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The Pd-Sb binary system has been thermodynamically assessed by means of CALPHAD approach.
The Redlich-Kister polynomial was used to describe the solution phases, liquid (L) and fcc. The non-
stoichiometric compound Pd;Sb and PdsSbs were described by a two-sublattice model (Pd,Sb);Sb and
(Pd,Sb)s(Pd,Sb)s. The six intermetallic compounds, PdgSbs, Pd2oSb7, PdsSb,, Pd,Sb, PdSb and PdSb,, were
treated as stoichiometric phases. The parameters of the Gibbs energy expressions were optimized accord-
ing to all the available experimental information of both the equilibrium data and the thermodynamic
results. A set of self-consistent thermodynamic parameters of the Pd-Sb system has been obtained. The
calculations agree well with the respective experimental data.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Knowledge of phase diagram and thermochemical properties
of the Pd-Sb system is very important since these alloying ele-
ments are used in several materials of technological importance.
For example, the Pd and Sb are the important component elements
of Half-Heusler alloys as thermoelectric materials [1,2]. The Pd as
contact materials for GaSb and InSb semiconductors, Pd-Sb system
has been investigated in contact interface layer [3,4]. And these
alloying elements, Pd and Sb, as the main components of most of
the currently used catalyst materials has been explored [5]. Hence, a
complete thermodynamic description of the Pd-Sb system would
prove invaluable to develop alloys for new applications and also
provide better understanding of the implications of these alloying
elements in existing alloys.

The Pd-Sb system was firstly evaluated by Massalski et al. [6].
In 1991, Durussel and Feschotte [7] redetermined the Pd-Sb phase
diagram. On the basis of the results given by Massalski et al. [6] and
Durussel and Feschotte [7], Okamoto [8] updated the Pd-Sb phase
diagram. But the Pd-Sb system has not been assessed thermody-
namically. Therefore, the purpose of this work is to assess the Pd-Sb
system by means of the CALPHAD (CALculation of Phase Diagram)
technique [9]. The phases of the system are thermodynamically
modeled and the parameters of the Gibbs energy expressions are
comprehensively optimized.
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2. Experimental details
2.1. Experimental phase diagram data

Sander [10] and Grigorjew [11] investigated the Pd-Sb system
and determined the invariant temperatures and liquidus tempera-
tures at various compositions by using thermal analysis technique.
The phases of Pd;Sb, PdSb and PdSb, were found in the Pd-Sb sys-
tem [10], and a new phase of Pd5Sb, was presented by Grigorjew
[11]. Four compounds were found in the region between 25 and
39at.% Sbbelow ~1327 Klater. Wopersnow and Schubert [12] mea-
sured the solubility range for each phase. Massalski et al. [6] drawn
the Pd-Sb phase diagram based on experiments [10,11]. The eight
COITIpOUHdS, Pd3Sb, Pd205b7, Pngb3, Pd315b12, Pdssbz, PdSb, and
PdSb,, were found in the Pd-Sb system, but the melting reactions
of Pd,oSb7, PdgSbs, Pd3;Sby,, and PdsSb, were unknown. Durus-
sel and Feschotte [7] reinvestigated the Pd-Sb phase diagram by
the differential thermal analysis (DTA) and X-ray diffractography.
It was found that there are four very narrow and structurally sim-
ilar phases around Pd3Sb and these phases formed at very high
temperature (between 1479 and 1221 K). And the results showed
that thermal stability of these compounds decrease with increasing
antimony content. The maximum solid solubility of antimony was
reported to be xs;, =0.167 at 1320 K. And the phase of Pd,Sb existed
below 964 K. In the Pd-Sb system [7], the Pd3Sb, PdSb and PdSb,
melt congruently. Other parts of the Pd-Sb phase diagram were
very similar to that shown in reference [6]. The crystal structure
of Pd205b7, Pngb3, Pd5$b2, Pd3Sb, Pd5$b3, szsb, PdSb and Pdsz
were researched by Wopersnow and Schubert [12,13], EI-Boragy et
al. [14], Bhan and Kudielka [15], Schubert et al. [16], Balz and Schu-
bert [17] and Thomassen [18], respectively. The phase of Pd3;Sb1;
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Table 1
The temperature and the composition of the invariant reactions in the Pd-Sb system.

Invariant reaction Composition of phases (at.% Sb) Temperature (K) Reaction type Ref.
L — Fcc+Pd3Sb 21.6 16.7 25.0 1320+2 Eutectic [7]

20.2 15.7 25.0 1317 Eutectic This work
L— Pd3Sb 26.4 26.4 - 1479+2 Congruent [7]

25.0 25.0 - 1480 Congruent This work
Pd3Sb — fcc +Pd;oSb; 254 16.3 25.9 1213 +£2 Eutectoid [7]

25.0 16.7 25.9 1213 Eutectoid This work
Pd;Sb +PdgSbs; — Pd,oSby 25.5 27.3 25.9 122142 Peritectoid [7]

25.0 27.3 259 1221 Peritectoid This work
Pd3Sb +PdsSb, — PdgSbs 26.7 28.1 27.5 1383+2 Peritectoid [7]

25.7 28.5 27.5 1383 Peritectoid This work
L+Pd3Sb — PdsSb, 30.0 27.0 28.6 1402 +2 Peritectic [7]

29.8 259 28.6 1402 Peritectic This work
L+PdsSb, — PdsSbs 36.4 28.6 34.5 1111+2 Peritectic [7]

38.7 28.6 353 1109 Peritectic This work
PdsSb; +PdsSbs — Pd,Sb 28.6 34.4 333 864 Peritectoid [7]

28.6 36.2 333 865 Peritectoid This work
PdsSbs — Pd,Sb +PdSb 34.5 333 50.0 849 Eutectoid [7]

36.2 333 50.0 848 Eutectoid This work
L+PdsSbs — PdSb 42.0 38.5 50.0 996 Eutectic [7]

42.5 37.6 50.0 1003 Eutectic this work
L— PdSb 50.0 50.0 1067 +1 Congruent [7]

50.0 50.0 1067 Congruent This work
L— PdSb +Pd,Sb 66.6 50.8 66.7 951+2 Eutectic [8]

62.4 50.0 66.7 942 Eutectic This work
L— PdSb, 66.7 66.7 - 951+2 Congruent [8]

66.7 66.7 - 952 Congruent This work
L— PdSb +(Sb) 88.0 66.7 100.0 860+1 Eutectic [7]

85.3 66.7 100.0 865 Eutectic This work

is not included because it was the only phase with an unknown

crystal structure.

The temperature and the compositions of the invariant reaction

the present optimization. The equations are of the SGTE (Scientific
Group Thermodata Europe) format:

in the Pd-Sb system were listed in Table 1 and crystal structure
data of the phases [8] in the Pd-Sb system were listed in Table 2.

2.2. Thermodynamic data

The heat of formation at 298 K was determined by calorime-
try for the fcc phase palladium-rich alloys and the intermediate
phases PdSb and PdSb,. The experimental results were reported to
be —47.42 and —38.90 kJ/mol of atoms for PdSb and PdSb,, respec-
tively [19].

3. Thermodynamic models
3.1. Pure elements

The stable forms of the pure elements at 298.15 K were chosen
as the reference states of the system. For the thermodynamic func-
tions of the pure elements in their stable and metastable states, the
phase stability equations compiled by Dinsdale [20] were used in

OG;”(T) = G?(T) — HER(298.15K) = a + bT + cTInT + dT?
+eT? +fT~ 1 +gT7 + hT® (1)

where H?ER (298.15K) is the molar enthalpy of the element i at
298.15K in its standard element reference (SER) state, fcc for Pd
and rhombohedral for Sb. G?(T) and OG?(T) are the absolute and
the relative Gibbs energy of the element i in the ¢ state. The Gibbs
energy of the element i (i=Pd and Sb), OG?(T), in its SER state is
denoted by GHSER;, i.e.

GHSERpg = OG{de(T) = Gy (T) — Hp? (298.15K) (2)
GHSERgp = °GH™(T) = GI™(T) — HER(298.15K) 3)

3.2. Solution phases

In the Pd-Sb system, the solution phases, liquid and fcc, were
described by the substitutional solution model. The Gibbs energy
function of the solution phase ¢ for 1 mole of atoms is described by

Table 2

Crystal structure data of the phases in the Pd-Sb system?.
Phase Composition (at.% Sb) Pearson symbol Strukturbericht Space group Prototype

designation

(Pd) 0-16.7 cF4 Al Fm3m Cu
Pd;Sb 25.0-27.0 cF16 B32 Fd3m NaTl
Pd,0Sb; 25.9 hR27 - R3 -
PdsSbs 27.5 hR44 - R3c -
PdsSb, 27.7-28.3 hP84 - p63/mmc -
Pd,Sb 333 0C24 - Cmc2, -
PdsSbs 34.3-38.5 hP4 B8, p63/mmc NiAs
PdSb 50.0-50.8 hP4 B8, p63/mmc NiAs
PdSh, 66.7 cP12 FeS,(pyrite) Pa3 FeS,(pyrite)
(Sb) 100 hR2 aAs R3m aAs

a Crystal structures are taken from Okamoto [8].
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the following expression:
G = xpg°GP, + x55°GY, + RT(xpq In Xpg + Xsp InXg) + £GP, (4)

where OG? is the molar Gibbs energy of the element i (i=Pd and

Sb) with the structure of ¢. EGﬁ is the excess Gibbs energy which
is expressed in Redlich-Kister polynomial:

EGh = XPdXSbZiL¢(XPd — Xsp)' (5)
i
The parameter L? (i=0,1,2,...) is the ith interaction parameter

between the elements Pd and Sb and to be evaluated in the present
work. Its general form is as the following:

19 =a;+ biT+TInT + d;T? + e T> + ;T + g T’ + T2  (6)

where a;, b;, ¢;, d;, e;, fi, g and h; are the coefficients to be optimized.
In most cases, only the first one or two terms of the above equation
are used.

3.3. Stoichiometric compounds

In the present optimization, PdsSbs, Pd;gSb7, PdsSb,, Pd,Sb,
PdSb and PdSb, phases, with narrow or nil solubility ranges were
treated as the stoichiometric compounds. The Gibbs energy per
mole of formula unit Pd;;Sb, is expressed as follows:

0GPdmSbn _ GPdmSbn _ 1y H}EER _n HggR

0 fec 0, rh PdmSh,
m°Gp, +n ng°m+AGf m>bn (7)

where AG}’dWSb" is the Gibbs energy of formation for per mole
of formula unit Pd,;Sby. AG}{’deb" can be given by the following
expression:

Acfdeb" =a+bT (8)

where a and b are the parameters to be evaluated in the present
work.

3.4. Intermediate phases with homogeneity range

3.4.1. The Pd3Sb phase

The intermediate phase Pd3;Sb has a wide composition range to
the Sb-rich side of the strict stoichiometric Pd3Sb. The two sublat-
tice model [21,22], (Pd%,Sb)3Sb was used in this case. The symbol %
denotes the major component in the corresponding sublattice. The
Gibbs energy function of the Pd3Sb phase is as the following:

G%d35b HSERSb — yl OGPd35b + ylstGSn:?BSb + 3RT(y§:dlny})d

V5N Y5h) + VpaVsrLbesiish” (9)

LS = D (an+baT)(vhg — vsy)" (10)
n=0

SER SER SER

where de s i the abbreviation of 3deH +(1 +3y5b)H Y

is the site fractlons of the component i (i=Pd and Sb) in the first
sublattice. °GFd35P and 0G;b3b are the Gibbs energies of the stoichio-
metric and hypothetic compounds Pd3Sb and Sb3Sb respectively,
as were modeled by Egs. (7) and (8). L ’;dsf)b 35b js the interaction
parameter between the elements Pd and Sb in the first sublattice

as was modeled by Eq. (10).

3.4.2. The Pd5Sbs phase
The intermediate phase PdsSbs, having a homogeneity range,
was treated as (Pd%,Sb)s(Pd,Sb%); by a two-sublattice model

[21,22]. The Gibbs energy per mole of the formula unit
(Pd%,Sb)s(Pd,Sb%)5 is given by the following expression:

(Pd%,Sb)s(Pd,Sb%); _ 1ySER
G Hipas; sb)s(pd,sb%)s

1 Il 0 ~PdsPd 1 1l 0~PdsSh I Il 0~ShsPd
=Ypa¥pg Cm> 2 +Ypa¥sp Cm>" 2 +YspVpg Om> >

+yL Vi 0GsbsShs 4 SRT(yhInyph, + yi, Inyk, ) + 3RT(vhInyh,

+y5b]ny ) EG%’d%,Sb)S(Pd,Sb%h (-l 1 )
where H(SPM sb)s(Pd. Sb/) is the abbreviation of (5}, + 3yp,JHpik +

(Sysb + 3yl JHIER. yl and y!! are the site fractions of the component

i(i=Pd and Sb) in the first and the second sublattices, respectively.
0GPdsPds 0GPdsSbs 0GSbsPds and 0GSbsShs represent the Gibbs energies
of the hypothetic and stoichiometric compounds PdsPd3, PdsSbs,
SbsPd3; and Sb5Sbs, formed when each of the sublattices is occupied
by only one component Pd or Sb (yp;=1 or ys, =1), and they were
modeled by Egs. (7) and (8). EG{Fd%:Sb)s(Pd.Sb%); s the excess Gibbs
energy expressed by the following expression:

E G(Pa%.Sb)s(Pd,Sb%);

L(PA%S)(Pa.Sb)s | I (P Sb) (Pd,Sb%)
= VpaVsp(Vpal Pd,Sh-Pd” 5+ Y Le *)

I L(Pd%.Sb)s(Pd. Sb% (Pd%,5b)5(Pd.Sb%
+YpaspWpaLiiipi oy +ySbLSb:Fd,Sb)5( ") (12)

o o n
LE)Z%BZ?)S(M'SW‘% = Z(ﬂn +bnT)(Ypg — Vsp) (13)
n=0
K09 = 3 (0 by 1
n=0

where L{Pd%.50)s(Pd.Sb%)s and [(Pd% Sb)s(Pd.Sb%)3 represent the interac-
tion parameters between the elements Pd and Sb in the related

sublattice while the other sublattice is occupied only by the element
k (k=Pd and Sb).

4. Assessment procedure

The thermodynamic optimization of the model parameters of
the Gibbs energy expressions is an application of the CALPHAD
technique with the help of the PARROT module of the Thermo-
Calc software developed by Jansson [23] and Sundman et al. [24].
Its procedure consists of the choice of thermodynamic models for
the Gibbs energy of the individual phases as previously described,
the analysis of all the related experimental data available, and the
computer-aided nonlinear regression for minimizing the square
sum of the errors between the experimental data and the computed
values.

The experimental data from Sander [10], Grigorjew [11], and
Durussel and Feschotte [7] were used in the optimization. The
data from [4,11] were offered relatively large weight factors since
they had constructed a reasonable phase diagram over almost the
entire composition range. In this study, the thermodynamic param-
eters for the intermetallic compounds were optimized at the first
stage based on standard enthalpies of formation for the Pd-Sb
intermetallic compounds [19] and the phase boundary information
[10,11].

The 0GPdsPds and 0GSbsSbs with PdsSbs structure in Eq. (9) are
the hypothetical forms of the corresponding pure elements, and
the parameter a of their Gibbs energy expression as shown in
Eq. (8) was ensured to be a sufficiently positive value relative
to their SER state. In order to reduce the number of optimizing
variables, it was assumed that L@ Sb)s(Pd.Sb%); — [ (Pd% Sh)s(Pd.5b%);
[(Pd%.Sb)s(Pd,Sb%)3 _ [ (Pd%.Sb)s(Pd.Sb%)3’ o

Pd:Pd,Sb Sb:Pd,Sh
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Table 3
The thermodynamic parameters of the Pd-Sb system?.
Phase Parameters
Liquid ULL{qw_'d = —186,656.4 +42.548 x T
Ttiquid —  _ 95 651.8 +32.036 x T
fec OpFec — _176,510.8 + 46.406 x T
1[fec = _902,35.1 +22.051 x T
0GHIsSh — 30GI¢ 4 OGThom _ 134, 392.8 — 5.305 x T
Pd3Sh 0Gshash = 40Grhom 4+ 20, 000
OLPds » = —215,273.1+5.049 x T
PdoSb; 0GPa20%h7 = 20°GKS 1 70GIom 1064, 845.5 +72.808 x T
PdgSbs OGPdsshs — 8OGIT 4 30GIom _ 447, 831.9 + 28.997 x T
PdsSb, OGpIs$h2 = 50GLT +20GTom — 290, 622.9 + 18.047 x T
Pd,Sb 0GPd2Sh — 206{f§ +0Ggom —131,878.8+13.981 x T
0GHIsShs = 50GL 4+ 30GIom 324, 579.4 4 2.999 x T
0GPdsPds = 8OGI* + 40000
0GsbsShs = 80GHom 4 40000
0GSbsPds — 50Grhom 4 30GKC _ 40 036.0 + 10.001 x T
Pd;Sbs LPdsShy _ 342 444.1 +Pi145 001 x T
Pd,Sb:Pd ’ ° :
PdsSby  _ _
T o e e
Pd:Pd,Sb ’ ° °
Lidseby = —397,728.0 +130.183 x T
PdSb OGPash — 0GIe 4 OGrhom _ 95 313.7 +13.768 x T
Pdsb, OGRS = OGLT 4 20GHom —112,527.2+19.884 x T

2 In J/(mole of formula units); temperature (T) in K.

The optimization of Pd3Sb and PdsSbs were carried out in two
steps. In the first, Pd3Sb and PdsSbs were assumed to be a stoi-
chiometric compound. And in the second, they were treated using
two-sublattice model. The parameters obtained from the first treat-
ment were used as starting values for the second.

In the beginning of the assessment, each item of the selected
information was given a certain weight factor by judgment. During
the period of optimization, the weight factors were adjusted by trial
and error. The final data set was obtained when the squared sum of
the errors between the experimental data and the calculated results
was reduced to a certain level.

5. Results and discussion

The thermodynamic description and the optimized parameters
of the Pd-Sb system are listed in Table 3. The calculated Pd-Sb
phase diagram is compared with the experimental data [10,11] in
Fig. 1 and is nearly identical to the one represented by Sander [10]

2000 :
1800 s W. Sander o L
A O  VonA.T. Grigorijew
v 1600 — -
g
S
5 1400 — ~
7]
<% .
S Liq
@ 1200 -
&
D_|
1000 — g -
2 o
-
800 g L
a Qo ol
22 8 3
el el o e
600 : alfjo - a - o -
0 0.2 0.4 0.6 0.8 1.0

Mole Fraction Antimony

Fig. 1. The calculated Pd-Sb phase diagram compared with the experimental data
[10,11].
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Fig. 2. The calculated formation enthalpies of the Pd-Sb system with experimental
measurements at 298 K [19].
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0 0.2 04 0.6 0.8 1.0
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Fig. 3. The calculated standard enthalpies of formation of the fcc phase palladium-
rich alloys at 298 K with experimental data [19].

and Grigorjew [11]. With respect to the PdSb, phase, a peritectic
transformation was suggested in previous works [10,11]. More-
over, the phase diagram reported by Durussel and Feschotte [7]
is not completely clear on this point. Because the incompatible
asymmetry of the liquidus on the left and right sides of the com-
pound PdSb, the PdSb, phase should melt congruently. Okamoto
[8] updated the Pd-Sb system, and pointed the PdSb, phase melts
congruently.

All invariant equilibria in the system given by Durussel and
Feschotte [7] are reproduced, which are listed in Table 1. The com-
positions and temperatures of invariant reactions fit well with the
experiments [7]. Figs. 2 and 3 show the calculated the heat of for-
mation at 298K for the fcc phase palladium-rich alloys and the
intermediate phases PdSb and PdSb, in the Pd-Sb system with the
experimental data determined by Darby et al. [19].

Within the experimental uncertainties, most of the experimen-
tal data are well reproduced by the present calculation.

6. Conclusions

All of the experimental phase equilibria and thermodynamic
data of the Pd-Sb system from the available literature have
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been critically evaluated. Within the regime of CALPHAD tech-
nique, the Redlich-Kister polynomial, the sublattice-compound
energy model and the temperature dependant expression were
adopted to describe the solution phases, the non-stoichiometric
phases and the stoichiometric compounds, respectively. After the
optimization of the Gibbs energy functions, a set of consistent ther-
modynamic parameters for the Pd-Sb binary system is obtained.
The calculated phase equilibria and thermodynamic properties,
including the phase diagrams and the standard enthalpies of for-
mation for the Pd-Sb intermetallic compounds, all agree well
with the experimental data. With the thermodynamic description
available, one can now make various calculations of practi-
cal interest. Detailed experiments are necessary to check these
inconsistencies.
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