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Prediction of phase equilibria in the In-Sb—Pb system
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Abstract: Binary thermodynamic data, successfully used for phase diagram cal-
culations of the binary systems In—Sb, Pb—Sb and In—Pb, were used for the pre-
diction of the phase equilibria in the ternary In—-Sb—Pb system. The predicted
equilibrium phase diagram of the vertical Pb—InSb section was compared with
the results of differential thermal analysis (DTA) and optical microscopy. The
calculated phase diagram of the isothermal section at 300 °C was compared
with the experimentally (SEM, EDX) determined composition of phases in the
chosen alloys after annealing. Very good agreement between the binary-based
thermodynamic prediction and the experimental data was found in all cases. The
calculated liquidus projection of the ternary In—Sb—Pb system is also presented.
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INTRODUCTION

Knowledge of phase equilibria in ternary systems of the corresponding me-
tals with elements of III-V compound semiconductors is an important step to-
wards a better understanding of contact formation and presents a basis for the
development of new and improved contact materials.

In previous studies related to phase equilibria in ternary systems with I1I-V
compounds, the phase equilibria in Ga—Sb—Pb and In—-Sb-Bi ternary systems
were investigated,!-2 using experimental techniques (SEM-EDX and DTA) and
the analytical CALPHAD approach. However, thermodynamic modeling of the
ternary In—Sb—Pb system still has not been presented in the literature.

The aim of this study was to calculate phase equilibria of the In—Sb—Pb
system according to the CALPHAD method3™> and to compare the obtained
results with experimentally based results from this work and the literature.
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THERMODYNAMIC MODELING
Pure elements

The pure solid elements at 298.15 K and 1.0 bar in their stable form were
chosen as the reference state for the systems (SER). Version 4.4 of the SGTE
unary database (scientific group thermodata Europe) of the phase stabilities for
stable and metastable states of the pure elements was used.®

Binary systems

The thermodynamic descriptions of the binary alloys, i.e., the In-Sb sys-
tem,’ the Pb—Sb system8 and the In—Pb system,® were taken from the literature.
Liquid and solid solution phases

The molar Gibbs energies of liquid and solid solution phases, referred to the
enthalpies of the pure elements in their stable state at 298.15 K, OH iSER (298.15K),
are described by the sub-regular solution model with the Redlich—Kister poly-
nomial as follows:
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where G#XS represents the excess Gibbs energy of a ternary solution expressed
by the Redlich—Kister—Muggianu expression:
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where "L‘g g is the temperature-dependent binary parameter optimized on the
basis of the available thermodynamic and phase diagram data, and i, j are the
elements of the system.
The term "L‘g B.C is a ternary interaction parameter, which is expressed as:
@ 219 909 4 ,2
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The terms LY ; , which can be temperature—dependent, are expressed by:
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InSh stoichiometric compound

The InSb phase is a stoichiometric compound. The Gibbs energy of the com-
pound, i.e., X, Y, is generally described as:
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XmY, m n f
Gpm'" = Gy + Gy +AG 5
m m+n X m+n ¥ XmYn ®)
where AG;mYn represents the Gibbs energy of formation per mole of atoms of
the XY compound and is expressed by the following equation:

£
AGYL |, =A+BT (6)

The Pb—In-Sh ternary system

There are only three references concerning the thermodynamic properties
and phase equilibria of alloys of the Pb—In—Sb ternary system.

Predel and Gerdes!? determined the enthalpy changes of mixing molten InSb
with liquid lead at 883 K using a high temperature calorimeter. The results were
discussed with the aid of the regular solution model and also under the assump-
tion of the existence of InSb associates in the ternary melt.

Geis and Perettil! experimentally investigated lead-rich and antimony-rich
regions of the Pb—In—Sb ternary system and gave a partial liquidus projection for
the concentration range InSb—Pb—Sb. Mini¢ et al.12 researched the thermodyna-
mic properties of some alloys in the Pb—In—Sb ternary system using an Oelsen
calorimetry and general solution model calculations.

EXPERIMENTAL

Alloys of the In—-Sb—Pb system were prepared from the pure metals (99.99 %) by melting
weighed amounts of indium, antimony and lead under an argon atmosphere.

After melting, alloys were subjected to a homogenizing annealing in evacuated glass
capsules. The samples were annealed at 300 °C for 100 h. After annealing, the samples to be
used for DTA measurements were cooled inside the furnace to the room temperature, while
the samples for SEM—EDX investigation were quenched into ice water from 300 °C.

DTA Measurements were performed with a Derivatograph 1500 (MOM Budapest) appa-
ratus under the following conditions: air atmosphere, heating rate 10 °C min'!. The total mass
of each sample was approximately 2 g. The precision of the measurement in the investigated
temperature interval was £2 °C.

The equilibrium compositions in the quenched samples were determined using a JEOL
scanning electron microscope with an accelerating voltage of 20 kV and an EDX analyzer.

Optical microscopy was performed using a Reichert MeF2 microscope.

RESULTS AND DISCUSSION

The values of the integral molar Gibbs excess energies, Gilji, for the consti-
tutive binary systems In—Sb, Pb—Sb and In—Pb, taken from Ansara et al.’, Ohtani
and Ishida8 and Bolcavage et al.,” respectively, were used as the starting binary
thermodynamic data for the calculation. All these data, given in Table I, are
included in the COST 531 binary database.!3

Gibbs energy of the intermediate InSb phase was optimized by Ansara et al.” as:
G(ZINCBLENDE B3,IN:SB;0)= 0.5*GHSERIN+0.5*GHSERSB —15849.3 +
+.293139*T + 1.293581*T*LN(T) (298.14< T < 3000.00)
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Calculation of the characteristic phase diagrams of the In—-Sb—Pb system was
performed using Thermo-Calc software (TC4A version).

TABLE I. The Redlich—Kister parameters for the constitutive binary systems

Phase Parameter In-Pb® In-Sb’ Pb-Sb®
FCC_Al IS 4846.2-2.56363*T ~20000+15*T 11400-22.66*T
"Lag 305.1 -
LIQUID OLpg 3771.4-0.96292*T 2563124102924 T
~13.45816*T*LN(T)
"Lag 207.7 —21154-131907*T  —420+1.05*T
Aag - 2908.9 0.36*T
TETRAGONAL_A6 OLpn 31182 - -
"LaB 3741.1 - -
TET ALPHALI OLsB 3207.99-2.1104311*T - -
"LaB —2075.44+7.9804712*T - -
RHOMBOHEDRAL A7 OLap 6000 15T 21360-5.66*T

In order to experimentally verify the calculated phase diagram of the InSb—Pb
section, alloys with 20, 40, 60, 80 and 90 at. % of lead were studied in this work
by means of DTA and optical microscopy.

The results of the DTA measurements are given in Table II, together with
the interpretation of the various thermal effects. To test the reproducibility of the
results, every measurement was repeated one more time. No significant tempera-
ture deviation was found between the first series and the repeated series of DTA
measurements.

TABLE II. DTA Results for the quasi-binary InSb—Pb alloys

Composition, at. % Pb : . t/°C _ .
Eutectic reaction Liquidus (heating)

20 297 480

40 297 442

60 297 399

o 297 347

90 298 -

The phase diagram calculated from the DTA results obtained in this study is
shown in Fig. 1.

The differential thermal analysis curves well confirmed the predicted lines of
the investigated polythermal InSb—Pb section.

The predicted and experimentally determined eutectic temperatures are in
excellent agreement (both at 297 °C) and with a very close eutectic concen-
tration: 89 at.% Pb (calculated) and 90 at.% Pb (experimentally obtained). The
liquidus temperatures obtained by DTA are little underestimated in comparison
with the thermodynamic predicted ones.
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Xpp section and DTA results from this work.

The results from this work are in accordance with the experimental results of
Geis and Perettil! (299 °C and 89.2 at. % Pb).

A characteristic microphotograph recorded by optical microscopy for the
samples with 40 at. % Pb is given in Fig. 2.

Fig. 2. Characteristic optical micropho-
tograph (magnification 300x) for the
Iny(Sb;Pbyy alloy (light regions: pri-
mary solidified InSb crystals; dark re-
gions: quasi-binary eutectic InSb + Pb).

The results of SEM analy51s are given in Table III and in Fig. 3a. The agre-
ement between the predicted phases and the experimentally determined ones of
samples 1 and 2 is perfect.

The calculated phase diagrams of the isothermal sections at 300 and 350 °C
are shown in Fig. 3.

The predicted isothermal section of the In—Sb—Pb ternary system at 350 °C
includes one three-phase region (InSb + rhombo + liquid), three two-phase re-
gions (InSb + rhombo, InSb + liquid and rhombo + liquid) and one single-phase
region (liquid). At 300 °C, the In—-Sb—Pb phase diagram includes three three-phase
regions (one InSb + rhombo + liquid region and two InSb + FCC + liquid re-
gions), seven two-phase regions (two InSb + liquid regions, two liquid + FCC
regions, one InSb + FCC region, one thombo + liquid region and one InSb + rhom-
bo region) and three single-phase regions (two liquid regions and one FCC region).
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TABLE III. Results of the SEM—EDX analysis

Overall experimental Theoreitlcally Experlmejntally Exp. compositions
Sample . o predicted determined of phases, at.%
composition, at. %
phases phases In Sb Pb
1 (61.1£1.2) In InSb InSb 50.6+0.4 49.4+0.3 -
(19.6£1.6) Sb Liquid Liquid 66.5+1.1 4.2+0.8 29.3£1.5
(19.3+1.2) Pb
2 (19.6£1.1) In Rhombo Rhombo - 97.6x1.1 2.4+0.5
(61.2£1.5) Sb InSb InSb 50.5+0.5 49.5+0.3 -
(19.2+0.9) Pb Liquid Liquid 1.4403 25304 73.3+1.3
b)
In

InSb+Liq.

InSb+Liqg.
+Rhombo.

i I
Sb Xpp  PBuqsrcc PP sp Xpb Pb
Fig. 3. Predicted phase diagrams of isothermal sections in the ternary In—-Sb—Pb system. a) at
300 °C with EDX results: empty symbols — overall composition, full symbols — — compositions
of the phases (see Table III) b) at 350 °C.

The liquidus projection of the investigated In—-Sb—Pb ternary system was
constructed based on the results of thermodynamic prediction. The obtained dia-
gram is shown in Fig. 4.

D : g Fig. 4. Liquidus projection in the In-Sb-Pb
Sb 0 02 g4 ds 08 {0 Pb system.
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CONCLUSION

The binary-based thermodynamic prediction of the characteristic phase dia-
grams in the In-Sb—Pb system was successfully performed using optimized ther-
modynamic parameters for the constitutive binary systems from the literature.
The estimated phase diagram of the Pb—InSb vertical section shows very good
agreement with the experimental results from this work and the literature data of
Geis and Peretti.!! The predicted phase diagram of isothermal section at 300 °C
is in excellent agreement with the results of SEM—EDX analysis from this work.
The calculated phase diagrams of isothermal sections at different temperatures
were used for the construction of a liquidus projection of the investigated In—-Sb—Pb
ternary system. According to the results presented in this study, it could be con-
cluded that the thermodynamic ternary parameters have a negligible influence on
the equilibria of this ternary system.
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U3BOJ
TTIPEABUBABE ®A3HUX PABHOTEXA VY In-Sb-Pb CUCTEMY

JIVILIKO MUHWR!, IPATAH MAHACUJEBUR?, JIPATAHA )KUBKOBUR?,
HAJIA LITPBAL n 3BOHUMHP CTAHKOBUR?

l@axyﬂmem iexHuuKux Hayka, Yrnueepauitieii y [puwitiunu, Krvaza Muaowa 9, Kocoscka Muitiposuya u
2Texnuuku paxyaiieimi, Ynuspauitiein y Beozpady, BJ 12, 19210 Bop

OnTUMH3UPaHH TEPMOJMHAMHMYKH IOJIALM, YCICHUIHO YIOTPeOJbEHH 3a MPOpadyH pPaBHO-
TeXHUX (a3HUX AWjarpaMa cacTaBHUX OMHapHuX cuctema: In—Sb, Pb—Sb u In—Pb, cy uckopum-
henu 3a npensuhame paBHOTEKHHX (a3HuX nujarpama y In—Sb—Pb cucremy. IIpensulenn dazuu
nujarpam BeptukaiHor Pb-InSb mpeceka je ymopehen ca DTA pesynratiMa u pesyiratuma
onTHYKe MUKpockomnuje. [Ipopadynaru Gasuu qujarpam usorepmantor npeceka Ha 300 °C je ymo-
peben ca excriepumenranto onpehenum (SEM—-EDX) cacraBuma (a3a y HCIHTHBAaHHM y30pIMa
TIocJIe JKapema. Y CBUM CIydajeBUMa je youeHo BeoMa noOpo mehycobHo ciarame m3melhy pesyn-
Tara TEPMOAMHAMHUYKOr TNpeaBuhama M EKCHEPUMEHTATHHX pe3yirara. JIMKBHIyC HpojeKiyja
In—Sb-Pb cucrema je, Takolje, mpencraBbeHa.

(ITpumsbeno 30. jyna 2007)
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