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Decomposition Reactions in Gold-Platinum Alloys and Their

Effects on Strength and Fracture Characteristics

+ E. R. Parker, R. W. Carpenter, and V. F. Zackay ¥

Introduction

Gold and platinum are highly ductile, face centered cubic metals,
relétively weak in their pure states. They form a pontinuous series of
solid éolution alloys at elevéted temperatures, but upon cooling separate
into two saturated solid solution phases within the composition limit
shown in the phase diagram of Fig. 1.

When a homogeneous single phase alloy, having a composition such that
at lower temperatures it will transform to two phases, is cooled from the
o phase field into the two phase region, precipitation occurs. On Fig. 1
?he'miscibility gap is divided into two regions by the dotted lines (which

areznot phase boundaries): (1) a central region between the dotted lines

v
1

and, (2) an exterior region bounded by dotted lines and the two phase

region boundary. The significance of the dotted lines, which are called
spinodal curves, is related to the nucleation process which initiates the
s0lid state precipitation reaction. When the metastable homogeneocus alloy
lies in that part of the two phase region bounded by the'spinodai curves,

it has been éhown that nuéleatioﬁ of the precipitating phases takes place
rather uniformly throughout the volume of the 'solid and on a véry small

scale; for an alloy.transformed in the non¥spinodal section of the miscibility
gép, the preeipltation reaction has been shown to occur mere slowly ané with

(1-6) In

a less geometrically uniform array of precipitating particles.
: : N
an oversimplified sense, spinodal decomposition can be termed "homogeneous

solid-state nucleation" and the general case of non-spinodel nucleation and:

t Inorganic Materials Research Division, Lawrence Radiation Laboratory and
Department of Mineral Technology, University of California, Berkeley,
California. '



growth 1s identified with heterogeneous nucleation. Thus spinodal ¥
decomposition is a special case of general nucleation and growth precipitation
reactions &nd the two processes, heterogeneous and homogeneous nucleation, are
competitive within the spinodal region. The distinction in definition between %
the two is made in terms of chemical thermodynamics, neglecting strain and
interfacial free energieé, as shown in the free energy diagram of Fig. 1.

The free-energy curve for the metastable homogeneous alloy, at some
temperature Tl within the two phase region, is concave downwards between

the inflexion points, which are the spinodal points at T The locus of

1e

spinodal points at all temperatures in the two phase region are the dotted

spinodal curves shown on the phase diagram. Becausé of the downward

concavity, composition fluctuations in an alloy with average composition

betweep the spinodes will lower the Gibbs' free energy of the system and

thus they are stable and will continue to grow.  An alloy with average

composition in a region of upwards concavity of the free-energy curve

exhibits the opposite behavior. There a small composition fluctuation

causes an increase in the free enérgfmand is unstable; it tends to disappear.

The composition fluétuation in this region must.bevlarge in order to lowef

the sjstem.freeienergy; this amounts to an energy barrier for nucleation

and ié analogous to the concept of a critical nucleus required for the

growth of a precipitate barticle in most nucleation and growth precipitation

reactions. . ' ' .
Of specific interest in the present investigation was the effect of

spinodal decomposition on the meéhanical behavior of alloys. As had been -

previously noted in the literature,~alloys transformed within the spinodal V "

composition limits are often brittle. The brittle behavior and potentially» |

" high strength of such materials is of great interest. One purposé'of

.

this investigation was to'determine, if possible, the cause of the brittle-



ness and to evaluate the bardening process.

Experimental Results
Two alloys were used--one containinglao% platinum and 20% gold, the
other containing hO%-pldtinﬁm and 60% gold. Figure 2 shows a typical micro-
structure of the 40% platinﬁm ~ 60% gold alloy when annealed for a long time
within the miSCibility ga?; the annealed alloys are.ductile and thedir work

hardening. characteristics are those normelly observed for face centered cublc

R

‘solid solutions. The rodm température ssress~strain curve for the LOY
platinum, 60% gold alloy, annealed for 97 hours at 980°C, is shown in Fig. 3.
The strength‘is at the level one might expect for such an alloj, but the
elongation, which was‘oniyvll%; is éonsiaerably_lower than values normelly
obtained with face éentefed cubic solid. soluticns. The ductile nature cof

“ne fracture is shown in the photograph of Fig. L.

The tensile speciméné'used in this investigatién were 0,020 inch diemeter
wirés, this small dlameue“ was, used in order to Tfacilitate quencblpc frem the
solid solution range above the miscibility gap. However, reactions occur so
rapldly inlﬁhis alloy system that 1t turned out to be dimpossible to suppreg§
the nucleation and growth of the second phase in <the 80 20 alloy, even withk
cooling rates as high as 3MOO°C/second, The quenched alloy, instead of
being a ductile, supersatqrated so;id solution as expecbed, was extremely
brittle and had no méasurable elongafion in a tensile test. The
fracture strenguh was of the order cof 130,000 psi, Figure 5 shows that
the fracture'in this material was inﬁergranular; Microscoplc exemination
of a pollshed section *eveu; that the second phase had‘formed at the grain
boundaries and that the path of the fracturé‘was throuéh this phase; Microd
hardnesé readings showed tha£ within.the gféiﬁs,of the matrix the Vickers

hardness had reached a value of GbOut 410. (Microhardness values are glven

in Table L for & nunber of ai 1b comiiwﬁoWn Tor the two alloys inves-
tigated.) The composition of 173'g aln boundary phase forming in the

80~c0 al“ov was es timated Lrom the ‘phase OLagram to be anorO\*moLC¢v .
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that of the 40-60 alloy. Subsequent tests on the 40-60 alloy quenched from
the solid solution region did produce a ductile condition which fractured
through the grains, and the strength of the quenched material was found

to be approximately 130,000 psi, as is shown in Fig. 6. In the L0-60

-
<

alloy the kinetics of decomposition Qere such that significant amounts
of the second phase did not form at the grain boundaries and.the material
failed with a shear-type fracture, as can be seen in thé photograph of Figs.
7 and 8. o
The structure of the 80-20 alloy in the gquenched condition consisted
of hard, strong grains cemenﬁed together with a relati&ely weak, thin
layer of a ductile gold-rich phase (see Fig. 9). The fracture was ”brittie",
even though this secona phasé was inherently ductile. Howevér, since it
had much lower strength than the matrix material, it deformed plastically
at iow stress levels. Because of its small volume, the grain boundary
phaée did not contribute significantly to the overall elongétion>of ﬁhe
'tést plece before it reached its ultimate limit éf plastic deformation
and fractured. Thus the brittle behavﬁor of this alloy éould be attributed
to a peculiar microstructure in which two sdmewhat ductile phases coexisted
in an unusual géometry, with the strongef'one béing the large bulk of the
material in the form of grains, and the weaker one being a ductile Boundafy
phase which failed by shear at avstress too low té cauSe'significant
plastic flow in the grains. This condition is aﬁalogousvto a soft. soldered
lap joint of two steel strips, in which the thickness of the solder ié small.
When such a Joint is pulled apart in a tensile test, the overall deformation
is very small even though both the steel and the soldef, when tested
separately, wquld'exhibit substantial aﬁounts of ductility prior to failur?.
In the 80-20 platinum—gold élldy; it was evident that gfain boundary : v
precipitation was occurring at a rate competitive with."spinodal”
(1)

decomposition., Christian has shown that the ratio of the free energy



required to form a-grain boundary nucleus to that needed to form a homo-~
geneous nucleus decreases as the ratio of thé grain boundqry energy to

the interphase boundary energy increases. “When the ratio‘of grain boundary
energy to interphase béundary energy is more than 0.9, nucleation at grain
corneré is the fastest; when this ratio is between 0.9 and 0.6, the nﬁcleation‘
rate at grain edges is the most rapid, whereas if it is between 0.6 and 0.25,
grain boundary surface nucleation will become predominate. Below 0.25,

the only effective nucleation is random. Evidence of'early nucleation and
érowth'ét grain édges can be seen in Fig. 9, along with substantial, but

_ thiﬁner, grain boundsary precipitatipn. In systemg of this kind where
ségrégation of like atoms occurs spontanebusly at lower temperatures, it is
not unreasonable to expecf partitioning of an alloying element at grain
boundaries, even at temperatures above thé miscibility gap. ansequently,

S it is not unreasonable to expect that the "nucleation" occurring at grain
bouﬂdaries did not require significant composition fluctuations beyond those
that pre-existed due to the_paftitioning pf gold atoms at the solution

temperature. To check the possibility of the growth rate being rapid -enough

to account for the formation of a grain boundary film, calculations based
on measured diffusion coefficients taken from the literature were made.

With a diffusion coefficient of 4 x 10;9

cme/sec, even with a cooling rate

of 3&00°C/second,'it is possible for a film of the second phase 400 atoms thick
to form as the alloy cools through the temperature range between 1150° and
850°C. Even such a thin film would be wide enough to have accounted for the
weak grain boundaries in this materiai} The photomicrograph of Fig. 9,

ﬁnd othefvsimilar observations made during the course of the investigatioq,
indicated that thé films formed durihg the heat treating process were actdgily
much wider than was indicated oy the diffusion'calculations. Since it seemed
to be virtually impossible to quench the 80-é0 alloy without producing

 the brittle conditlion caused by grealn boundary precipitation, attention was

thereafter concentrated on the 40% platinum, 60% gold alioy.



As was mentioned previously, the 40-60 alloy could be gquenched
from the.solid‘solution rangebﬁithout fhé forméﬁion of a significantvgrain
boundary network. This qondition was foﬁnd fé be consistent with diffusion
data, which showed that the diffusibn rate of platinﬁm (which would héve‘to
diffuse and concentfate at the grain boﬁndafies'to forﬁ akplatinqurich
grain boundary phase in this alloy) was approximately ﬁwo orders éf
magnitude lower than that of gold in piatinum.(g) Thus the 40-60 alloy
éould 5e successfully quenched and aged for differenf'lengths Qf'fime in
order to'deﬁermine the chafécteristics'imparted by decomposition at a
temperature bélow the spinodal. The solutioﬁvtreating temperature selected
was 1225°C and the aging temperatﬁfe was 510°C. The stress-strain curve
for an alloy aged one hour at'SlO°C is shoﬁh in Fig. 10. The high strength
and very low duétility ére in éharp contrast with those produced by
solﬁtioh quenching alone. Of particular’intéresf is the verj high rate of
stréin hardening exhibited by the queﬁ;hed and agéd alloy. The hardeniné
rate is much too high to be éccounted.for én the basis of ordinary dislocation
interaétion hardening. Conéequently, a more detailed study of the structure
produced by décompositioﬁ below the spinodal-was undertaken and a theoretical
basis was developed for the strain hardening characteristics.” The solid
curve in Fig.lO is the experimental cﬁr?e and the small circles near the
upper'end.afe those pqints calculated on the‘basis bf,the fheory evolved

which Will.now be déscfibed.

' Discussion
In glloys quenched from the solid solgtion range to below the spinodal
curve, even small fluctuations of composition cause a decrease ih free eneégy,
and small regions where the fluctuations occur become stable and grow with;%
time. Such small regioﬁs-of non—uﬂiform composition disturb lattice

periodicity and can be detected by x-ray diffraction when the seattering

power of the atoms is quite different or when the distance between atbmig



planes varies with composition. In the case of gold-platinum alloys,

the scattering power of the two atoms is nearly‘the same; therefore,
differences in the x-ray_diffraétion pattern in the early stages of aging
must result ffom variations in lattice constant from point to point in- the
diffracting crystals. Such effects have been studied by a number of
investigators. During the early stages of transformation, '"side banas"
appear on the diffraction péttern. Side bands are diffuse lines

adjacent to the main Bragg liﬁes of thé homogeneous solution. A‘typical
powder pattern witﬁ side béﬁds is shown in Fig. 11.

- When the segregated regions are close togéther in the lattice, the
side bands are relatively far from the Bragg lines. The distance from»
center to cénter-of segregated regions is called the "wavelength" of the structure,
and ‘measurement of the position of the side bands relative to the position

! , .
of the parent Bragg line can be used to calculate a-wavelength, A , for an
alléy in a particular Condition; For the purpdée of computations, it can
bé'aésumed-that the composition varies sinusoidally with distance in the
lattice. Since evidence in.the'iitefature indicates that the latticé
pafameter is Qery nearly proportional to the.composition{for gold-platinum
alloys in the solid solupion-state, the variation in lattice parameter can
be taken gs\beihg proportiopal to the concentration at any point in the
lattice. At,SOO°C the equilibrium gold-rich phase contains only 20%
platinum, whereas the platinuﬁ—pichvphasé~contaips 98% of this element.
The diffefence in the 1aftice parameters of alloys of these two compositions

(o]
is about 0.115A units, and a homogeneous solid solution containing 40%

: o ’ e
of platinum would have a lattice parameter of 4.0lLA. The maximum shear #
strain possible due to mismatching lattices would be Aa/a. Plastic flow
. . causes a lattice mismatch, and therlatticé shear strain as ‘a function of

plastic deformation can be represented by the following equation when nb



is small compared with ):

or | . :V (1)

- o B
= Ymax sin 2n At

where v is the lattice disregistry shear strein produced by the passage of n

dislocations of Burgér's vector, b, through the lattice. Y max is equal to

Aa,
max

e , and A is the wavelength in angstrom units of the composition

-fluctuation, and A' is the number of Burger's vectors per wavelength, 1.
o
Substituting in the Aamax value of 0.115A and a lattice constant value of

i o ) .
4.0194, yields the following equation

¥ =1.43x 1077 sin2r B | (2)

The internal stress produced by the lattice disregistry would thus be given

by

-
i}

(6)(1.43 x 10"2) sin 2n ;\‘—,—
3

or ' X - - (3)

-
"

]

1.15 x 10° sin 2r a

where G is the shear modulus, taken in this case as 8 x lO6 psi, and T, ié

the internal shear stress. The "flow stress",_TF,.required to cause plastic

7

deformation is



= - > s n_
TF =1 + Ty = Ty + 1.15 x 107 sin 27¢ A

where Ty is the elastic limit, or macroscopic &ield stress.

Calculations based on Equation 4 show that the passage of a single
dislocation into a lattice in which fhe wavelength is 100 Burger's vectors
Wdﬁld produce-a fesisting shear stress, dué the peculiar kind of work
hardening characteristic of this kind of system, of about 4,000 psi, or an
increase in the tenéilé stress ‘of about 8,000.psi; If this picture
acurately represents the behavior of a material of this kind, then it is
easy to understand why the'stressfétrain curve should exhibif.the extra~-
ordinarily high rate of work hardening.

The next problem is to compute the strains correspdﬁding to the stresses
indicated by the'above.equation.. The macroscopic shear strainvmeasured on

{ . N
the specimen as a whole would be equal to n, the number of dislocations

pas;ing on a given slip plaﬂe, divided by'y, the distance between slip

planes. Based on the aésumptibn that in this material, as in most others,

the distance between slip planesvis approximately 1 micron, or 4,000 Bﬁrger's
vectors, then both the shéar strain and the ﬁgnsiie strain can be calculated
for each value of n: Thus for a given wavelength such as, for example, 100,
the stress increment ébove fhe yield strength corresponding to a given plastic
strain can be calculated. Thif has been done for the L0% platinum, 60%

gold alloy, quenched from 1225°C and aged one hour at 510°C; the stress-

strain curve is shown in Fig. 10. The calculated points are shown as small

_circles on this figure, and they correspond to a wavelength of 140 Burger's

vectors éhosen,because diffusion calculations had shown that for one hour
at 510°C the average wavelength should be about this value. The observed i
values of stress and strain in the plastic range versus those calculated

are in remarkably good agreement.
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Several questions remain to be considered, among which are what happens
to the shape of the stress-strain curve as a function of time of aging, and
why, in the case of alloys such as the one just mentioned, should the
materisl be brittle. The main factor that contributes to brittle behavior
in these alloys is the precipitation of a phase aﬁ the grain boundaries.

If the grain boundary film could become thick enough in thevho%_platinUm,
60% gold material, then the same kind of brittleness described previously
for the 80% platimm, 20% gold alloys could result. Since platinum would
be.the diffusing species in the gold~-rich alloy, it should be possible to
estimate the distance that platinum.atomé could diffuse and concentrate in
one hour at 510°C, Estimates based on such caléulations indicate that if

zero time is required for nucleation at grain boundaries, then a layer 100

or more atoms thick could be formed in one hour at 510°C. Thus there seems

to be very reasonable grounds to assume that the grain boundaries are
weaken;d by the collectidn of platinum atoms. If this were the cause of
the failure, the failure path should héve been intergranular and the
stress required for fracture should have been of the order of the strength
of the platinum~rich solid solution alloys, which would be somewhat higher
than that of gold-rich solid solution alloy. This indeed seems to be the
case. The fracture stress was about 180,000 pSi,-and the fracture was
intergranulsar, as the photograph ianig. 12 shows.

The effect of aging time must also be considered. Two possibilities
exist: +the wavelength could increase with time, or the wavelength could
remain substantially.conétant and the degree of segregation could increase
gradually and continuously during the early stages of aging. Continued s
concentration of atoms in the segregated regions might reasonably be expectéé

to occur at a fairly rapid rate. Once segregation had starﬁed, atoms of

the clustering species would tend to leave such regions less frequently
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than they approached becausebof the stronger bonding in the concentrated -
regions. Consequently, segregation should increase with'time. In very
long periods of time, regions of shorter wevelength would tend to disappear
and these of lonéer wavelength would'grow.

‘A stress-strain curve made on a specimen age@ for twenty hours is
shown in Fig. 13. In this curve it can be seen that the rate of strain
hardehing 1s even greater than it was in the specimen aged for only one
hour at 510°C. This would seem to indicate that a further concentratien
of atoms had occurred, with the concentration gradients becoming steeper
but the wavelength remaining about the same. Grain boundary fractures
occurred in both the one-hour and 20-hour aged specimens. Figures 14(a)
and 14(b) show that sighifieant grain boundary precipitation had occurred

in both cases.

3
1
H

Conclusions

(1) In this investigation, which is consistent with earlier observations,
it has been shown that the mechanical properties.of alloys in which ﬁhere is
a misciblility gap in the alloy system can become very brittie wheﬁ quenched
from the solid solution range, even though the solid solution phases
themselves, if tested independently, would be relatively weak but ductile.
(2) The fractures follow grain'bouﬁdaries, which is an unusuel condition
in high purity solld-solutlon type alloys.

(3) A grain boundary pre01p1tate of a weak but ductile material was the
cause'of the brittleness. Because the volume of material was so swmall,

the plastlc straln measured on the macroscopic specimen was small.

(L) A second important feature of such alloys is that w1th1n the crystal
a-hardening process occurs such that the material, when deformed, strain

hardens at an extremely rapid rate. In an analysis of the rapid strain
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hardening phenomenon, it was concluded that‘the passage of dislocatiéns

in a lattice in which there was a variation in lattice parameter ranging
from a maximum.tq a minimum in a relatively short distance (such as, for
examplé, 100 atoms) would cause very rapid strain'hardening to occur.

A stresé-strain curve based upon a calculation of the internal stress that
would be developed as dislocations moved in such a lattice was in good
agreeﬁent with an actual stress-strain curve. |

(5) The analyses and observations reported herein indicate that a very
pétent hardening process occurs in certain "solid solution" alloy systems,
and that if such reactions can bé controlled, then it may be possible to

produce & new class of useful alloys.
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1.
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‘Figures

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

e
in the figure below for one temperature. The relationship of

the free energy curve to the spinodal is indicated by the

vertical lines.

Photomicrograph of ductile 40% Pt - 60% Au alloy annealed 97

hours at 980°C. Magnification 1000X.

Room temperature tensile stress-strain curve for L40% Pt - 60% Au

alloy annealed 97 hours at 980°C.

Photograph of fractured 40% Pt - 60% Au alloy specimen.

“Stress-strain curve shown Fig. 3. Maénification 32X.

Photograph of 80% Pt - 20% Au alloy rapidly quenched from

1300°C and broken at room temperature. Magnification 32X.

- Room temperature tensile stress-strain curve for solution

quenched (from 1225°C) L40% Pt - 60% Au alloy.

Photomicrograph of L40% Pt - 60% Au alloy quenched from 1220°C,
showing very small amount'of grein boundary precipitate.

Magnification 1000X.

Photograph showing ductile fracture of quenched 40% Pt - 60%.Au

specimen. Magnification 32X.

t

Photomicrograph of 80% Pt - 20% Au, quenched rapidly from 1300°C.

Magnification 1000X.
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11.

12.

13.

1k,

Room temperature tensilevstress—strain curve for L40% Pt -

60% Au alloy quenched from 1225°C and aged one hour at 510°C.

X-ray diffraction pattern of quenched and aged Pt-Au alloy

showing "side bands" at the sides of the Bragg lines.

Photograph of quenchéd and aged 40% Pt - 60% Au specimen
showing brittle intergranular nature of fracture.

Magnification 32X.

Room temperature tensile stress-strain curve for L0% Pt -

60% Au alloy quenched from 1225°C and aged 20 hours at 510°C.

Photomicrograph showing grain boundary precipitate in L40% Pt -

60% Au alloy quenched from 1225°C; (14a) aged one hour at

510°C, (1L4b) aged 20 hours at 510°C.
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. TABLE I

vVARIATION OF HARDNESS WITH AGiNGITREATMENT

¥* ¥

v

' Aging Time.

g

FOR GOLD-PLATINUM ALLOYS

ha

80 Pt - 20 Au Alloy

_{s15°¢) ;’“. 

506 525 . 572 ko6

(685°C)

5'

525

10

585

15

521

Lo Pt - 60-Au Alloy

(520°)
o 30 60 120

3 ko3 k83 kg3

130

s

" 600

51k

©1200

L6L

- Expressed in minutes =

Ex Lo
- Vickers hardness, 25 gram load



T ("¢}

AF/ R

1800

1600

1400

1200

1000

—-100

-200

=300

- i

-

—
——

PHASE
DIAGRAM

FREE ENERGY
CURVE AT T,

A: INSIDE SPINODAL

B: OUTSIDE

A lB SPINODAL

20

40 60 80 100
At % Au in Pt

MUB-7533

Fig. 1



-18-

5236

ZN

Fig, 2



-19-

100

Isd O0O| 30 s}jlun ul ssd84}s

12

Strain

%

MUB-7358

Fig. 3



20 =

ZN-5237

Fig, 4



..

ZN-5238

Fig, 5



- D

1Isd 000! 40 s}lun ul ssaisS

4.0

2.0
% Strain

MUB-7321

Fig. 6



23~

ZN-5239



- .

5240

ZN

8

ig,

F



D

ZN-5241

Fig, 9




in units of 1000 psi

Stress

=26 =

N)0) ]
|20 ]
O‘Y=|OO 000 psi
80 1

o Calculated points
40 Measured curve e

——— Extension of elastic
line
0 | l | | | |
@) 0.5 1.O
% Strain

MUB-7323

Fig. 10



-27-

ZN-5244

Fig. 11



-28-

ZN-5242

Fig. 12
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
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

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.






