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INVESTIGATION OF THE APPLICATICN OF SPINODAL
THECRY TO THE PALLADIUM-IRIDIUM SYSTEM

Gordon Walter
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California
ABSTRACT

Hardness, microstructural and x-ray observations of & 56 at.%
palladium ) Lt at.% iridium alloy were made to investigate the appli-
cability of existing "spinodal" theory. Specimens of the palladium-
iridium alloy were aged at temperatures well below the critical tem-
perature predicted by existing theory.

Classic spinodal decomposition was not found to occur in any of
the studies even though specimens were aged long times. A theoretical
justification is offered for this phenomenon. The modification of
existing spinodal theory is based upon effects of differing elastic
modull .of the alloy components. Palladium and iridium are excellent
metals for such a study because the elastic modulus of 1ridium is

nearly five times that of palladium.



I. THEORY

The main obJective.of this investigation was to check the applica-
bility of existing theories with regard to the "spinodel" decomposition
of alloys of the pelladium-iridium system. First it would be appfo-
priate 4o review briefly the background of the existing spinodal theory.
Spinodal is the neme given to the inflectlion point of the Gibbs free
energy curve for a metastable solid solution alloy system. The locus
of such points comprises the dotted curve in Fig. 1 for the gold-platinum
system as shown by Boreliusl and Carpenter.2

Consider an alloy system with a miscibility gap as 1n Fig. 1. It
was reasoned that a supersaturated solid soluﬁion alloy of this systen,
with a composition within the spincdal curve on the phase diagram, could
experience spontaneous 'demixing' at temperatures within the miscibility
gap in order to lower 1ts free energy. (A) in Fig; 1l is an alloy of such
a composition. This demixing could be accomplished without overcoming
any nucleation barrier.

The composition fluctuations resulting from the free energy lowering
are assumed tq be sinusoidal in nature., Such composition fluctuatlons
explein the x-rey diffraction effect called "side bands" which are ob-
served in sﬁinodally decomposed alloys. The "side band" effect will be
considered again. because it has proven to be useful in experimentally
identilying spinodally decomposed alloys.

Because no nucleation is necessary for "spinodal decomposition”,
the rate of spinodal decomposition is controlled by the atomic diffusion
rate alone. Thus, the decomposition can occur in a short time compared
to a nucleation and growth type reaction for the above reason and also

because the diffusion distances are relatively small in the spinodal cace.
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In studies of the Cu-Ni-Fe-system, Hillert3 followed the kinetics
of the formation df composition modulations by the use of x-rays. Debye
x-ray patterns of metals wlth compositions inside a miscibility gap were

previously found by Daniel and Lipsonh’5

to show what are termed "side
bands” near the mein Bragg reflections. This effect is due to the
structure of the modulations themselves and an examplé of side bands,
observed by Carpenter in his stud& of gold-platinum, is shown in Fig. 2.
This x-ray effect 1s-simllar to the satellite spots observed by Ogawa
et al,6 in their studj of domain structures in ofdered Cu-Au using the
electron microscope. Daniel and Lipson related the wa&elength of the

composition modulations to the angular deviation of the x-ray side bands,

(80) from the parent Bragg angle (®) by the equation:
L = h tan @/[h2 PR 12) - 50] | (1)

where L is the wavelength of the modulation and h, k, and ! are the
Miller indices of the parent Bragg reflection.
For the pseudo binary system of copper and nickle-iron (Cu and

No .Fe 3) Hillert et al.>

confirmed this formula and ¢arlier general
findings that the modulation wavelength increased with alloy aging time.
That 1s to say, the side band separations decreased with alloy aging
time.

Two explanations of phyéical states of the alloy.that could result
in the side band effect have been advanced in the literature. 'Daniel

L,5

and Lipson explained that the slde bands were the result of one
dimensional sinusoidal variafions in composition in the matrix, In
effect, the picture is one of lamella of extremely different-concentra—

tions separated by a concentration gradieht. These lamella then can lle



in randomly oriented zones. _The zones, of course, can have any of three
orientations in & single crystal so the x-ray effect is three dimensional.
Cahn8 described the composition fluctuations by a three dimensional
Fourier function.

Regardless of the physical model, Carpenter2 reasoned that spinocdal
decomposition would affect the physical properties of the alloy. In his
study he showed that the reaction could be followed by hardness measure-
ments as well as with x-rays and that spinodal decomposition in gold-
platinum was an effective hardening mechanism.

Cahn and Hilliard provided a rigorous application of thermodynamics
to precipitation and spinodal reactions in e series of papers.7’8’9' In
those treatments, the free energy per unit volume function was shown to
be a significant term. The nucleation and growth phenomena was compared
to the spinodal and it was shown that these two phenomena become guite
similar as the temperature approaches the critical temperature. The
critical temperature is shown as Tc in Fig. 1. It is the highest tem-
verature at which the alloy system will experience thermodynemic equili-
brium between the single solid solution state and the two phase state.
Another way of saying this is that all possible compositions in the
alloy system will be in thermodynamic equiiibrium in the soclid solution
state above the critical tempefature.

Cahn and Hilliard also introduced and treated the "interfacial free
energy’ contribution to the total free energy of a regular solution. The

total free energy was defined as:

£ = [ V[f'(c) + K(Vc)g] dv (2)



where £'(c) is the Helmholz free energy per unit volume of composition,
¢, and K(Vb)g is the interfacial free energy term., The latter can.also
be considered the composition gradient energy term when no définite
interface or ares of compositional discontinuity is present. Thus com-
positional fluctuations will ocecur, according to this theory, af such a
temperature that the Helmholz free energy term decreases faster than the
gradient energy term Increases with compositional-change. This corres-
ponds to the spinodal. Note that the interfacial energy or composition
gradient energy term would have the effect of lowering the Tc at wnhich
such coherent compositional fluctuation would occur. That 1s, the effect
of the composition gradiént energy term would be to lower the miscibility
gap in Fig. 1.

| To continﬁe the development of the free energy relationships affect-.
ing the formation of the compositional fluctuatlons associated with the
épinodal, 1t 1s noted that Eq. (2) is inappropriate for caseé where there
is a strain energy contribution to the total free energy. Ca.hnlo pointed
out that such strain' energy contributions can be large and significant in
solids.
| He assumed that the surface energy term would be much less significent
than the strain energy term. He thus predicted that the critical tempera~

ture depression due to coherency strains would be approximately:

2
E
Tem T = 7w (3)
A v
where 7 = the expansion of the lattlce per unit composition
change
E = Young's modulus
v = Poisson's ratio
k = Boltzman's constant
N, = number of atoms per unit volume (cm'3)



The number of degrees centigfade that the coherent misecibility gap is
predicted to fall below the standard or incoherent miscibility gap is
given by T -T. It should be emphasized at this point that Caﬁn’s treat-
ment is deriﬁed to apply to initial decomposition. The simplifying
assumption inherent in this application is that compositional fluctuations
would not be great enough to preclude using én average elastic modulus for
the alloy. This assumption yields useful results for the gold-platinum
system. Gold and platinum have elastic moduli of 21.3 and 11.6 million
psi, respectively. However, palladium and iridium have moduli of 16.3
and 76 million psi, respectively. It would seem that successful applica-
tion of the above spinodal theory to the palladium-iridium system would
probably be fortuitous.

t was thought by the auvthor that the effect of widely differing
moduli could greatly alter the strain‘energy criterion in Cahn's theory.
Thus an alloy such as palladium-iridium is ideally sulted in investiga-
ting this point. The atomic size difference, 17, in palladium-iridium
alloys 1s about 0.13 whereas in gold-platinum alloy systems it is about

0.3.
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IT. E}CPERZDIIENTAL PROCEDURE

Mloys of 55.9 at.% palladium and 44,1 at.% iridium were vacuum
cast in & zirconia crueible using a tungsten fllament furnace. The
metals were then solution—treéted at 1575°C for 18 hours in air and
water quenéhed. Finally they were solution-treated at 1600°C for two
hours in an inert atmosphere and water-helium gquenched to assure re-
tention of the single phase. A délay'triggering device allowed the
sample to be quenched'at the instant the electrical heating power was
interrupfed. |

Microhardness and x-ray diffraction specimens of con&enient size
- were cut from polycrystailine samples with & spark cutter to minimize
coldwork. Specimens were vacuum incapsulated in quartz tubing before
the aging treatments were performed. The aging treatments were carried
out wifh temperature control of approximately *5°C at 709°C and 600°C
and aging times ranged from 1 to 250 hours.

Debye-Scherrer x-ray photographs were taken of all specimens using
Cu K a rédiation and & 114.59 mm diameter cemera. Mierohardness meas-
urements were made on the bakelite mounted specimens using Xentron and
Leitz microhardness testers. The loads used in the two cases were 500
and 300 grems, respectively. |

 Several specimens were studled with the electron microprobe analyzer
to determine if there were composition variations in the matrix or near
grain boundaries and inclusions. Inclusions observed at 400 metallo-
graphically were also identifled with the probe. Aqua regia in glycerol

was found to be a good grain boundery etchant.



ITII. EXPERIMENTAL RESULTS

The Debye-Scherrer photoéraphs of samples aged for varilous times
at 709°C and 600°C are shown in Figs. 3 and 4, respectively. The Debye
photographs were obtalned usling Cu K o radiation with 3-hour exposures.
The TO9°C series reveals that noticeable decomposition had occurred in
the fine grained palledium-iridium after aging for four hours. No evi-
dence of the accepted "side band" diffraction effect from a periodically
mo@ulated structure‘is‘seen in ahy of these diffraction patterns.

The diffraction lines of the precipitating éhase are seen to in-
tensify for the 8 and 16 hour aging treatments. The angle of diffrac-
tion of the second phase is larger than that of the parent phase. This
indicates the smaller lattice parameter phase (iridium rich) has pre-
cipitated. The final observed lattice parameters observed for the two
phases were calculated to be 3.834A and 3.864A. Such lattice paremeters
indicate relative phase concentfations of 94% Ir and 34% Ir respectively
if Vagard's law is assumed to apply.

'The Debye-Scherrer photographs of the samples aged at 600°C also
show no sign of "side bands". No evidence of precipitation of a second
vhase was observéd at 600°leor any of the aging times. There is
evidence of laﬁtice strains in the specimens which were aged 16, 32, 64
and 128 hours. The diffraction lines become broadened. This effect is
easily seen for the 422 line, in which the previously easily resolved
K a doublet has become one wide band.

Mierohardness dates for th¢ two aging temperatures comprises Table
I and is shown in Figs. 5 and 6. Again, it is seen that the two treat-
ments yleld different results. The T09°C samples show an initilal de-

crease in hardness into the aging time range where second phase is ob-
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_ser&ed by x—fays. Then the hardness increases briefly before falling
off again. The alloy never gets much harder than the value of the
unaged sample.

On the other hand, the alloy aged at 600°C shows an initial hard-
ening at two hours aeging time. The hardness theﬁ decreases somewhat
before increasihg for longer eging times. The second stage hardening
is observed to be nearly linear (vs. square root to time) up to 250
hours aging time, The hardness attained at this témperature is sgb-
stantially greater than the hardness of the unaééd specimen.

It was observed metallographically that grains wouldvmove with re-
spect to one another when hardﬁess indentations were made on the sample
aged at 600°C for 128 hours. That is to say, a given grain would slip
in the sample by movement at the grain boundaries. This effect was not
observed in the samples aged less than 128 hours at 600°C.

The electron microprobe analyzer was used to check the homogeneity
of>the alloy.v A result of these investigations was identification of
inclusions that were observed via the microscope at 4LOOX. The inclusions
were,identified as zifqonium—oxide. Theré was no evidence of dissolved
zlrconlum 'in the matrix. Also, there was no evidence of large scale .
inhomogeneities in the samples due to precipitetion at gfain ﬁoundaries
or inclusions. Unaéed samples were found to be quite homogeneous every-
where except very near the surfaces that were in Qontact with the cruci-
ble. Thus samples for study were taken from the centervof the alloy

castlings.
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IV. DISCUSSION OF EXFERIMENTAL RESULTS

The results of the investigation of the pelladium-lridium system
have provided much information. The major objective of this investiga~
tion, as stated previously, was to check the applicability of existing
spinodal theories.with respect to the palladium=-iridium system, but
spinodal decomposlitions dld not occur as predicted by theory. Before
going into a complete discussion of this central issue, 1t 1s necessary
to discuss some observations from the experimental resuits. |

Flrst the lattice calculations made for the two equilibrium phases
compare favorably with the results of Raub and Platell which were obtained
during their determination of the palledium-iridium phase diagram (see
Fig. 7). The iridium rich phase with 94% iridium has a compositioh very
close to that given by the phase dlagram at 709°C. The palladium rich
phase with 34% iridium is of a different composition than the 2% iridium
phase predicted by the phase diagram. This is quite an acceptable re-
sult because the palladium rich phase 1s not in a state of equilibrium.
The fect that equllibrium has not been attained in the parent metrix
helps to explain the scatter in spot locations observed in the diffrac-
tion rings. That 1s, some of the grains have been depleted more than
cthers. This results in different areas of the parent matrix héving
dlfferent lattice parameters. The differing lattice parameters thus
result in scatter in diffraction engles thus scatter in the points makes
up the diffraction ring.

The second observatiqn was ﬁhe rather unexpected hardness versus
time curve. A similer effect was observed by Raub and Plate In some
of thelr experiments. This phenomenon will be discussed later in

context with the decomposition reaction.
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The third noteworthy experimental observation ls the movement of
grains wilth respect to one another during hardness"tesﬁing. This
happened in the samples aged for very long times. It indlcates graln
boundary precipitation of a soft ductile phase. In this way these re-
sults agree with the conciusioﬁs of Carpenter? in his investigation of
gold-platinum. The.gold-platinum that had been hardened spinodally was
found to have nearly no plasticlty and appeared to fracture in a brittle
manner. Carpenter attributed the epparent brittle fracture to grain
boundary»precipitation. The grain boundary precipitation compétes with
the demixing of the alloy. Thus a significant amount of grain boundery
precipitation can occur during the hardening process. Deformation then
may occur at the grain boundaries after sufficient aging.

Before beginning the experimental investigation of the palladium-
iridium alloy system, calculations using Cahn's criterion [Eq. (3)] were
made to predict the spinodalj that is, Eq. (3) was used to predict the
amount that the miscibility gap (thus the critical temperature) would be
lowered due to strain energy contributions to the free eneréy. The
palladium-iridium system has a wider miscibility gap and a smaller size
difference than does the gold-platinum system. The system, however, has
a larger average Young's modulus and difference in Young's modulus then
does the gold-platinum system. All factors considered,’one would expect
that palladium-iridium alloys would decompose spinodally. Calculations
of the cohefency strain energy contribution to the free energy indicated
the coherent miscibility gap would be lowered by about 300°C. ‘Exaggeration
of the factors involved would allow one to rationaliée e lowering of the
miscibility gap by 600°C. Thus, the expected temperature at which the

alloy would undergo spinodal decomposition would be about 900°Cc to 1200°C.
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The latter is most.likely according to present theory and the former is
somewhat of a lower limit.

Even with such promising theoretical predictions, no "side band"
effect was observed in this study at either T709°C or 600°C. The only
x-ray diffraction effect observed other than evidence of precipitation
was broadening of the diffraction lines. Diffraction theory explains
how strains in metal lattices can result in the former effect.lg A
similar effect can result from surface deformation but because of the
care in specimen treatment this was not considered likely. The presence
of coherency sfrains in the structure is further indicated by the large
increase in hardness that occurred after aging at 600°C for a éufficient
timé.

Thus, the evldence seems clear that palladium-iridium does not under-
go classic spinodal decomposition at TO9°C or 600°C. It also seems clear.
that existing spinodal theory is not applicable to this alloy. A test
of the theory could be made at still lower temperatures but the reactions
become so slow that such experiments are Impractical. Because the atomic
size differences in the palladium-iridium system are smaller than in the
gold-platinum system, the most plausible factor to consider for the
fallure of the theory is the Young's modulus. As was noted before,
iridium has nearly five times the modulus of palladium.

Let us consider what happens physically in spinodal decomposition.
As was mentioned earlier, composition fluctuations which occur duvring
spinodal decomposition are felt to be either in the form of a three-
dimenslonal Fourler function or a one-dimensional sinusoidal variation.
It 1s plausible that the extremely high modulus {low elastic compliance)

of the iridium results in the inability of iridium rich "clusters" of

atoms to fit coherently in either of the above physical configurations.
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In the one dimensionally varying or lemellar 'niodel, this could be
viewed as resulting in a reduction in lémella length and width. The
reduction being to the degree that the iridium-rich clusters wquld»bé o
more like GP zones than real lamella. Such a configuration.would not
have periodic coﬁposition variations and thus would not be expected to
yield x-ray diffraction "side bands”.

The modification of the Fourief model whilch would éxplain the re-=
sults would be similar. .The Fourler configuration would be expected té
be replaced by a number of iridium-rich cubes, spherés, or plateleﬁs in
the matrix. All the iridium-rich metal is surrounded by palladium;rich
alloy. Such a structure does not have periodic composition fluctuations.
Thus, there would be no x—réy side band effect éxpected.

Thefefore, instead of classical spinodal decomposition o?gurring in
pélladium-iridium at the predicted temperature, a decomposifion of a
different nature evidently occurs. It is emphasized at this point that
the effects of the coherency strains observed in the x-ray patterns for
samples aged at 600°C strongly indicate that 600°C is below the critical
temperature of the coherént miécibility gap for this alloy. Thus,; de-
cdmposition bf‘éome nature has?pccurred at 600°C but it is not df the
classic spinodal type. (The saﬁe was not Iindicated for TO§°C dase.)

Additionel informetion about the nature of the decomposition re-
aétion is provided by thé hardness data. First consider Fig. 8, the
hardnesé versus éomposition curve for palladium-iridium solid solutioné
obtained by Raub and'Plate.ll To consider the first stage of hardening
'shown in Fig.'6, disregafd oﬁhér hardness contributions for the moment

and consider the following three states in the demixing process. The

first sﬁate, (1) in Fig. 8,.15 the homogeneous alloy of 56-Lk at.%
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composition. The second state, (2) in Fig. 8, is the state where compo-
sitional fluetuations have occurred to the degree that the iridium-rich
alloy is of about 50% iridium. The third state, (3) in Fig. 8, is later
in the decomposition when the ifidium—rich metal has & higher iridium
concentration. In the third state, the iridium-rich solid solution has
a lower hardness than the iridlum-rich clusters of the second state.

Because of the added hardness of the iridium-rich metal in state 2
of Fig. 8, one would expect the total alloy hardness to increase to a
maximum when the iridium-rich clusteré ere near that state. This should
be true even though the palladiuﬁ-rich metal has a lower hardness than
the original 56-4& alloy. After state 2, the total hardness would then
be expected to fall off repidly as the hardness of the iridium-rich metal
begins to fall off.

Figure 9 shows a sketch of hardness versus composition change of
iridium-rich volumes expected from such & demixing phenomenon. No at-
tempt is made to consider‘size or shape of the various component clusters.
Again it 1s emphasized that the stress necessary to move the dislocation
through the harder portions of the alloy is assumed to be the limiting
factor for dislocation motion. Thus this factor controls the hardness for
the entire alloy. This statement 1s made becausé the small distances be-
tween iridium-rich clusters expected in the decomposed alloy would not
allow dislocations to "bow out"”. Wavelengths of the composition modula~
tions of the spinodally decompésed Cu-Ni-Fe and AuPt systems average about
lSOA. Thus for the Pd-Ir éystem{ composition fluctuations of this order
are reasonable. Further justification of the above conclusion i1s not
possible in this study.

The second stege hardening of Fig. 6 could be thought of as the
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result of a modulus effect or a strain energy effect.

The line energy of a dislocetion 1s

g = & W

where G is the shear modulus and b 1s the dislocatilon.Burgers vector.

The critilical force to move a dislocatlon isl

F = 55 - | (5)

Thus one could determiﬁe the increase in hardness (difficulty in moving
dislocations) by its dependence upon the variation in modulus between
palladiun-rich alloy volumes and iridium-rich volumes as & funétion of
(x). Unfortunately, no valid shear modulus data is aveilable for palle-
dium-iridium as & function of composition, thusv(x).

Equation (5) does point out, however, that an increase in solid solu-
tion hardness of the total'alloy would'Be expected to accompany an increase
in shear modulus .difference between various clusters in the alloy. If
the dlloy decomposition resulted in a sinusoldel variation of the shear

modulus, the maximum increase in shear modulus between clusters would be:

() - = ®

where ) 1s the spacing of the iridium-rich clusters and B is the amplitude
of the modulus change from the palladium-rich to the iridium-rich material.
Because the magnitude of the variation of shear modulus 1s Indeterminable,

one can only estimate the extent to which the irldium-rich clusters
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contribute to the proposed hardening.

To consider coherency straln contributions we will neglect the rela-
tive hardness contribution of alloy clusters of differing compositions.
The stress that can act on dislocations due to coherency strains between
adjacent volumes of metal hés been treated by Da.hlgren.13 It was shown
for the Cu-Ni-Fe spinodal that the yleld stress was directiy proportional
to the difference in cubic lattice parameters of the two extreme compo-
sitions present in the aged alloys.

The physical situation of the Pd-Ir system is somewhat different from
that of the Cu-Ni-Fe system. HNonetheless, the retarding stress for dis-
locations due to coherency strains should be.much the same. Thus, one
would expect an approximately linear increase in yleld stress with chang-
ing composition within the segregated region., Note that at this point of
the discussion no real seéond phase has precipitated; only a "demixing"
has occurred. It 1s known that hardness increases as yield stress in-
creases for a given alloy. A possible hardness versus cluster composition
difference sketch is shown in Fig. 10. It has been drawn linearly imply-
ing its proportionality to yleld stress. This proportionallty need not
be the case but was assumed since no better relationship is known. It is
a worthwhile assumption to the degree that hardness does 1ncrease when
yield stress increases.

Combination of the component hardness effect of Fig. 9 and the strain
energy effect of Fig. 10 with iridium cluster yields Fig. 1l. The hard-
ness versus composition separation of clusters plot of Flg. 1l compares
well with the experimental plots of hardness versus sqﬁare root of time

in Fig. 6. One would expect that the controlling factor for this demixing

would be the diffusion of atoms. The diffusion rate would be approximately
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proportional to the square root of time at early stages in demixing.
Tater in the demixing process the diffusion rate would be diminished by
the straln energy factor. For spinodal decomposition, the interdiffusion

coefflcient was derived by CahnlO to be

M 522: + <2n2/l-v) | (1)
oc

where the (2n2/l-v) 1s the strain energy contribution and M is a.constant.
Taking this into aécount, one can conclude that reiative component harden-
" ing and coherency strailn hardening satisfactorily explain the two stage
hardening curve qbserved in aged palladium-iridium alloys.

The x-ray results constitute final evidence that coherency strains
are significant in the second stage of the hardening and not in the flrst. .
Figure 4 shows noticeable x~-ray evidence of lattice strains in specimens |
aged for 16 hours. This would co?respond approximately to the onset of
the second stage hardening of Fig. 6. |

The hardness curve for the specimens aged at TO9°C shows aﬁ initial
decrease in hardness. It is concluded that the T09°C samples 4o not
experience_coherency hardening because coherency hardening should increase
éontinuously. Thus, one 8lso concludes that coherent demixing did not
occur in the T09°C samples. This then means that T50°C is above the
eritical temperature, Tc’ of thercoherent phase diagram. T50°C is chosen.
as the temperature for extra safety since the hh% Ir alloy is slightly
to the left of the'center‘of the miscibility gap. One can coﬁclude that
60050 i1s below Té because of the coherency hardening observed. Thus the
experimental Tc for the palledium-iridium system is between 600 and T50°C.

This value is much lower than the 1200°C eritical tempersture predicted



-17-

by Cahn's theory.

Tt was pointed out in the introduction that Cahn's theory explicitly
assumes that the average Young's modulus and average strain terms are
necessary and sufficient to determine the coherency strain energy. Be~
cause of these factors Cahn is able to conclude that the strain énergy
1s independent of wavelength. On the other hand composition fluctuations
in palladium-iridium alloys would result in large differences in Young's
moduli for volumes of different composition. This would result in strains
varying greatly in the lattice. Thus Cahn's assumption, that the average
strain per unit composition change is sufficient to describe the strain
effects, 1s inappropriate for palladium-iridium. It is also inaccurate
for other cases but the effect of the error would probably not be as
large in other systems. o

A further point is that the greatest lattice strains would be found
in the palladium-rich metal surrounding the iridium~rich clusters. This
now means that cluster interface areas are important to the strain energy
of the decomposed alloy. This statement is contrary to Cahn's conclusion
that the strain energy does not depend upon the wavelength of composition
modulations of "spinodally" decomposed alloys. Cahn's conclusion was
based upon the éssumption that the streins in the lattice were homogeneous.
This assumption, of course, is not consldered valid for palladium-iridium
as noted above. §Since the strain energy does depend upon the interface
ares in a given volume of palladium-iridium ailoy, then it also depends
upon the wavelength of the composition modulations. Reinforcement of this
point lles in thé very fact that the wavelength of spinodally decomposed
Cu-Ni-Fe was observed by Hillert3 to increase with aging time. The elim-

ination of interface area could provide the energy to drive the reaction
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- in this direction,‘thus indicating its prbbable iﬁportance in the Cu—Ni-Fe
system. One may now ask how thesé conclusions apply to the palladium-
Iridium results. |

First consider the direct effect of the varying Young's modulus in
decomposed palladiuvm-iridium metal. - Most. of the lattice stfain would be
in the palladium-rich metal, because of its lower foung's modulus. Also,
most of’the straln in the palladium-rich metal would be expecﬁed near
the cluster interface. By Ean. (3) one can qualitatively see thét strain
(¢) would be increased more than E would be decreased. . The fact that e
is squared in the:equation 1s of paremount importancé. ~Thus, because of
the large difference in Young's moduli of palledium and iridium, the
result of such a consideration would be more than double of T—Tc.

Second, as‘pointed out, thevStrain energy wouldgbe closely related
to the cluster interfacé area. The importance of this gan be appreciaied‘
with the help of an illustration. Consider e lamelle of metal 150AX1500Ax
- 15004. If this leamella were dividea inﬁo one hundred cubes of 150A edge
length, the total surface area of the métal would more thanvdouble.

It has alrgady»been concluded that the iridium clusters are not of
- periqdic‘1amellar‘nature. Thug one could further conclude that Inter-
face areas of decomposed palladium-iridium alloys could be éignificantly
larger than those implied by classic spinodal theory. This could also
then increase T-Tc.

Thus, instead of the coherent miseibility gap being depressed 300°C
by coherency strains, 1t 1s easy to appreclate a possible'depressiOn of
ebout 800°C. This wowld set T, between €00 and T00°C. The result is a
_better agreement of experiment and theory. Unfortunately a more quenti-

tative treatment of these factors is not possible due to limited data.



_19;

In summary there are two main points about the applicabillty of
spinodal theory to the palladium-iridium system. First, although
palladium-1ridium should presumably be a "spinodal” system, 1t exhibits
coherent precipltation instead. The size and shape of the prepipitate
is controlled by diffusion distances, surface grea considerations, and
‘geometric compatebilities. The last two factors seem to be due to the
extreme variations in Young's moduli in;this system.

Second, it is emphasized that palladium—iridium 1s quite a special
spinodel system. From 1t new insights can be gained into spinodels.

Thus now one can look at spinodel decomposition slightly differently

and more reallstically than in the past. It would be well to consider

the spinocdal decomposition to be a speclal form of coherent precipitation
rather then merely similar to coherent precipitation. The special form
being the limit where no activation energy is necessary. One can thus
consider the spinodal to be & periodic coherent precipitate and the
palladium-iridium system the link be£ween classical spinodal decomposition

and classical precipitatilon.
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V. CONCLUSIONS

From this study it can be concluded that the palladium—iridium sys-
tem does not experience spinodal decomposition at 709;0 or 600°C. At
709°C en iridium-rich incoherent precipitate formed. At 600°C two stage
hardening waé observed and attributed to coherent clusters of 1ridium-
rich metal. The critical temperature of the coherent miscibility gap
was concluded to be between 600 and T50°C. Movement of grains at grain
boundaries, observed during hardness testing, was ;oncluded to be due to
plastic flow of a reiatively soft graln boundary precipitate.

The two stage hardening of the alloys aged at 600°C was concluded to
be the product of two hardeﬁing mechanisms. The first stage hardening
wes concluded to be due to the extra hardness of the iridium-rich clusters.
The second stage hardening waé attributed to shear modulus variations or
coherency strain effects.

The existing'spinodal theory was shown in this Study to fail to pre-
diect the proper depression of the cohefent miscibility gap and the manner
of demixing of palladiﬁm—iridium. These failures were attributed to the
large differences. in Young's modull involved in the palladium-iridium
| system and to approximations in the theory. The low elastic complianceA
(high Young's modulus) of the iridium-rich clusters was concluded to pre-
vent iridium-rich metal from forming periodic lamella. It was concluded
that the large Young's modulus difference of the two metals resulted in
extra strains in the palladium-rich volumes. It was assumed that most of
the coherency strain would be near the cluster interface. These two fac-
tors affected approximations made by Cahn and allowed qualitetive agree-
ment of éxperiment and theory as fo the effect of coherency strains on

the critical temperature of the coherent miscibility gap.
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ZN-5244

Fig. 2 X-ray diffraction pattern of quenched and aged Pt-Au alloy
showing "side bands" at the sides of the Bragg lines.



= A5

LA

Aged 16 hours

ZN-5990

Fig. 3 X-ray diffraction patterns of quenched Pd-Ir alloys aged at
T09° showing precipitation of iridium-rich phase with
increasing aging times.
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Fig. 4 X-ray diffraction patterns of quenched Pd-Ir alloys aged
at 600°C showing evidence of coherency strains with in-
creasing aging times.
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Table 1. Hardness data for quenched and aged Pd-Ir Alloys

e iens s 4t bpectens hack st
s) 709°C 600°C
0 g8 502
1 78 602
2 ‘ 66 T05
b ~35.5 ‘ 666
8 89.5 -
16 2.5 618
32 - 718
6l - T2l
128 - - _ : 756

250 - : 8ok
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Fig. 5. Plot of Knoop hardness vs square root of aging time
of Pd-Ir alloys aged at T09° C
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Fig. 6. Plot of Vickers hardness vs square root of aging time

of PAd-Ir alloys aged at 600°C.
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. Fig. 7. Phase diagram of palladium-iridium system.ll
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Fig. 8. Plot of Vickers hardness vs atomic percent iridium
of solid solution Pd-Ir alloys.ll
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Fig. 9. Sketch of hardness of Pd-Ir alloy vs composition
of iridium-rich clusters, due to hardness of the
iridium-rich clusters.
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Fig. 10. Sketch of hardness of Pd-Ir alloy vs composition
of iridium-rich clusters, due to coherency
streins. ' '
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Fig. 1ll. Sketch of hardness of Pd-Ir alloy vs composition

of iridium-rich clusters, due to both cluster
hardness and coherency strain effects.
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