iﬁcrease with aging time and the other general characteristics are

the same as those observed at 510°C. The work hardening rate, which is

defined as the slope of the stress-strain curve, was calculated graphicallj
fbr all stress?éfrain curves at a plastic strain of 2.5x10_3a4 The selection

of this value is arbitrary; it was chosen because it is the largeét plastic | "
strain allowing thé calculation of do/de before fracture for all the cur?és e
and the slopes of the curves hecome increésingly different at increasing o ;

strains. The results of these calculations are given in Table VI; they show

a gradual increase in do/de for the specimens aged at 410°C and a less well
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Table IV. Mechanical Property Measurements for 60% Au-40% Pt
Alloys Aged at 510°C
Aging Time E % PL  FRAC Elastic- Plastic
Hrs. 10 . -5 . -3 Strain Strain
. psi 10 si 10 si
P P X 10° X 100
0¥ 21.6 7h 121 3.043 32.3
0.5 20.5 95 160 4,62 L.20
1% 19.2 96 162 5.03 L.05
5% 20.9 110 - 161 5.29 2.65
10% 21,4 110 169 5.19 2.98
. 20% 21.1 110 169 5.24 3.02
97.5% 21.6 109 166 5.09 2.98
E = Young's Modulus
PL = Initial yield point on stress-strain curve (proportional limit)

FRAC = Engineering fracture -stress

* = Denotes average values for duplicate specimens
Table V. Mechanical Property Measurements for 60% Au-40% Pt
Alloys Aged at L10°C.
‘Aging Time E ;6 . PL FRAC Elastic Plastic
Hrs. 10 psi lO'5psi 10-2psi Strain Strain
' X 105 X1
0% 21.6 -7k 121 3.43 32.3
5 20.6 . 96 150 L.68 5.57
10 22.0 96 155 k.37 - k.80
Lo 21.0 111 167 5.28 3.90
200% 20.8 102" 160 k.90 3.0k
E = Young's Modulus
PL° = Initial yield point on stress-strain curve (proportional limit)
FRAC . = Engineering fracture stress

* = Denotes average values for duplicate specimens
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Table VI. Work Hardening Rates of 60% Au- 40% Pt Alloys

Measured at plastic = 2.5 X lO-5 for Various
Aging Times and Temperatures. : ' "
Age Temperature Age Time do/de ;
(°c) hours (psi) X lO-6 .
o% ‘ 0 4.8 (homogenized and
_ quenched specimens)

410 5 - 10.1
L10 10 12.0
L10 ? Lo 1.k
L1o* 200 17.6
510 0.5 16.4
510 1 15.8
510 , 5 19.0
510% | 10 18.3
510% 1 20 18.6
510% 97.5 17.7

* o, .
Average values for duplicate specimens.

defined increéée fof those aged at 510°C. The work-hardening rate of the“
flat portion of the stress-strain curve for the homogenized and quenched
‘ .
specimens was about l.MXlO6 psi or 0.05 E, where E = 21 * 1x106psi, the
average value for all 60% Au-40% Pt specimens tested. The work hardening
rateéﬁat‘a plastic stréin equal to 2.5x10-3_range from abdut 0.2E in the
case of the homogenized and quenched specimens up to a constant value of
‘about 0.85 E. The average value of Young's modulus for all séecimens ¥
tested is 21 % 1x106 psi.

A number of tensile tests were conducted on quenched specimens of the

20Au-80Pt alloy. This alloy always fractured while still in the elastic
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region of the stress-strain curve. Fracture strengths were generaily

about 130,000 psi. ©No further mechanical properties tests were carried

out on this alloy.

' 3. Metallographic Structure

The fractures occurrihg in the tensile specimens were examined optice.
ally. All fractures other than thoée in the homogenized and quenched
60 Au-Lo Pt specimens were found to occur in thé grain boundaries. The
homogenized and quenched specimen fractured by ductile shear, as shown

in Figs. 10 and 11. Figures 12, 13 and 1l are characteristic fractures

of 60-40 alloys aged at 510°C for 1, 10 and 20 hours, respectively. A

low magnification photograph of a characteristic fracture of the homo-

genized and quencheq 20% Au-8o% Pt allys is shown in Fig. 15. The'surface
irregularity of the fractures precludes high.nagnification views of the
entire‘fractured surface, but single grain boundaries can be photographed
with reasonable qlarity, Figure 16 shows éne side of a grain boundary :
fracture surface of a 60-40 épecimen aged 10 hours at 510°C; precipitate
én the fracture surface is clearly visible. A similar micrograph of a

60-40 alloy aged 200 hrs. at_hlo°q and fractured is shown in Fig. 17.

}Grain boundary precipitation occurs in both the 60-40 and 20-80 alloys

during quenching from the homogenization temperature as shown in Figs. 18,
19a, 'and 19b, respectively. Figures 20 and 21 show the further growth of
the phases forming at the grain boundary after aging a 60-40 alloy for
25 andw97.5 hours at 510°C, respectively.

An optical examination to determine the presence of slip,withih grains
was made on the surface 6? tenszile specimens wﬂich had been electro-polishedg

before testing. Tipures 22, 23, 2l and 25 show grain surfaces on the cylin-

drical'specimen surface, of' a specimen that had been aged for 1.l hours at
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510°C. About one-third of the grains showed observable slip lines as
shown in Figs. 22 and 23, however, observation of multiple slip was quite
rare. The slipped grains were randomly distributed over the polished
section, which was the central one-half inch of the gage section. Grains
of the same specimen not having optically observable slip lines are shown
in Fig. 2&. Near the fracture, which occurred at one end of the polished
section, rather coarse slip bands wére observed within the grains. An
examp le of‘this is shown in Fig. 25; coarse slip of this nature was not
observed exéept in grains on the fracture surface.

Figure 26 shows coarse slip bands on a polished specimen that was
tensile tested to fracture in the quenched condition. §Slip bands of
this éppéarance were observed in all grains in the polished region of

the specimen.

d

©
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D. DISCUSSION OF EXPERIMENTAL RESULTS

1. Structuraerhanges and the Work~-Hardening Rate

The changes observed in the diffraction patterns during the sideband

stages of the reaction agree quite well with previous x-ray investigations

of the Au-Pt system.6’7 Tiedema. et al6 have shown that the intensity

asymmetry evident in the sideband photographs is due fo different amounts

of the precipitating phases present in the alloy; their calculations

showed that the intensity ratio between two symmetric (with respect to

position) sidebands was in reasonable agreement with the amounts to the

15

ﬁWo phases present at equilibrium, as determined from the phase diagram.
For the 20-80 alloy, in which the Pt=-rich phase is the major constituent
at equilibrium, the high angle sideband is the most intense, since the
Pt-rich modulation has a smaller lattice pafameter than the quenched
solution or the Au~rich equilibrium phase; from the Bragg relation it
should be présent at a higher angle. The converse holds true for the
60-40 alloy. The streaking which occurs in the x-ray photographs when
thg least intense sideband disappears has been observed by Tiedema, et ai.u
iﬁ a 20 Au-80 Pt single crystal after annealing for 1 hour at 600‘0, and 7 <f

has been attributed to thin plates of the ewilibrium incoherent precipi-

tate. Iater, van der Toorn showed by diffraction analysis that these

streaks result from thin plates of precipitate; the habit plane is {100}.

The present x-ray data shows A to increase by a factor of about two from

an initial value of 16 to 17 unit cell distances (ao). There is a slightly -

greater increase before the loss of the least intense sideband in the 20-80

. » ) 6 .
alloys than in the 60-40 alloys. ' Tiedema et al. has calculated that

A= 2055g§-for an 20 Au-80 Pt single cyrstal aged 15 minuted at 600°C.
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This is in very good agreement with the present data where A = 23.5a0
for a polycrystallihe alloy aged under the same experimentil conditions.

The gradual sharpening of the sidebands as the aging reaction pro-
'gresses has béen{noted in previous ihvestigations of both Au~Pt and
Fe-Cu-Ni systems; if is attributed to a spectrum of wavelengths present
in thevalloy which becomes continually smaller as aging progresses, the -
calculated values representing the éverage wavelength of the structure.

The lattice constant calculated from the main Bragg lines was found to
be constant in the sideband stage of the reaction which is in agreement
wiﬁh earlier investigations.

The most unusual mechanical property characteristic observed in the
pregent work is the very high work hardening rate, which occurs early in
the éging treatments at 510 ¥. A theory to explain this effect has been
presented by Parker, Carpenter, and Zackay.ih The structural model assumed
for thé theory is the one developed from the x-ray data: during the side~
band stage of spinodal decomposition, the unstable fece solution has a"
'modulatedbiattice pérameter along the three cube axis directions.

Before ‘describing this theory it is worthwhile to point out the reasons
wﬂy no éonventional structural age hardeniﬁg mechanism can be appiied to this
_ spinodal sysfem. |
Theoretical treatments of the deformation characteristics of age harden-

ing alloys can be conveniently divided into two groups:

l), Theories that consider hard particles dispersed within a relatively

ductile matrix exemplified by the work of Orowan15 and that of Fisher, Hart,

and Pry.l6 ‘This model assumes that hard, incoherent'precipitate particles
intersecting an active slip plane cannqt be sheared at small plastic strains

by dislocations moving under an externally applied force. 1In order for

¢




-23-

‘deformation to occur dislocations must pass between the particles, leaving

Aloops around the particles. " Since the matrix containing the incoherent

hard particle dispersion is initially undeformed, the initial yield stress

is -low; the initial work hardening rate is high because the backstress on

- the slip plane is proportional to the number of dislocation loops around

the unsheared particle. The high work rate in spinodally hardened gold

platinum alloys suggests a similar meéhanism, however for this model to
apply dislocations must be able tovpass between the hard particles.
Fisher. et al,KShave calculated that the shear stress necessary to force
é:dislocation between two obstacles on a’slip plane is approximately:

2

bN r '
e @
!
where:
b = dislocation burgers vector
G = maﬁfix shear ﬁodulus
r = particle radius
2R = mean center to center ;pacing of particles in the slip

plane.

In tﬁe SPinodal‘structure T would be calculated by putting r = R = % k:
Thevmaximum x‘observéd is about 40 a or 160 A. To estimate the shear modu-
lus of the Au-Pt alloy it is assumed Poisson's ratio is the mean of the
values for the elements which are O 39 and 0.42 for Pt and Au, respectlvely 17
The sllpvsystem fpr the sPlnodal alloy has hot been identified. However,

it can reasonably be assumed to be {111} (Iio). The shear modulus, G,

“is giveh by

L X . 6 .
C= 59wy = —>57— = 1-5X10 .psi (3)
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The shear stress increment due to work hardening necessary to propagate
the second dislocation further than one-half wavelength is about
5(5.6) %-: 7.9 X lO5 psi. This corresponds to a tensile stress‘increment: ’ -~
of about 1.6 X lO6 psi. This model clearly cannot apply to thé present |
case.

2) The other generai class of age-hardening theories assumes the
precipitate or preprecipitate particles are coherent with the matrix.
When deformation takes place in these alloys shearing of the particles
usually occurs, certainly when the particles are of less than about 200K
diameter}jiwhich is the brosent case. It has also been observed. that
ailoysnhaving this type of deform;tion mechanism invariably show a o -
largelgncrease in yield poin% relative to the quenched supersatﬂrated,‘
solid solution and fhe work bardening rate is about the same as that of
a. pure metal or solid solution; generally less than 0.1}3.12 There is no
unified theory of deformation or work-hardening rate for alloys of this
type. A number of theories have been developed for sﬁecial cases and
according to the}most recent review (Kelly and Nicholsonlz ) they all
depénd on the volume fraction of precipitate, which must have different
properties than the matrix. There are at least two reasons why these
theofies cannot beiépplied to hardening by spinodal decomposition; First,
it is ai}ficult if not impossible to give a definitionvof precipitate
volume fraction in a spinodally decomposing system, because after nucleaw-

tion the whole crystal is composed of small scale composition fluctuations.

]

This point of view is sopported by all theoretical considerations of

1-5

spinodal decomposition; and there is no conclusive experimental evi-
dence to the contrary. Second, the low work hardening rates observed
expefimentally in“alloys of this type are in disagreement with the present

data for gold-platiﬁhm.

¥
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For the theoretical treatment of work hardening simple slip is

assumed. This assumption is well supported by the slip line observations

described on Page 20. The slip system is assumed to be {111}’(1ib) type.

N

In one dimension the modulation of the lattice parameter is given by

Aa . X
= 4 —— <
a ao 5 sin 1T (X7§7 v ‘ (h)
a = lattice constant of quenched solution
Aa = maximum difference in lattice consﬁant between

gold-rich and platinum-rich regions.

The propagation of dislocations will cause strains by shearing a platinumé
rich region over the adjacent gold-rich region. The passage of a single

dislocation through the composition fluctuation will cause a shear strain of

; nb | =
, sin II m (5)

where C is the number of lattice constants per wavelength, where b is the

r- S )

burgeré vector and y a unit vector in the slip direction. If n disloca=
tions pass through the fluctuation, noting that A = Cao on the average,
then

v = Jlééﬁ- sin II <’ > i  " | : (é)

Qv

 where A' is the wavelength in burgers vectors. The tensile stress, T,

“opposing the further propagation of dislocations through the lattice

(assuming the Schmid factor ='% for polyerystalline fcc metals) is

LT = M@?&a G sin (Egy;\x | ' (7)
. ¢ o A ‘ . )



26«

and the total flow stress for the alloy in the plastic region is

Jééa . {2n
Op = Opp + > G sin fof) (8)

‘whéré Op1, is the stress at the experimentally observed proportional limit.
An approximate calculation of Aa, which is unavailable from x-ray diffraction
‘or thermodynamic measurements, on gold-platinum alloys can be made from
X-ray measurements of spiﬁbdal dgcomposition in other alloys. Guinier

has pointed out that.alloys exhibiting sidebands in the garly stages of
decomposition have in common a face-centered-cubic single phase at elevated
temperatures which decomposes into two face-centered cubic conjugate equili=-
brium phases at lower temperatures, within the miscibility gap. These
alloys, of which gold-platinum is one, may exhibit intermediate stages in
the overall precipitation reaction in addition to the sideband stage, and
the occurrence of other intermediate stages is related to the difference in
lattice constants of the equilibrium cubic phases. For example, spinodal
decomposition in iron-copper-nickel alloys begins with the sideband stage
and then passes into a second intermediateTstage during which two tetfagonal
phases Qgth very small differences in lattice constants coexist. Following
the tetiagonal stage the equilibrium cubic phases appear; the cubic phases
differ in lattice constant by less than 1%.9 In gold-platinum alloys the
siaeband intermediate stage is the only one observed and the differenée in
.cubic lattice constants is about 3%. GOld;nickel alloys have a difference
between cubic lattice parameters of about 10%}8 and it is very difficult

to obtain“even the initial modulated (sideband) intermediate stage in

these alloys';19 the most common decomposition mechanism in this case is

discontinuous precipitation at the grain boundaries. It is reasonable to

assume that the existence of the modulated structure depends on the strain-

£
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energy associated with it; the strain energy will become larger as Aa
becomes larger and the occurrence of intermediate stages beyond that 6f -
sidebands depends on the difference in afomic diameters of the constituent
atoms. If the difference is too large the c/a ratio of the coexisting |
tetragonal phases will be too large for this stage to occur, and the cubic

equilibrium phases appear direétly. The maximum value of the cubic lattice

‘constant modulation can be calculated from the measured lattice constants

of the tetragonal phases for iron-copper-nickel alloys by assuming that
the volume of the tetragonal cells is the same és the cubic modulations
that preceded them. Hargreave's data give a_ = 3.598R for the copper-rich
region and a, = 3.575K for the copper-poor region so Aa = 0.0EBK. The
average lattice constant of the modulated structure is 3.586K. It is

assumed that. the modulated (sideband), initial stage of spinodal decomposi-

-tion in iron-copper-nickel and gold-platinum alloys is the same so Aa for

gold-platinum alloys is

a.
LLUPE Y o o06A

Pa, o =oha Q
Au-?t Fe -Cu-Ni e Cu-Ni

' This.calculation neglects differences in elastic moduli between the two

systems, however.a recent estimatego shows that they probably do not differ

by more than about 15%, which is negligible for the present purpose.

An estimate of Na for the gold-platinum system can also be made from
the diffusion data of Bolk21 and the activétion energy for the spinodal

reaction determined in the present work (to be discussed in a later section).

Bolk has shown that the chemical diffusion coefficient in the gold-platinum - |

system is concentration dependent; the diffusion coefficient is smaller at
higher platinum coricentrations. The temperature—indepéndent pért of the

diffusion coefficient (frequency factor) decreases from about 9><].O_2 for a
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- gold mol fraction of 0.8 to hxlO-6 cmg/sec if the gold mol fractiég is
less thén 0.08, for a diffusion couple of fine-grained pure platinum and
gold.-bThe phase diagram for the gold-platinum system15 shows that at
500°C the compositions of the equilibrium phases within the miscibility
gap are 79% gold and 1% gold. The spinodal compositions at 500°C are about
61% Au and 9% Au, thus the precipitation reaction in the 60 Au-4O Pt alléyv
occurs mainly by a redistribution of platinum atoms and will be limited by
the slow diffusion rate in the platinum-rich regions, which approach pure
platinum as the reaction progresses. The distance between the centers of
gold- and platiﬂum-rich regions is %%. Atoms‘must move this distance to
achieve equilibrium. Sirice Vegard's law is followed closely in this system,
the fraction of this distance an average atom moves during aging is pro-
portional to Aa for the aging cycle. The average distance moved is
approximately (Dt)l/e, where D = D, exp(-Q/RT) cm?/sec and t is the time
in seconds at temperature T. Taking DO = lO-5 cm?/Sec and Q = 48 kcal/mol |
:for 10 hours at 500°C, the average distance moved is one-quarter the |
distance between gold and platinum rich regions. The equilibrium differencé
bétween;lattice constants of gold-rich and platinum-rich regions is 0.115K;
thus A a = 0.029ﬁ for 10 hrs. age at 5OQfC, in good agreement with the
estimate from diffraction data. For gold-platinum alloys the maximum
value of Aa is taken to be 0.026A.

Assuming that the active slip planes in this type alloy are about lu.
apart, and using the previously calculated shear modulus of 7.5x10 psi
'a stress-strain curve for a spinodally hardened 60-40 alloy having a

wavelength of LOb has been calculated. The resulting points are shown in -

Fig. 27 with the expérimenta] curve for the alloys aged 10 hrs. at 510°C.

The agreement is quite good.
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From Eq. (8) it can be seen that the trigonometric term determines
the form of the stress-strain curve, causing the work-hardening rate to
be high and Aa, the maximum difference in lattice parameter between gold-
rich‘and platinum-rich modulations, determines the absolute magnitude of a
the internal stress, neglecting variations of the shear modulus, G, with
coméosition. It Qas assumed above that in the early stages of the trans-
formation Aa also increases from some value close to zero in the quenched -
alloy up to a maximum when coherency is lost and a Qalue for 10 hrs. aging
wa.s éalculated. The theoretical treatments of spinodal decomposition due
to Hillért and Cahn also predict this behavior. The lower--work-hardening
rates of the tensile specimens aged for very short times at 510°C suggest |
this is occurring; to examine the problem further, tensile tests were made
on specimens aged at 410°C. The work-hardening rates at 0.25% plastic
étrainvof these specimens increased in a gradual way from O0.5E to about
O.85E for aging times of 5 up to 200 hrs. X-ray diffraction showed the
‘average wavelength tb increase from about 20 to 24 lattice constants
during the aging period. The sidebands were broad, indicating a spectrum
ofvwaﬁelengths present, as in the early stages of aging at higher temperatures.
Consideration of Eg. (8) shows that for fixed plastic strain (i.e., n°
cénstant) an incregse in A will cause a decrease, rather than an increase -
in work-hardening rate. ‘The observed increase in work-hardening rate with
time étlthdC is Qery strong evidence thét a increases with aging time at

a rate large enough to prédominate over thé small increases observed in A.-

2. Fracture Characteristics

The experimental results show that fracture in ali specimens hardened
by spinodal decomposition is through the grain boundaries. The microstruc-

tural investigation showed that in all quenched specimens a.small amount of
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precipitate is present in the grain boundéries and the amount of precipitate

increases upon aging.

The microhardness of most alloys was measured for comparison with

the data of Tiedema et a1.6 and van der Toorn.7 The same general behavior

was found, an increase with aging time in the early stages foliowedeby a
small decrease (Table VII). The hardness of the grain-boundary regions
was less than that of central portions of the grains, but a quantitative
comparison cannot be ﬁade because the hardness indentef is wider than the.

grain boundaries. The softness of the grain boundaries relative to the

grains is opposite to the usual observation in which intergranular brittle- |

type ffacture is attributed to a brittle, hard interhetallic or impurity-
compound film in the boundaries.

An experimental investigation of the grain-boundary regioﬁs for im-
purities or differences in composition from the grains themselves was
conducted with an electron-beam microprobe., Particular attention was
given to silicon, since these alloys were melted in zirconium silicate
crucibles and platinum silicides are well-known brittle intermetallic com;
pounds. No trace of silicon was found; the grain boundary regions showed
no significént difference in composition from the grains themselves,
within the experimental limits of the method. It is thought that softer
ma%e%ial in fhe boﬁndaries is prevented from deforming by_the constraint
of the surrounding hard grains. The nearly constant small plastic tensile

elongation of specimens in the hardened condition, compared to metallo-

graphic evidence that the amount of grain-boundary precipitate is in-

creasing with aging time, supports this reasoning. It is evident that: in-

thisvease the brittle-type fracture through the boundaries is due to pre-

cipitation in the grain boundaries of small amounts of soft, nearly
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Table VIJ. Variation of Hardness v'th Aging
'reatment for Gold-Plat..vum Aljoys

80 Pt - 20 Au Alloy

(515°c) (685°C)

* , . ’

Aging Time 0 5 60 0 5. 10 15

Hv** 406 525 572 Lo6 525 585.. 521
40 Pt - 60 Au Alloy

(510%) - | B
Aging Time 0 30 60 120 130 600 1200
Ho 31k 493 483 493 51k 51k L6k

*
Expressed in minutes

% '
Vickers hardness, 25 gram load

Agihg temperafures in parenthesis

equilibrium phase material, which is much weaker thaﬁ.the hard grains. -

To further substantiate the conclusion that the equilibrium two phase alloy
is soft and ductile, several 00 AMi-hO Pt specimens were annealed at 900°C

until a large grained structure of the two equilibrium phases was obtained.
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The microstructure of such a specimen is shown in Fig. 28. The stress-
strain curves for these alloys (Fig. 29) were characteristic of face-
centered cubic metals; low yield stress and work-hardening rate, and

strain-to-fracture greater than 10%.

3. Increase in Yield Stress

i

It is apparent'from the results of mechanical properties experiments
that the yield stress, taken here to be the same as the proportional limit,
is increasing with agihg time. Cahn22 has theoretically analyzed the

increase in yield stress for an alloy undergoing spinodal decomposition.

It is of interest to compare the observed increases in yield strength with

this theory, because it is the first attempt to analyze the yield stress
incréase resulting from spinodal decomposifion. The contributions to the
forces on a statibnary dislocation in equilibrium with its surrounding
(i.e., befére the application of an external force causing movement of
disldéations) from the tessgellated stress field caused by the periodic
variation in lattice.constant are shown té be predominant, compared to
other contriyutiqns such as the variation of dislocation line tension with
.the microscopic comﬁosition inhomogenieties. For the (111) [lib] slip
system in a face-centered cubic alloy, Céhn has assumed a string model for
the dislocation and calculated equilibrium shapes for both edge and screw
&islocations in the presence of the tessellated stress field. Two cases
are found:

:1). If the' dislocation is very flexible, it can curve around all the
'energy hills of the stress field and loop between them. This corresponds

to Orowan hardening, discussed above.

2) If the dislocation is less easily bent, it must remain nearly

. \G\
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straight. and shear.the composition inhomogenieties when moving under the
influence of. an cxternal strass, Cahn assumes a sinusoidal composition
fluctuation (which is equivalent to a sinusoidal lattice parameter fluctu-

ation in the gOId—platihum syastem) of ‘the form

y s 2Tx : | v
c-cy = A sin - | (9)

where
v'vc = composition a£ position x in the alloy
Loc = averagg alloy composition
A = amplitude of the composition fluction, which depends on A
N = wavelength of the fluctuation, in lattice parametoers
.'sz distance along cube axis
:;AIt ié_éhown that if AnbE/(QHL) > 1 then case (1), Orowan hardening
shoﬁld také-place.-fif AnbE/(2IL) < 1 the dislocation is nearly straight
and shearing of composition fluctuations should occur. Now, in thé ex-

i

pression

2, (10)

B E is Young'simodﬁlus, b is the burgers vector of the active slip system,

L is the éelf—ehergy of the dislocation (taken to be Gbg) and n = dgna/dc
where a is the lattice constant. In Eq. (10) the product Aq is the local

lattice strain'resulting from the composition fluctuation. This can be

__seen in the following way:

dlna
de

© |
BlE

lda_
a dec

for small fluctuations, ta which Cohn restricts his theary. Now Aa is the

gifference in latiics conctania between gold-rich and platinum-rich regions,



. .for the composition fluctﬁétion Ac and a is the aVerage lattice parameter.
“From Eq. (9) A is the‘composition amplitude of the fluctuation, over the

mean composition, co,vtﬁerefdre A= % Ac.  Then

An = é; > : (ll)
s O . ) i

v

~which is the same strain parameter used in the discussion of work-hardening
above. ~Now the criterion. for shearing or non-shecaring of composition

. fluctuations becomes . .

&

PaEDN - AaEA | _ |
Im%@ *7m%pbu (12)

Using the same values for these parameters that were used in the discussion
above,

o SR T, |

- AaBA (.029)(21x107) (kOB) -5
Tt Ty — *6X 107 <1,

e WI(4.015)(7.5%X10 ) (6)

. indicating that dislocations are nearly straight and shearing of composi-
 -tion'flu¢tuations will occur during deformation. This is in agreement with
the cbnclusionslreached in the discussion of work-hardening above. For

% this case the applied stress necessary to cause yielding is given as

_ () B

N (
6IV6 Gb - 13)
for screw dislocations, an&i'
- N2 o
.I\..\ a ° . . . -
"U=f$21L£L5-*,. L - (14)
o2 6b T :

for edge dislocations,
- It is secen that sercew-dislocations can move more casily. The experi-
-

mental results shew that tHe vield stress is about 107 psi for a 60Au-LOPt

.ﬁith a wavelength of hOb .(corresponding to an aging treatment of 10 hrs
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at 510°C). . Substituting the values:obtained earlier into Eq. (13), we

~ ¢ ave g L
S TR [ 2029 1\ 1 h0yan0y2
. R o \”’8",,-1) (21x1:07)"(%0)

616 (7.5x1'o6)

= 600 psi,

a éalculated'stress much below the experimental value. For edpge dis-
locétioné-the calculated yield stress is about 2,800 psi, still far be-
low the obserfed.valué}

T - It may be objected that the value of Aa, 0.0QGX, calculated
above is too low, Causing an anomalously low calculated
yieid stress. owever, agauming a yield stress of 105 psi and using
Eq. (15), the valne of Aa required to give a yield stress equal to the

. ' .o
observed one can be calculated. This was done, and the required Aa = 0.35A.

This is too high to be physically realistic. The maximum permissible Aa
is O.ll5£, the difference in lattice constants between the equilibrium
phaseé at 500°C. Thus the value of Aa used above is not the cause of
the discrepancy. Cahn has stated’that his theory is the equivalent, for

| spinodal systems, of the Mott and Nabarro theory of hardening by long-range
coherency stresses in nucleation and gfowtﬁ ape-hardenine systems. Tt is
probable thaf the discrepancy between theory and experiment here results
from‘either short-range coherency strains (not taken into account) or the

 ,way in which the’long;range éohefency stresses were_averaged to arrive «t

| Egs. @5) and (). Thelproblém of averaging long range stress fields in
cyrstals is a cause of uhcertainty in applications of the theory of Mott

- . and Nabarro, in cases where it is applicable.

h. Kinetics and Temperalure Dependence of the Reaction Rate

The side-ways rrowkh of oo plate-lyme precipitnte Follows a rate

. ; 10
cquation of the Fnrmlc
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8" -l = k(tety) x (15)
where £ = plate .thickness at time t
ZO = plate thickness on formation
= reaction time reckoned from to
to = time of first measurement
= rate constant
with m= 2, ) - -
Assuming that 2. = t, = O, thé value of m can be calculated from the

0] 0
slope of a plot of log A vs log t, such as Figs. 6 and 7 if k is indepen-

dent of time. The siope was calculated for the "steady-state" linear
portion of the curves so k is independent of time within this range. The
value of m desired here is the reciprocal of the slope of the least squares
equations given in Table III. Values of m for Au~Pt alloys are given in
Table VIII. =

Hillertmhés calculated m values in this way for a number of spinodal
alloys in the Fe-Cu-Ni systems and finds that m always is between 4 and 5.
The present_déta for the 60-40 alloy agree quite well with this value, but
the 20+80 ailoys are too Low. Greenwood23 has assumed a diffusion cqntroiled
coalesqence model for spheres and derived an equation of the same form as
Eq. (15) with m = 3, a value in much better agreement with the latter.
Evidently the geometric afrangement of precipitate in the two Au-Pt alloys
studied is somewhat different with the 60-40 alloys very similar to the
arrangement in Fe-Cu-Ni spinodal alloys. Tt seems reasonable that small °
sinusoidal compositibn}fluctuations could be considered as coalesc¢ing spheres
in either case. The present x-ray data are not sufficient to deduce what-

- ever difference there may be hetween the two alloys.
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Values of m in Eq. (15) Calculated from Wavelength
Klnetlcs Measurements

Alloy

Temperature m
20-80 502 | 3.3
20-80 . 552 ' 3.33
20-80 602 | 3.12
6tho 502 4.8
60-40 552 : 5.0
60-40 602 b5

It is useful to calculate the temperature dependence.of the'spinOdal

reaction and to compare the result with what is known of the diffusion

rate temperature dependence in this system. The usual assumption that

the process can be represented by an Arrhenius-type equation is made:

where

ct

b O

T

e-Q/RT | o (16)

y T »»-x,’.:’«'-".‘ ‘ L

reactlon rate determlned by some convenlent experimental
method

tem'perature independent constant depvend.ing upon structure.
time siﬁce beginning of measuremenﬁs

activation energy, kc;l/mol

gas constant

absolute temperature, °K

'The'expérimental results of sideband measurements vs time have been used

to calculate a value of Q for each alloy inveétigated over the temperature

range 500 to 600°C. TFor each alloy it has been assumed that r and A are

constant Wthln the linear portion of fhe wavelength time curves (Figs. 6

and 7.
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Equation (16) can be written as

r ' Q 1 |
log t = log ( - > + = — \ (17) -
A 2.3R \ T
so that the slope of a curve of log time vs T-l will give the activation o

energy. The left side of Eq. (17) was chosen as thevtime required for A
ﬁo reach 2530, which is well within the linear portion of the kinetics
curves. Equation (17) is plotted in Fig. 30 for both alloys investigated.
Values of Q calculated are 48.9 and 47.4 kcal/mol for 20-80 and 60-LO,
respectijely. These values are not significantly different so Q appeafs
to be invariant within the spinodal region. This result agrees with
Hiliertf et al.lo who fouﬁd Q invariant within the spinodal region of
the Fé-Cu—Niﬂsystem. |
Boile;has inveétigated the Kirkendall effect in the Au-Pt system
and calculated activation energies for diffusion using three-layer diffusion

couples in the temperature range 926 to 1055°C. The results are given in

‘Table IX.

Table IX. Activation Energies for Chemical Diffusion in Au-Pt

Couple 1 Couple 2 ' Couple 3

Q kéal/mol 50.4 5,2 55.2 * 2.6 l+6,5 + 5.5 — -

Couple'? is Au/Pt/Au with a Pt grain size of about 3 mm; coupie_l is the
Samé except the Pt grain size is less than 0.1 mm. Couple 3 is Au/Alloy/Au;
the alloy composition is 73.5 at-% Au, and iﬂs gréiﬁ size ié about equal to
that.of Pt in Couple 1. Bolk has attfibuted the difference in Q to variation
:ig grain size. Q calculated here agreea well with the values of Couples.l

and 3, and is related to a process occurring within the grains, therefore
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presumably independgnt of grain-bﬂundary effects. The reason for Bolk's
Hiscrepancy is not apparent.

In Eq. (16).all the temperature dependence of the reaction rate is
included in Q; a better approach to the calculation of.Q takes into account
.the temperature dependence of the free-energy change for the precipitation

reaction. Then the rate equation has the form

- At AF(T)e'Q/RT n (18)

Since |AF(T)| becomes larger as T decreases and exp(-Q/RT) becomes smaller,
inclusion of the free energy correction will give an apparent activation
energ§.larger than the value calculated above. The therhodynamic model of
van der Toorn, et al.éu is commonly used to estimaté AF(T) but has recently
been checked by computer'methods25 and found to be in serioué error. Accord-
ing to Hi'ller‘f-,LO the free energy term in Eq. (18) can be régarded as a de-
crease in interfacial energy accompanying the growth in wavelength of fhe
structure and Becker"s"26 model of coherent interfaces can be used tolestiA
mate'AF(T). According to this model NF is proportional'to the square of
the widfh of the mis?ibilityi' gap, which varies with temperature. The

variatiqn of gap width with temperature was measured from the phase diagram
of Tiedéma,Aét al.§ whose data extends down to 500°C. Thevcalculated
correction turned out to be less than 1 kcai/mol, which is’negligible for
the présent purpose. It is concluded that diffusion is the rate determin-
~ing process for growth of the spinodal structdre invthe alloys investigated.

This conclusion agrees with Hillert's results on Fe-Cu-Ni spinodal alloys,

the only other spinodal system in which the rate-determining process has

been investigated. ‘
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CONCILUSIONS

The size of the structural modulations induced in 60% Au-40% Pt and
20% AuQBO% Pt alloyS'héve been defermined‘to have average wavelengths
between about 20 énd Lo lattice constants by x-ray diffraction methods.
The temperature dependence of the reaction rate has been determined and
”fouhd to agree with that of substitutional diffusion in this alloy system."

=It has been upequivocally deﬁonstrated>that spinodal decomposition
is an effective strengthening mechanism in these alloys. The most unusual
mechanical property thanges are a very high work-hardening rate and small
plastic elongation. A theory has been proposed to explain the high work-
hardening fate; the agreement between theory and expeiiment is quite good.
| The intergranular brittle-type fracture has been attributed to the pre-

sence of small amounts of nearly equilibrium soft precipitate in the

grain boundaries. .
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Fig. 1

Fig. 2.
Fig. 3

Fig. b
‘(a:b) :

Fig. 5

(a)b)

~hlha

FIGURE CAPTIONS

Phase diagram of gold-platinum alloy system showing spinodal
curve. The shape of the free energy vs composition curve (for

the meta-stable solid solution) at temperature Tl’ is shown in

the lower figure. The relationship of the free-energy curve to

the spinodal curve is shown by the vertical lines. B
Schematic diagram of experimental apparatus for homogenization

and quenching alloy specimens.

Epoxy Resin bonded tensile grips shown disassembled, and

~ assembled, with fractured specimen in mounting Jjig.

X-;ay diffraction photographs of 60Au-4OPt alloy specimens

aged for increasing times at 600°C, shoﬁing side bands.-

1) Homogenized aﬁd quenched, no age.

2) Aged 1 minute; The large irregular light spot between
(420), and (422) is an artifact formed during deveioping.

3) Aged 3 minutes.

4) Aged 9 minutes.

5) Aged 15 minutes.

6) Aged 21 minutes.

7) Aged»l.hour.

X-ray diffraction photographs of 20Au~-80Pt alloy specimens

aged for increasiﬁg times at 600°C, showing side bands.

1) Homogenized and quenched, no age.

2) Aged i minute.

%), Ared 3 minutes.

h)*'Agéd 9 minutes.

5) Aged 15 minutes.
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6) Aged 21 minutes.

7) Aged 1 hour.

Average wavelength .(in lattice parameters) vs isothermal

aging time for 20Au-80Pt alloys (plotted logarithmically).
Average wavelength (in lattice parameters) vs isothermal
aging time for 60Au-LOPt alloys (plotted logarithmically).
S@ress—strain characteristics for 60Au-40Pt alloys aged

at 510°C.

Stress-strain characteristics for 60Au-4OPt alloys aged

at k10°C.

Shear type duqtile_fracture in homogehized and quenched
60Au-h0Pﬁ alloy (32X).

Ductile fracture surface in homogenized and quenched

60Au-LOPt alloy (32X).

. Intergrannular brittle-type fracture in 60Au-4OPt alloy:

aged 1 hour at 510°C (3%2X).

Intergrannular brittle-type fracture in 60Au-LOPt alloy

- aged 10 hours at 510°C (32X).

Intergrannular brittle-type fracture in 60Au-hOPt alloy
aged 20 hours‘at 510°C (32X). o
Macfbscopic view of intergrannular fracture in 20Au-80Pt
alloy, homogenized and quenched. (32X).

Grain boundary fracture surface showing precipitate in
60Au-u0Pﬁ alloy aged 10 hours at 510°C (1000X).

Grain boﬁndar& fractufe surface in 60Au-b40OPt alloy aged |

200 hours at 410°C (1000X).
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97.5 hoursiat 510°C (1000X).

Optically observable single slip in 60Au-LOPt alloy tensile

510°C (1000X). R ,»V S T o L

without optically observable slip (1000X).

-showing ﬁoints calculated from work-hardening theory. ) U

:980°C (1000X).

and 20Au-80Pt alloys. | ' ' e

-ho-

Metallogravnhic structure Bf homogenized and quenched 60Au-4OPt
alloy (1500X).

Metallographic structure of 20Au-80Pt alloy, homogenized and
quenchéd (1500%) . | | ' ' : )

Discontinuous grain boundary precipitation in 60Au-40Pt alloy

aged 25 hours at 510°C (1500X).

Extensive grain boundary precipitation in 60Au-4OPt alloy aged

specimen,. aged at 510°C (1000X%) .

Multiple slip in 60Au-4OPt alloy tensile specimen aged at
Appearance: of electropolished 60Au-h40Pt alloy tensile specimen, : o ‘-

Coarse Slip at fracture in 60Au-LOPt alloy aged at 510°C-(lOOOX)f o
Goarse,slig on surface of 60Au-4OPt alloy tensile specimen, in
homogenizeé and quenched condition (1000X). |

Stress-strain curve for 60Au-LOPt alloys aged 10 hours at 510°C;‘. B f

Ay .

Metéllographic structure of 60Au-LOPt alloy aged 97 hours at

Stress-strain curve for 60Au-LOPt alloy aged 97 hours at 980°C.

Log aging time vs reciprocal absolute temperature for 60Au-4OPt -
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AFPENDIX A
Experimental Stress-Strain Curves for Tensile Tests

(A1l curves for 60% gold - L0% platinum alloys. )

Fig. Al - Specimens iﬁ homogenized and quenched condition
Fig. A2 - Specimen aged 1/2 hour at 510°C.

Fig. A3 - Specimen aged 1 hour at 510°C.

Fig. A4 - Specimen aged 5 hours at 510°C.

Fig. A5 - Specimens aged 10 hours at 510°C.

Fig. A6 - Specimens aged 20 hours at 510°C.

Fig. A7 - Specimens aged 92 hours at 510°C.

Fig. A8 - Specimen aged 5 hours at 410°C.-

Fig. A9 - Specimen aged 10 hours at 410°C.

Fig. Al0- Specimen aged 40 hours at L410°C.

Fig. All- Specimens aged 200 hours at 410°C.
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APPENDIX B

Debye-Scherrer X-Ray Patterns for Alloy Specimens

Fig. B-1 20% gold - 30% platinum alloy aged atv550°C.
(1) aged 10 minutes
(2) aged %0 minutes
(3) aged l hour
‘ (ﬁ) aged 3 hours
(5) aged 5 hours

(6) aged 7 hours

Fig. B-2 60% gold - 40% platinum alloy aged at 550°C.
(l) aged 10 minutes
(2) aged 30 minutes
(3) aged 1 hour
(%) aged.B hours
(5) aged 5 hours

(6) aged T hours

.Fig. B-3 20% gold - 80% platinum alloy aged at 500°C.
(1) homogenized and quenched, no age
(2) aged 30 minutes
(3) aged 2 hours
(4) aged 5 hours
(5) aged 10 hours

(6) aged 20 hours




(1)
(2)
(3)

(8

(5)
(6)

~33 -

Fig. B-b 0% gold - 40% platinum alloy aged at 500°C.

'aged 30 ‘minutes

aged 2 hours.
aged 5 hours
aged 10 hours
aged 15 hours

aged 20 hours

Fig. B-5  60% gold - 40% platinum alloy aged at 410°C.

(1)

(2)

(3)
(1)

aged 5 hours
aged 10 hours’
aged LO hours

aged 200 hoﬁrs

% ' _ :
Appendix B figures have been omitted from this report hecause

of reproduction ditficulties. ‘A,Coby§is on file with the

Engineering hepartment, University of California, Berkeley..
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or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








