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Abstract 

The optimized phase diagram of the binary Mo-Pd system was calculated using thermodynamic coefficients 
derived from the assessment of available experimental phase diagram and thermodynamic data. The excess Gibbs 
energies of the phases are described employing the ordinary polynomial expressions in a subregular model. The 
temperatures of various transitions and the composition limits of the phases are reproduced satisfactorily. 

1. Introduction 

The assessment of the Mo-Pd system is of importance 
to the nuclear industry since the elements molybdenum, 
ruthenium, rhodium, palladium and technetium are 
found as single- or two-phase metallic inclusions in 
irradiated UO, and (U, Pu)O, nuclear fuels. Molyb- 
denum and palladium together with ruthenium are the 
fission products with the major yields. 

Computer assessments of several binary systems of 
these five elements have been made and the resulting 
binary Gibbs excess energy coefficients have been used 
successfully in multiphase diagram calculations of the 
elements [14]. In the case of the binary Mo-Pd system, 
there are no calculated Gibbs excess energy coefficients 
available and the present assessment was undertaken 
using experimental phase diagram and thermodynamic 
data to provide the best coefficients for use in higher 
order system constructions. The Lukas optimization 
program was used to obtain the best set of coefficients 
describing the phase diagram [5]. 

2. Experimental phase diagram and thermodynamic 
data 

2.1. Phase diagram information 
Studies of different regions of this system have been 

reported by various investigators. The solid state equi- 
libria at high temperatures are generally well established 
as comprising a limited b.c.c. terminal solid solution 
of Pd in MO, Mo(Pd) [6-8], a narrow composition range 
high-temperature E (h.c.p.) intermediate phase [7-lo] 
and an extensive f.c.c. solid solution of MO in Pd, 
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Pd(Mo) [6, 8, 9, 111. The h.c.p. intermediate phase is 
formed peritectically from the Mo(Pd) solid solution 
at approximately 1740 “C [7, 8, lo] and decomposes 
eutectoidally to the b.c.c. Mo(Pd) and f.c.c. Pd(Mo) 
solid solutions at approximately 1400 “C [7, 8, lo]. A 
maximum (congruent melting point) has been reported 
in the liquidus of the f.c.c. Pd(Mo) solid solution [9] 
and this phase is most generally accepted to enter into 
a eutectic reaction, liquid = E (h.c.p.) + f.c.c. Pd(Mo), 
at about 53 at.% Pd and 1775 “C [9]. A conflicting 
report by Savitskii et al. [lo] indicating that the f.c.c. 
Pd(Mo) phase is formed peritectically from E (h.c.p.) 
at 1710 “C has tended to be discounted in assessments 
of the system [12, 131, but this alternative view appears 
to be supported by recent studies by Kleykamp [8]. 

Solid state equilibria at lower temperatures (less than 
1370 “C) have been reported with some uncertainty 
over the solubility limits of the Mo(Pd) and Pd(Mo) 
solid solutions and also the possible existence of in- 
termediate phases at these lower temperatures [14-161. 
However, more recent studies have shown that, at these 
relatively low temperatures, the system is a simple 
diagram with two terminal solid solutions with a mixture 
in between [8, 171. The lower solid state equilibria 
(from 1100 to 880 “C) have been re-investigated [17] 
using ultra-rapidly-solidified samples and no traces of 
intermediate phase were found in the temperature 
ranges investigated. The solid solubility limit of the 
b.c.c. Mo(Pd) phase was found to be 2.5 at.% Pd at 
1100+5 “C, 2 at.% Pd at 1050+ 5 “C and 0.5 at.% Pd 
at 900f5 “C. The f.c.c. Pd(Mo) boundary was estab- 
lished as 63 at.% Pd at 1100 + 5 “C, 65 at.% Pd at 
1050+5 “C, 67.5 at.% Pd at lOOOf “C and 72.5 at.% 
Pd at 900*5 “C. 
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2.2. i%ennodynamic data 
Yamawaki et al. [18] studied the system using a 

calcia-zirconia solid electrolyte e.m.f. technique over 
the temperature range 1200-1300 K. The partial free 
energies, enthalpies and entropies of a solution of MO 
were calculated at 1273 K. However, the uncertainties 
are very large for these thermodynamic properties. The 
partial quantities for Pd were derived at 1273 K, so 
as to be consistent with the phase diagram of Shunk 
[19]. Recently, Kleykamp [8] has re-investigated the 
system using a calcia-zirconia solid electrolyte e.m.f. 
technique over the temperature range 800-1200 K. His 
results are in agreement with the findings reported by 
Yamawaki et al. [18]. 

Kaufman and Bernstein [20] made the first attempt 
to calculate the diagram using the estimated Gibbs 
excess energy coefficients. A set of estimated equations 
was obtained by Brewer and Lamoreaux [12] to describe 
the partial thermodynamic quantities for the phases of 
the system. Since experimental data are available, 
these estimated values were not used in the assessment. 
Rand and Potter [2] have also tried to calculate the 
diagram. 

3. Thermodynamic modelling 

In the Lukas program the lattice stabilities of the 
pure elements are described by the equation 

“G=A-BT+CT(l -In T)-fDT’-IET-’ -iFT3 (1) 

In the present calculation the equations limited the 
first two terms and the coefficients are given in Table 
1. The lattice stability values of Rand and Potter [2] 
were used for Pd and the lattice stability values of 
Andersson et al. [21] were used for MO, except for the 
Mo(liquid) lattice stability value. It caused a problem 
because it was not in the correct format to employ in 
the Lukas optimization program and therefore a best- 
fit linear equation was achieved using values obtained 

TABLE 1. Gibbs energies of transformation of elements (in 
joules per mole). Reference states are pure solid MO (b.c.c.) 
and Pd (f.c.c.) 

MO Temperature 
dependence 

1 -T 

Pd Temperature 
dependence 

1 -T 

G”4 _ @- 41402.91 14.2966 G”q - G'= 16480 9.02 
GkC _ Gh 0 0 Gb” - G’” 4180 - 3.3s 
G’eC _ Gbrr 15200 - 0.63 G’m - G’” 0 
oh’_ GhC 11550 0 G”” - GfCe 418: -5.86 

from the original equation of the type 41 
616.767 - 14.6985 + 4.035 826 x 1O-22 T’ [21]. 

All of the phases concerned were described using 
the subregular model. The ordinary polynomial expres- 
sion was employed for the composition dependence of 
the phases and their Gibbs energies are given by the 
following expression 

+RT[(I -& ln(I ---x)~~++~ ln xpdl +EGm (2) 
where the excess free energy is described (for the liquid 
phase) as 

EGm = (1 -&vyp,[(366 904.56 - T193.12 

- 478 773~~~ + T216.85+,)] (3) 

(1 -x) and x are the mole fractions of the individual 
components, ‘Gi are the lattice stability values of the 
pure elements and Ai are the binary polynomial coef- 
ficients which may be temperature dependent. 

4. Optimization 

The phase diagram data above 1373 K, from the 
assessed diagram [12, 131, were adopted as the main 
source of phase diagram data. The results of the con- 
stitutional investigation [17] were also input. The phase 
diagram information reported by Kleykamp [8] was only 
used for the b.c.c. +f.c.c. phase field because above 
this phase field ,the results contradict the assessed 
diagrams [12, 131. Since, in the Lukas program, the 
use of contradictory data causes unreasonable results, 
his findings must be used separately. 

The partial free energies of the elements at 1273 K, 
reported by Yamawaki et al. [18], were used. Since the 
exact structural states of the samples were not clearly 
specified an assumption was made, in the light of the 
present investigation, that the alloy composition at 45 
at.% Pd refers to the b.c.c. +f.c.c. phase field and at 
67, 78 and 87 at.% Pd refers to the f.c.c. phase field. 
The partial free energies of MO measured by Kleykamp 
[8] at 1200 K were also used. 

Initially, Rand and Potter’s [2] lattice stabilities for 
the elements, combined with the phase diagram and 
thermodynamic data, were input into the Lukas program 
and various descriptions including regular, subregular 
and composition-dependent terms were tried in an effort 
to obtain the best coefficients producing a realistic 
phase diagram. All of these attempts were unsatisfactory 
since the f.c.c. phase reappeared in the MO-rich part 
of the diagram above 1300 K, as in the binary Mo-Rh 
phase diagram assessment [4]. It was found that the 
f.c.c. phase was stable relative to the b.c.c. and h.c.p. 
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TABLE 2. The assessed excess Gibbs energy coefficients of the 
phases in the binary Mo-Pd phase diagram 

Phase Temperature dependence 

1 -T 

Composition 
dependence 

Liquid 366904.56 
- 478773.00 

B.c.c. 40328.63 
1220269.00 

F.c.c. 71076.50 
- 100416.81 

H.c.p. 11387.07 
656.46 

193.12 
- 216.85 

73.49 

159.92 txpd) 
50.59 

- 27.84 kr,) 
16.81 

53.33 2*,) 

phases above 1300 K. When the f.c.c. phase was removed 
from the calculation, the b.c.c. liquid and h.c.p. equilibria 
were well reproduced, thus suggesting that the MO f.c.c. 
phase stability term was causing the problem. The MO 
lattice stabilities from Andersson et al. [21] were there- 
fore tried after the modification of the format of the 
Mo(liquid) phase stability equation. These stabilities 
proved to be satisfactory and after some attempts the 
coefficients best describing the phase diagram were 
obtained. These coefficients are shown in Table 2. The 
temperature dependence of the Gibbs excess energy 
of the phases is given in Table 2 together with the 
composition dependence. An example of this is provided 
in eqn. (3). 

5. Results and discussion 

The diagram above 1000 K, plotted using the assessed 
coefficients, is compared with the experimental diagram 
in Fig. 1. As can be seen, agreement with the exper- 
imental diagram is generally very satisfactory. The in- 
tricate details around 2000 K are also reproduced very 
satisfactorily in accordance with the experimental dia- 
gram and are illustrated in Fig. 2. The calculated diagram 
comprises three reactions (eutectic, peritectic, eutec- 
toid) and a congruent melting point and their tem- 
peratures are reproduced near or within the experi- 
mental error limits reported. The temperature 
dependence of the b.c.c. and f.c.c. phase limits are 
calculated quite well. The equilibria involving the liquid 
phase are also produced satisfactorily, although no 
thermodynamic data were available. The similarity of 
the temperature transitions and composition limits of 
the phases around the complicated region shows that 
the subregular model can be applied successfully to 
reproduce a complex area without any need for ad- 
ditional terms. 
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Fig. 2. Peritectic and eutectic region of the phase diagram displayed 
in more detail. 

TABLE 3. Comparison of the present assessed integral molar 
free energies with those reported by Kleykamp [8] at 1200 K 
and Yamawaki et al. [18] at 1273 K 

XPd AG, 1200 K xPd AG, 1273 K 
(J mol-‘) (J mol-i) 

Current talc. Kleykamp Current talc. Yamawaki 

0.975 - 2107 -3000 0.870 -7648 -7531 
0.950 - 3714 -5000 0.785 -9551 - 9623 
0.925 -5042 -6300 0.670 -9581 - 7950 
0.900 - 6142 - 7200 
0.850 - 7764 -8800 
0.800 - 8719 - 9800 
0.750 -9100 -10400 
0.700 - 8981 - 10600 

The partial Gibbs energies of MO derived at 1200 
K from the present calculated coefficients are shown 
in Fig. 3 with the experimental values reported by 
Yamawaki ei al. [18] and Kleykamp [S]. The integral 
Gibbs energies are compared in Table 3. As can be 
seen the agreement with the experimental values is 
very satisfactory. 

. 
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Fig. 3. Comparison of the calculated partial free energies of MO 
with the experimental values at 1200 and 1273 K. 
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