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Abstract

The excess enthalpies of liquid binary Sb±Te alloys and of the ternary Pb±Sb±Te system were determined in a heat-¯ow

calorimeter along the sections PbySb1ÿy±Te with y�0.2, 0.5 and 0.8 at 1173 K and with y�0.5 at 1073 K. The largest values of

the exothermic enthalpies are found on a line stretching from PbTe to Sb2Te3. The association model with additional ternary

interaction parameters was applied for the analytical description of the ternary melt. In addition, the phase equilibria were

determined by DTA and X-ray diffraction measurements. The thermodynamic functions of the quasi-binary sections PbTe±Sb

and PbTe±Sb2Te3 were optimized and the phase equilibria calculated. # 1998 Elsevier Science B.V.

Keywords: Enthalpies of mixing of Pb±Sb±Te; Enthalpies of mixing of Sb±Te; Phase diagram Pb±Sb±Te; Section PbTe±Sb;

Section PbTe±Sb2Te3

1. Introduction

The excess enthalpies in liquid-metal±tellurium

alloys often vary as triangular-shaped functions of

the concentration with exothermic minima close to

the composition of a congruent melting compound in

the system. According to Wagner [1], this unusual

behaviour can be explained by the formation of stoi-

chiometric associates in the liquid state due to electron

transfer from the metal to the chalcogen or formation

of covalent bonds between these elements.

Within the scope of systematic investigations of the

excess enthalpies in ternary systems, we have now

measured the excess enthalpies of Sb±Te and Pb±Sb±

Te alloys in the liquid state. The association model

was used to describe the thermodynamic functions of

the melt. For preliminary clari®cation of the liquidus

surface in the ternary system and phase equilibria on

the quasi-binary sections PbTe±Sb and PbTe±Sb2Te3,

we performed DTA and X-ray diffraction measure-

ments. An optimized set of thermodynamic functions

for the quasi-binary sections was obtained from

experimental data by a computer operated least-

squares method.

2. Experimental

2.1. Calorimetric measurements

The measurements were performed with a high-

temperature heat ¯ow calorimeter [2] along three

cross sections PbySb1ÿy±Te. The measurements

started with the liquid binary PbySb1ÿy alloys, with
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y�0.2, 0.5 and 0.8 at T�1173 K and with y�0.5 at

1073 K. Small amounts of tellurium (T�298 K) were

consecutively added to this melt. On the tellurium-rich

side of the sections, the measurements started with

pure liquid Te and small amounts of the binary

PbySb1ÿy (T�298 K) alloy were successively added.

The enthalpy increments, H(T)±H(298 K), of

PbySb1ÿy and Te were determined in separate experi-

ments. The calibration of the calorimeter was carried

out before and after each mixing experiment by

dropping Sn (T�298 K) into a second tube, the end

of which was located in the melt. The enthalpy

increments of tin were taken from Barin [3]. The

reproducibility was better than �3%. All experiments

were carried out under dry argon gas at atmospheric

pressure.

2.2. Phase diagram investigations

The liquidus surface of the ternary Pb±Sb±Te sys-

tem and the quasi-binary sections PbTe±Sb and PbTe±

Sb2Te3 were experimentally determined. The identi-

®cation of the phases was carried out with the aid of an

X-ray diffractometer (STOE automated diffractometer

system, �Cu,K��154.056 pm). DTA measurements

were performed at a heating rate of 10 K minÿ1, using

a self-constructed DTA with Si as reference and a

NEWTRONIC furnace, Model Micro 96 whose main

characteristics have already been described [4]. The

samples were prepared in the desired compositions

from the pure elements (Pb, Preussag, 99.999%; Sb,

Preussag, 99.999%; Te, Preussag, 99.999%) and

placed in silica tubes; in addition samples with the

composition of the ternary compound Pb2Sb6Te11,

described by Abrikosov et al. [5,6]. The evacuated

and sealed tubes were heated to a temperature well

above the melting temperature and vigorously shaken.

After quenching, the alloys were annealed for 4500 h

at different temperatures below the solidus line, and at

723 and 623 K for Pb2Sb6Te11.

3. Analytical description

3.1. Binary systems

The analytical description of the thermodynamic

functions for the liquid alloys was carried out by

means of the association model [7]. Based on this

concept, the formation of short-range ordered associ-

ates AiBj in the melt is assumed, which have a well-

de®ned stoichiometry corresponding to the composi-

tion of a congruent melting compound in the solid

state. A system of three different species is thus

obtained with nA and nB moles of free atoms A and

B in equilibrium with nAiBj
moles of associates. The

mass action law with an association constant KAiBj
can

be applied to the reaction

iA� jB$ AiBj:

The thermodynamic functions of the melt can be

described by the parameters �H0
AiBj

and �S0
AiBj

,

respectively, the enthalpy and entropy of formation

of the associates and CG
X;Y the interaction parameter

between two species X and Y, with CG
X;Y � CH

X;Yÿ
TCS

X;Y [8]. These coef®cients required for the calcula-

tion of the limiting binaries, were derived by the aid of

the program `BINGSS' developed by Lukas et al.

[9,10].

3.2. Ternary systems

If in a ternary system one associate in each binary

system is formed, three such equilibria have to be

considered. Without the formation of ternary associ-

ates, six additional interaction parameters may then be

needed for the analytical description of the liquid

ternary system: the interactions between an associate

of a binary system and the third pure component,

CH
C;AiBj

, CH
B;AkCl

and CH
A;BuCv

, and between two different

binary associates, CH
AiBj;AkCl

, CH
AiBj;BuCv

and CH
AkCl;BuCv

[8].

3.3. Quasi-binary sections

The thermodynamic functions of a quasi-binary

section can be expressed by Redlich±Kister poly-

nomials [11] in order to calculate the phase equilibria

[12]. The excess term of the Gibbs energy GE is given

by Eq. (1):

GE � xAxB

Xn

��0

K��xA ÿ xB�� (1)

with

K� � A� � B�T � C�T ln �T� (2)
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The coef®cients A�, B� and C� of Eq. (2) describe

the temperature dependence of the parameter K�. xA

and xB are the mole fractions of the limiting com-

pounds. The optimization and calculation of the ther-

modynamic functions and the phase equilibria were

carried out by the `BINGSS' and `BINFKT' programs,

developed by Lukas et al. [9,10].

4. Binary systems

4.1. The Pb±Sb system

The Pb±Sb system is of the eutectic type with a

small range of solubility of the components in the solid

state. An assessment of the system was presented by

Ashtakala et al. [13]. The system was optimized by

Taskinen and Teppo [14] and Ohtani [15]. The ther-

modynamic properties of the melt were measured

using calorimetric [16±20] and EMF methods [21±

26]. The excess enthalpies deviate S-shaped from the

ideal behaviour [19,20,15], or are only negative over

the whole range of concentrations [18,14].

The excess enthalpy values of the Pb±Sb system,

used for our calculation, are based on the data of

Wittig and Gehring [18] in accordance with the opti-

mization of Taskinen and Teppo [14]. The enthalpies

are weakly exothermic with a minimum of ca.

ÿ50 J molÿ1. The thermodynamic functions are given

by one coef®cient CH
Pb;Sb for the interaction between

the elements (Fig. 1).

4.2. The Pb±Te system

The Pb±Te system contains the congruent melting

compound PbTe with a very small homogeneity range

[27]. The system was optimized by different authors

[28±31]. The thermodynamic properties of liquid

alloys were reported using calorimetric [32,33],

vapour-pressure [34], quantitative DTA [35] and

EMF methods [36,37].

The excess enthalpies of the Pb±Te system (Fig. 2)

are a typical triangular-shaped function of the con-

centration as known for chemical short-range ordered

systems. The enthalpy and entropy of formation of an

associate PbTe, �H0
PbTe and, �S0

PbTe, the interaction

parameters CG
Pb;PbTe and CG

Te;PbTe for the interaction

between the associate and the pure components were

used for the description of the system. Calculated and

experimental excess enthalpies are summarized in

Fig. 2.

4.3. The Sb±Te system

The Sb±Te system contains a congruent melting

compound Sb2Te3 and two solid phases between Sb

Fig. 1. Experimental (points) and calculated (lines) excess

enthalpies of liquid Pb±Sb alloys.

Fig. 2. Experimental (points) and calculated (lines) excess

enthalpies of liquid Pb±Te alloys.
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and Sb2Te3, � and 
 with a wide homogeneity range

[38]. The �-phase has a melting minimum, whereas the


-phase melts incongruently. The system was opti-

mized, assessed and calculated by Gosh et al. [39,40].

The thermodynamic properties of liquid alloys were

determined by calorimetric [41,42], isopiestic [43]

and EMF methods [44,45].

5. Ternary system

Phase diagram investigations in the ternary system

were performed by Henger and Peretti [46,47],

Reynolds [48] Hirai et al. [49] and Abrikosov et al.

[5,6], the latter reported a ternary compound

Pb2Sb6Te11 on the quasi-binary section PbTe±Sb2Te3.

Nasar et al. [50] measured the heat of fusion of this

compound.

According to the results of Henger and Peretti [47]

the ternary eutectic in the PbTe±Pb±Sb subsystem has

a eutectic temperature of T�525.5 K at 88.9 wt% Pb

and 11.1 wt% Sb and is identical to that of the Pb±Sb

binary eutectic (Table 1).

6. Results

6.1. Calorimetric investigations

6.1.1. The binary Sb±Te system

The results of the calorimetric measurements in

the Sb±Te system at 1173 K are given in Table 2.

For the addition of Te to liquid Sb±Te alloys,

the enthalpies of solution were calculated according

to the reaction

�1ÿ z�Sb1ÿxTex�1; T� � zTe�s; 298 K�
!�Hsol

Sb�1ÿx��1ÿz�Tex�1ÿz��z�1; T�; (3a)

The excess enthalpies HE
SbÿTe were calculated from

Eq. (3b)

�1ÿ z��1ÿ x�Sb�1; T� � �z� �1ÿ z�x�Te�1; T�

!HE
SbÿTe

Sb�1ÿx��1ÿz�Tex�1ÿz��z�1;T� (3b)

similar equations are valid for the addition of Sb to the

liquid alloys, namely Eq. (4a) for the enthalpies of

solution

Table 1

Coefficients of the association model for the limiting binary

systems

System: Pb±Sb Pb±Te Sb±Te

(i,j) Ð 1,1 2.3

�H0
AiBj

(kJ/mol) Ð ÿ58.5 ÿ60.9

�S0
AiBj

(J/mol K) Ð ÿ12.6 ÿ51.3

CH
A;B (kJ/mol) ÿ0.2 Ð ÿ12.0

CS
A;B (kJ/mol) Ð 4.2 Ð

CH
A;AiBi

(kJ/mol) Ð 14.3 ÿ30.8

CS
A;AiBj

(J/mol K) Ð Ð Ð

CH
B;AiBj

(kJ/mol) Ð ÿ13.1 ÿ33.0

CS
B;AiBj

(J/mol K) Ð ÿ8.7 Ð

Table 2

Enthalpies of solution �Hsol and binary excess enthalpies HE
SbÿTe

according to the reactions (3) and (4) in the Sb±Te system at

1173 K

nTe/ xTe �Hsol/ HE
SbÿTe/

(mol) (J/mol) (J/mol)

Starting amount: nSb�0.015984 mol

0.001440 0.083 2691 ÿ1104

0.002322 0.191 3867 ÿ2509

0.002452 0.280 3474 ÿ3833

0.003131 0.369 3839 ÿ5198

0.003479 0.445 4028 ÿ6089

0.003489 0.505 3664 ÿ6730

0.003089 0.548 3224 ÿ6928

0.003464 0.589 3140 ÿ7266

Starting amount: nSb�0.013579 mol

0.000890 0.062 2010 ÿ817

0.001745 0.163 3683 ÿ1988

0.002142 0.260 3592 ÿ3524

0.003295 0.373 4700 ÿ5280

0.003194 0.453 4160 ÿ6346

nSb/ xTe �Hsol/ HE
SbÿTe/

(mol) (J/mol) (J/mol)

Starting amount: nTe�0.017320 mol

0.000809 0.955 708 ÿ1299

0.001614 0.877 1461 ÿ3409

Starting amount: nTe�0.016505 mol

0.001013 0.942 647 ÿ1954

0.001521 0.867 1512 ÿ3880

0.002254 0.775 2557 ÿ5675

0.003339 0.670 3845 ÿ7158

0.003220 0.593 4403 ÿ7128

0.002457 0.545 3428 ÿ6770
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�1ÿ z�Sb1ÿxTex�1; T� � zSb�s; 298 K�
!�Hsol

Sb�1ÿx��1ÿz��zTex�1ÿz��1; T�; (4a)

and Eq. (4b) for the excess enthalpies

�z� �1ÿ z��1ÿ x��Sb�1; T� � �1ÿ z�xTe�1; T�

!HE
SbÿTe

Sb�1ÿx��1ÿz��zTex�1ÿz��1; T�: (4b)

The exothermic minimum of the excess enthalpies

is close to the composition of the congruent melting

compound Sb2Te3 and is temperature-dependent

(Fig. 3). By the assumption of the associate Sb2Te3

®ve parameters had to be used for calculation of the

thermodynamic functions, the enthalpy and entropy of

formation of the associate, �H0
Sb2Te3

and �S0
Sb2Te3

, and

the interaction parameters CG
Sb;Te, CG

Sb;Sb2Te3
and

CG
Te;Sb2Te3

. The coef®cients for the constituent binaries

according to the association model are shown in

Table 1. The calculated and experimental excess

enthalpies and chemical potentials are illustrated in

Figs. 3 and 4.

6.1.2. The ternary Pb±Sb±Te system

The enthalpies of solution �Hsol (5a, 6a), the excess

enthalpies HE
PbySb1ÿxÿTe (5b, 6b) and the ternary excess

enthalpies HE
PbÿSbÿTe (5c, 6c) are listed in Table 3(a±c)

for the sections PbySb1ÿy±Te with y�0.2, 0.5 and 0.8

at 1173 K and in Table 3(d) for the sections

Pb0.5Sb0.5±Te at 1073 K for the addition of tellurium

to liquid alloys according to

�1ÿ z��PbySb1ÿy�1ÿxTex�1; T� � zTe�s; 298 K�
!�Hsol

�PbySb1ÿy��1ÿx��1ÿz�Tex�1ÿz��z�1; T�;
(5a)

�1ÿ z��1ÿ x�PbySb1ÿy�1; T� � �z� �1ÿ z�x�

� Te�1;T� !
HE

PbySb1ÿyÿTe �PbySb1ÿy��1ÿx��1ÿz�

� Tex�1ÿz��z�1; T� (5b)

and

�1ÿ z��1ÿ x�yPb�1; T� � �1ÿ z��1ÿ x��1ÿ y�
� Sb�1; T� � �z� �1ÿ z�x�Te�1; T�

!HE
PbÿSbÿTe

Pby�1ÿx��1ÿz�Sb�1ÿy��1ÿx��1ÿz�

� Tex�1ÿz��z�1; T� (5c)

and for the addition of PbySb(1ÿy) to liquid alloys

according to

�1ÿ z��PbySb1ÿy�1ÿxTex�1; T� � zPbySb1ÿy

� �s; 298 K� !�Hsol

�PbySb1ÿy��1ÿx��1ÿz��z

� Tex�1ÿz��1; T�; (6a)
Fig. 3. Experimental (points) and calculated (lines) excess

enthalpies of liquid Sb±Te alloys.

Fig. 4. Experimental (points) and calculated (lines) chemical

potentials of liquid Sb±Te alloys.
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Table 3

Enthalpies of solution �Hsol, experimental excess enthalpies HE
PbySb1ÿyÿTe and ternary excess enthalpies HE

PbÿSbÿTe according to the reactions

(5) and (6) along the different sections

nTe xTe �Hsol HE
Pb0:2Sb0:8ÿTe HE

PbÿSbÿTe

(mol) (J/mol) (J/mol) (J/mol)

(a) Pb0.2Sb0.8±Te at 1173 K

Starting amount: nPb0:2Sb0:8
�0.016082 mol

Ð 0.0 Ð 0 ÿ19.3

0.001099 0.064 1413 ÿ1423 ÿ1441

0.001997 0.161 2146 ÿ3746 ÿ3763

0.002933 0.273 3116 ÿ6014 ÿ6029

0.003053 0.361 3102 ÿ7563 ÿ7576

0.003702 0.443 3786 ÿ8495 ÿ8505

Starting amount: nPb0:2Sb0:8
�0.014477 mol

Ð 0.0 Ð 0 ÿ19.3

0.001005 0.065 1410 ÿ1468 ÿ1496

0.002100 0.177 2496 ÿ4092 ÿ4108

0.002197 0.268 2497 ÿ6066 ÿ6080

0.003067 0.366 3318 ÿ7887 ÿ7900

0.003567 0.452 3901 ÿ8909 ÿ8920

0.002804 0.504 3067 ÿ9243 ÿ9253

0.002150 0.538 2400 ÿ9249 ÿ9258

nPb0:2Sb0:8
xTe �Hsol HE

Pb0:2Sb0:8ÿTe HE
PbÿSbÿTe

(mol) (J/mol) (J/mol) (J/mol)/mol

Starting amount: nTe�0.013031 mol

Ð 1.0 Ð 0 0

0.001213 0.915 280 ÿ3303 ÿ3304

0.001826 0.811 932 ÿ6765 ÿ5254

0.002439 0.704 1991 ÿ9416 ÿ8380

0.002591 0.617 2841 ÿ10574 ÿ10581

0.002496 0.552 3117 ÿ10780 ÿ10788

0.002403 0.501 3382 ÿ10282 ÿ10291

Starting amount: nTe�0.013719 mol

Ð 1.0 Ð 0 0

0.000738 0.949 157 ÿ1985 ÿ1986

0.001160 0.878 610 ÿ4347 ÿ4350

0.001306 0.811 847 ÿ6404 ÿ6408

0.001738 0.735 1276 ÿ8442 ÿ8447

0.001860 0.669 1858 ÿ9624 ÿ9631

0.002332 0.600 2823 ÿ10104 ÿ10112

nTe xTe �Hsol HE
Pb0:5Sb0:5ÿTe HE

PbÿSbÿTe

(mol) (J/mol) (J/mol) (J/mol)

(b) Pb0.5Sb0.5±Te

Starting amount: nPb0:5Sb0:5
�0.014626 mol

Ð 0.0 Ð 0 ÿ48.3

0.001477 0.092 834 ÿ3234 ÿ3278

0.002275 0.204 1158 ÿ7165 ÿ7203

0.002300 0.293 1000 ÿ10301 ÿ10335

0.003003 0.382 1328 ÿ13290 ÿ13320

0.003405 0.460 2218 ÿ14975 ÿ15001

0.004354 0.535 3791 ÿ15251 ÿ15273

0.003184 0.578 3033 ÿ14893 ÿ14914
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Table 3 (continued)

Starting amount: nPb0:5Sb0:5
�0.014582 mol

Ð 0.0 Ð 0 ÿ48.3

0.001458 0.091 1132 ÿ2900 ÿ2944

0.002459 0.212 1215 ÿ7194 ÿ7232

0.002788 0.315 1171 ÿ10888 ÿ10921

0.003005 0.400 1490 ÿ13536 ÿ13565

0.003661 0.478 2524 ÿ15047 ÿ15073

0.003886 0.542 3521 ÿ15102 ÿ15124

nPb0:5Sb0:5
xTe �Hsol HE

Pb0:5Sb0:5ÿTe HE
PbÿSbÿTe

(mol) (J/mol) (J/mol) (J/mol)

Starting amount: nTe�0.013308 mol

Ð 1.0 Ð 0 0

0.000706 0.950 ÿ718 ÿ2609 ÿ2611

0.001331 0.867 ÿ673 ÿ6311 ÿ6317

0.001693 0.781 ÿ354 ÿ9767 ÿ9777

0.001868 0.704 ÿ187 ÿ12697 ÿ12711

0.001946 0.638 444 ÿ14571 ÿ14588

0.002094 0.580 1175 ÿ15491 ÿ15511

0.002098 0.531 2002 ÿ15336 ÿ15358

0.002234 0.488 2426 ÿ14728 ÿ14753

Starting amount: nTe�0.013390 mol

Ð 1.0 Ð 0 0

0.000694 0.951 ÿ494 ÿ2343 ÿ2345

0.001384 0.866 ÿ638 ÿ6131 ÿ6137

0.001929 0.770 ÿ307 ÿ9920 ÿ9931

0.001952 0.692 39 ÿ12666 ÿ12681

0.002683 0.608 1120 ÿ14574 ÿ14593

0.002806 0.539 2288 ÿ14880 ÿ14902

nTe xTe �Hsol HE
Pb0:8Sb0:2ÿTe HE

PbÿSbÿTe

(mol) (J/mol) (J/mol) (J/mol)

(c) Pb0.8Sb0.2±Te at 1173 K.

Starting amount: nPb0:8Sb0:2
�0.012162 mol

Ð 0.0 Ð 0 ÿ42.5

0.001311 0.097 544 ÿ3771 ÿ3809

0.001703 0.199 120 ÿ8203 ÿ8238

0.001896 0.288 ÿ331 ÿ12548 ÿ12578

0.003193 0.400 ÿ780 ÿ18337 ÿ18363

0.003980 0.498 ÿ267 ÿ22339 ÿ22361

0.004701 0.580 5436 ÿ20477 ÿ20495

0.003723 0.628 4902 ÿ18294 ÿ18310

Starting amount: nPb0:8Sb0:2
�0.011072 mol

Ð 0.0 Ð 0 ÿ42.5

0.001382 0.111 653 ÿ4267 ÿ4305

0.001632 0.214 6 ÿ8905 ÿ8938

0.002191 0.320 ÿ406 ÿ14081 ÿ14110

0.002419 0.408 ÿ442 ÿ18438 ÿ18463

0.002861 0.486 833 ÿ21042 ÿ21064
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Table 3 (continued)

nPb0:8Sb0:2
xTe �Hsol HE

Pb0:8Sb0:2ÿTe HE
PbÿSbÿTe

(mol) (J/mol) (J/mol) (J/mol)

Starting amount: nTe�0.017725 mol

Ð 1.0 Ð 0 0

0.001124 0.940 ÿ1580 ÿ3555 ÿ3558

0.001566 0.868 ÿ1305 ÿ7130 ÿ7135

0.001647 0.803 ÿ1472 ÿ10543 ÿ10552

0.001851 0.741 ÿ1366 ÿ13658 ÿ13669

0.002351 0.675 ÿ1389 ÿ16790 ÿ16804

0.002591 0.614 ÿ919 ÿ19177 ÿ19194

0.002827 0.559 93 ÿ20330 ÿ20348

Starting amount: nTe�0.013284 mol

Ð 1.0 Ð 0 0

0.000569 0.959 ÿ1226 ÿ2586 ÿ2588

0.000970 0.896 ÿ1343 ÿ5928 ÿ5932

0.001320 0.823 ÿ1747 ÿ9900 ÿ9907

0.001789 0.741 ÿ1909 ÿ14127 ÿ14138

0.002807 0.641 ÿ2163 ÿ18863 ÿ18878

0.003185 0.555 ÿ703 ÿ21466 ÿ21485

0.003223 0.489 1889 ÿ20963 ÿ20985

nTe xTe �Hsol HE
Pb0:5Sb0:5ÿTe HE

PbÿSbÿTe

(mol) (J/mol) (J/mol) (J/mol)

(d) Pb0.5Sb0.5ÐTe at 1073 K

Starting amount: nPb0:5Sb0:5
�0.015212 mol

Ð 0.0 Ð 0 ÿ48.3

0.001261 0.077 512 ÿ2736 ÿ2781

0.001716 0.164 460 ÿ6022 ÿ6062

0.002067 0.249 ÿ4178 ÿ13914 ÿ13950

0.002330 0.326 ÿ4561 ÿ21416 ÿ21448

0.002745 0.399 3148 ÿ20544 ÿ20573

0.003312 0.469 5949 ÿ17125 ÿ17151

0.003535 0.527 2585 ÿ17320 ÿ17343

0.003347 0.572 2931 ÿ16755 ÿ16775

Starting amount: nPb0:5Sb0:5
�0.017957 mol

Ð 0.0 Ð 0 ÿ48.3

0.001193 0.062 405 ÿ2238 ÿ2283

0.001676 0.138 354 ÿ5118 ÿ5160

0.001990 0.213 ÿ940 ÿ9312 ÿ9350

0.002593 0.293 ÿ6557 ÿ19249 ÿ19283

0.002772 0.363 ÿ1696 ÿ23225 ÿ23256

0.002910 0.422 4208 ÿ20814 ÿ20842

0.003025 0.474 4359 ÿ18372 ÿ18397

nPb0:5Sb0:5
xTe �Hsol HE

Pb0:5Sb0:5ÿTe HE
PbÿSbÿTe

(mol) (J/mol) (J/mol) (J/mol)

Starting amount: nTe�0.015361 mol

Ð 1.0 Ð 0 0

0.000916 0.944 ÿ889 ÿ2834 ÿ2837

0.001359 0.871 ÿ667 ÿ5945 ÿ5952

0.001955 0.784 ÿ956 ÿ9757 ÿ9768

0.002000 0.711 ÿ598 ÿ12652 ÿ12666
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�z� �1ÿ z��1ÿ x��PbySb1ÿy�1; T� � �1ÿ z�x

� Te�1; T� !
HE

PbySb1ÿyÿTe �PbySb1ÿy��1ÿx��1ÿz��z

� Tex�1ÿz��1; T� (6b)

and

�z� �1ÿ z��1ÿ x��yPb�1; T�
� �z� �1ÿ z��1ÿ x���1ÿ y�Sb�1; T�

� �1ÿ z�xTe�1; T� !HE
PbÿSbÿTe

Pby��1ÿx��1ÿz��z�

� Sb�1ÿy���1ÿx��1ÿz��z�Tex�1ÿz��1; T�: (6c)

The excess enthalpies HE
PbÿSbÿTe of Eqs. (5c) and

(6c) were calculated using the optimized thermody-

namic data of the binary Pb±Sb system [14]. In a ®rst

step, the calculation was carried out only using the

coef®cients of the constituent binaries (Fig. 5(a±d),

dashed lines). The deviation from the experimental

values was signi®cant, therefore ternary interactions

were assumed; i.e. between a binary associate and the

third component, PbTe$Sb and Sb2Te3$Pb, and

between both associates, PbTe$Sb2Te3 (Fig. 6).

The thermodynamic functions were then determined

from the following equation and are plotted in

Fig. 5(a±d) (solid lines).

HE
PbÿSbÿTe �

nPbnSb

n
CH

Pb;Sb � nPbTe�H0
PbTe

� nPbnPbTe

n
CH

Pb;PbTe �
nTenPbTe

n
CH

Te;PbTe

� nSb2Te3
�H0

Sb2Te3
� nSbnSb2Te3

n
CH

Sb;Sb2Te3

� nTenSb2Te3

n
CH

Te;Sb2Te3
� nSbnTe

n
CH

Sb;Te

� nSbnPbTe

n
CH

Sb;PbTe �
nPbnSb2Te3

n
CH

Pb;Sb2Te3

� nPbTenSb2Te3

n
CH

PbTe;Sb2Te3
: (7)

The coef®cients of the last three terms were ®tted by

a numerical optimization procedure using the least-

squares method [51]. The ternary coef®cients are

summarized in Table 4. All interactions used for the

calculation are displayed in Fig. 6. Fig. 7 presents the

isoenthalpic curves in a projection onto the Gibbs

triangle. The minima in the enthalpy surface are

forming a valley stretching from PbTe to Sb2Te3.

The curves of the ternary excess enthalpies along

the section Pb0.5Sb0.5±Te have a minimum of

ÿ16.6 kJ molÿ1 and 56 mol% at 1073 K and of

ÿ15.5 kJ molÿ1 and 55 mol% at 1173 K. The devia-

tion from the experimental excess enthalpies at

1073 K between 20 and 50 mol% Te is caused by

the primary crystallisation of PbTe.

6.2. Phase diagram investigations

6.2.1. The quasi-binary sections PbTe±Sb2Te3 and

PbTe±Sb

For the optimization of the quasi-binary sections,

we used our own and other available phase diagram

data [5,6,46±49]. The ternary compound reported by

Abrikosov et al. [5] was not considered because

various attempt for its preparation failed. The calcu-

lated excess enthalpies for the ternary system were

Table 3 (continued)

0.002293 0.643 ÿ249 ÿ15004 ÿ15022

0.002515 0.582 530 ÿ16337 ÿ16357

Starting amount: nTe�0.016371 mol

Ð 1.0 Ð 0 0

0.000912 0.947 ÿ881 ÿ2704 ÿ2707

0.001516 0.871 ÿ1507 ÿ6779 ÿ6786

0.002068 0.785 ÿ972 ÿ10505 ÿ10515

0.002379 0.704 ÿ938 ÿ13904 ÿ13918

0.002477 0.636 ÿ751 ÿ16644 ÿ16662

0.002532 0.579 513 ÿ17736 ÿ17757

0.002768 0.528 1275 ÿ17963 ÿ17985

0.003743 0.471 1290 ÿ18459 ÿ18484
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transformed to values of the quasi-binary section

according to

HE
PbTeÿSb �

HE
PbÿSbÿTe ÿ �nPbTeHE

PbTe�
nPbTe � nSb

(8)

for PbTe±Sb and

HE
PbTeÿSb2Te3

� HE
PbÿSbÿTe ÿ �nPbTeHE

PbTe � nSb2Te3
HE

Sb2Te3
�

nPbTe � nSb2Te3

(9)

Fig. 5. Experimental and calculated excess enthalpies of liquid Pb±Sb±Te alloys along the sections PbySb1ÿy±Te. (- - -) Calculated with only

the binary coefficients in Table 1; (ÐÐÐ) calculated with additional ternary coefficients in Table 4: (a) Pb0.2Sb0.8±Te section at 1173 K, (b)

Pb0.5Sb0.5±Te section at 1173 K, (c) Pb0.8Sb0.2±Te section at 1173 K, and (d) Pb0.5Sb0.5±Te section at 1073 K.

Table 4

Coefficients of the association model of the ternary interactions in

the Pb±Sb±Te system

CH
Sb;PbTe/ (kJ/mol) CH

Pb;Sb2Te3
/ (kJ/mol) CH

PbTe;Sb2Te3
/ (kJ/mol)

22.5 ÿ3.0 ÿ33.6
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for PbTe±Sb2Te3. The results of DTA measurements

are given in Table 5(a) and (b).

The coef®cients in Eq. (10), which describe the

temperature dependence of the Gibbs enthalpy of

the pure components

Gi�T� ÿ HSER
i �298:15 K�

� A� BT � CT ln �T� � DT2 . . . (10)

are presented in Table 6, those of Sb were taken

from the SGTE data®le [52], those of PbTe and

Sb2Te3 were derived from the values given by Barin

[3].

The phase diagrams and the excess enthalpy curves

calculated with the adjusted set of coef®cients

(Table 7(a) and (b)) are shown in Figs. 8 and 9 for

the PbTe±Sb system and in Figs. 10 and 11 for the

PbTe±Sb2Te3 system. The homogeneity ranges of

PbTe and Sb2Te3 (dashed lines in Figs. 10 and 11)

were approximated, because suf®cient data were not

available.

Fig. 6. Coefficients of the association model projected on the

Gibbs triangle of the Pb±Sb±Te system.

Fig. 7. Calculated isoenthalpic lines projected on the Gibbs

triangle of the Pb±Sb±Te system in kJ molÿ1. (- - -) Calculated

with only the binary coefficients in Table 1; (ÐÐÐ) calculated

with additional ternary coefficients in Table 4.

Table 5

Experimental liquidus and solidus temperatures on the quasi-binary

PbTe±Sb2Te3

xSb2Te3
Tsolidus/K Tliquidus/K

(a)

0.043 864 1183

0.091 864 1154

0.146 865 1131

0.211 864 1091

0.286 866 1048

0.375 862 1000

0.483 865 947

0.615 864 Ð

0.783 864 883

(b)

xSb Tsolidus/K Tliquidus/K

0 Ð 1201

0.095 880 1184

0.182 881 1174

0.261 880 1159

0.333 880 1143

0.400 877 1109

0.519 880 1113

0.571 882 1098

0.621 876 1090

0.667 883 1077

0.710 878 1062

0.750 882 1049

0.788 881 1046

0.824 881 1025

0.857 882 1013

0.889 881 966

0.919 880 913

0.947 882 885

0.974 881 889

0.974 877 901
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7. The ternary Pb±Sb±Te system

Due to the short annealing time, we did not observe

the �- and 
-Phase in the Sb±Sb2Te3 subsystem. The

ternary system is characterized by a broad primary

crystallisation range of PbTe and divided into three

subternaries by the two quasi-binaries PbTe±Sb2Te3

and PbTe±Sb. The liquidus surface of the ternary

system was constructed from the results of our phase

diagram investigations2 and is shown in Fig. 12. The

alloys on the quasi-binary PbTe±Sb have the highest

melting points which decrease smoothly from PbTe

into the direction of the Pb±Sb and Sb±Te binaries,

respectively.

The ternary eutectics are found for the PbTe±

Sb2Te3±Te subsystem at the composition xPb�0.92,

xSb�0.05, xTe�0.08 (�x�0.02) with a eutectic tem-

perature of T�672�3 K and degenerated for PbTe±

Pb±Sb with a temperature of T�527�3 K, very close

to that in the Pb±Sb binary. The agreement between

our results and those given by Henger and Peretti [47]

is acceptable.

Table 6

Coefficients for the description of the Gibbs enthalpy of the limiting phases for the quasi-binary sections in the Pb±Sb±Te system.

Phase Temperature range/ K Gi�T� ÿ HSER
i (298.15 K)

298.15<T<903.9 ÿ9242.858�156.154689Tÿ30.5130752T ln (T)

Sb (solid) �7.748768�10ÿ3T 2�100625Tÿ1ÿ(3.0034150�10ÿ6)T 3

903.9<T<3200 ÿ11738.671�169.485713Tÿ31.3800T ln (T) (1.310442�1027)Tÿ9

298.15<T<903.9 10579.737�134.234092Tÿ30.5130752T ln (T) �7.748768�10ÿ3T 2

Sb (liquid) �100625Tÿ1ÿ(3.003415�10ÿ6)T 3�(1.73785�10ÿ21)T 7

903.9<T<3200 8175.311�147.458958Tÿ31.38T ln (T )

PbTe (solid) 298.15<T<1700 ÿ14563.5�209.243Tÿ47.1693T ln (T)ÿ5.64593�10ÿ3T 2

PbTe (liquid) 298.15<T<1700 32168.22�274.01Tÿ62.77T ln (T )

Sb2Te3 (solid) 298.15<T<1700 ÿ36004.3�525.12593Tÿ112.831568T ln (T)ÿ2.66148�10ÿ2T 2

Sb2Te3 (liquid) 298.15<T<1700 9159.62�1021.57Tÿ196.856T ln (T )

Table 7

Coefficients, according to the Redlich±Kister polynomial descrip-

tion of the quasibinary section PbTe±Sb

Phase � A�/ (J/mol) B�/ (J/mol�K)

(a) PbTe±Sb

0 38251.58 ÿ30.50960

Liquid 1 ÿ2492.94 4.85275

2 ÿ6386.29

(PbTe) 0 25000

(b) PbTe±Sb2Te3

0 5694.83 ÿ27.55303

Liquid 1 1350.32 ÿ16.17402

2 ÿ2175.72

(PbTe) 0 16773.10

(Sb2Te3) 0 22000
Fig. 8. Calculated phase equilibria in the quasi-binary PbTe±Sb

system.

2Data available from the corresponding author.
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8. Discussion

Though both binary tellurium systems contain

associates, their thermodynamic behaviours differ:

The excess enthalpy curve of the Pb±Te system is a

sharp triangular-shaped function of concentration and

independent of the temperature (Fig. 2). The interac-

tion between metallic Pb and the associate PbTe is

repulsive, which is indicated by a positive interaction

parameter CH
Pb;PbTe. The tendency for the formation of

associates in the system is strong (KPbTe�100 at

1173 K). Interaction between the pure components

Pb and Te can thus be neglected.

The excess enthalpy curve of the Sb±Te system is a

more parabolic function of concentration and is tem-

perature-dependent (Fig. 3). The interactions between

Sb and Sb2Te3 are attractive as revealed by a negative

interaction parameter CH
Sb;Sb2Te3

. This assumption is

con®rmed by wide ranges of solid solutions between

Sb and Sb2Te3. The amount of associates formed is

much lower than in the Pb±Te system (KSb2Te3
� 1 at

Fig. 9. Calculated (points) and optimized (full line) excess

enthalpies in the quasi-binary PbTe±Sb system.

Fig. 10. Calculated phase equilibria in the quasi-binary PbTe±Sb

system.

Fig. 11. Calculated (points) and optimized (full line) excess

enthalpies in the quasi-binary PbTe±Sb2Te3 system.

Fig. 12. Liquidus surface of the system Pb±Sb±Te.
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1173 K). An interaction parameter between the pure

components has to be applied.

The interactions between Te and the associates,

Te$PbTe and Te$Sb2Te3, are weakly attractive,

which is indicated by a negative sign of CH
Te;PbTe and

CH
Te;Sb2Te3

due to the tendency to form polytellurides.

For an analytical description of the Pb±Sb±Te sys-

tem, three additional interaction parameters, CH
Sb;PbTe

and CH
Pb;Sb2Te3

, CH
PbTe;Sb2Te3

, had to be used. If the

experimental data were ®tted only with binary para-

meters, the calculated values, in some parts of the

system, are more exothermic than the experimental.

The maxima of these deviations are following a line

stretching from PbTe to Sb (Fig. 7). These deviations

are compensated by the assumption of ternary inter-

actions because of the positive coef®cient CH
Sb;PbTe.

This endothermic reaction is also revealed by very low

solid solubility of Sb in PbTe. Using these ternary

interaction parameters, the experimental and calcu-

lated excess enthalpies are in good agreement.

Nasar et al. [50] measured the heat of fusion

Pb2Sb6Te11 with �Hf�19.3 kJ gÿ1 atomÿ1. However,

in reality this composition is a eutectic alloy at

60 mol% Sb2Te3 in the PbTe±Sb2Te3 system. The

value for the eutectic reaction calculated in this work

is 21.6 kJ gÿ1 atomÿ1, which is in a reasonable agree-

ment with the experimental value.

9. Conclusion

As in case of the results of the Ge±Sn±Te system

[8], the thermodynamic behaviour of the ternary Pb±

Sb±Te system can be described by means of the

association model. By measuring the thermodynamic

data, a set of consistent coef®cients was obtained.

They could be related to chemical effects, which

makes the association model more transparent than

polynomial functions. The coef®cients of the ternary

systems can be applied in future to higher ordered

multicomponent systems and can provide information

without additional measurements.
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