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Abstract Binary thermodynamic data, successfully used
for phase diagram calculations of binary systems In—Sb,
In—Zn, and Sb—Zn, were used for prediction of phase
equilibria in ternary In-Sb—Zn system. The liquidus pro-
jection, invariant equilibria and several vertical sections
were calculated using the CALPHAD method. Alloys,
situated along three calculated vertical sections, were
investigated by differential thermal analysis (DTA). The
experimentally determined phase transition temperatures
were compared with predicted results. Phase identification
of selected samples was done using scanning electron
microscopy (SEM) with energy dispersive X-ray micro-
analysis (EDS).

Introduction

Scientific interest in phase relationships in the In-Sb—Zn
system is mainly due to two reasons. The first one is a
potential application in semiconductor industry. The sec-
ond one is the development of Pb-free solders.

In this paper, the phase transition temperatures of the
In-Sb—Zn ternary system were investigated using differ-
ential thermal analysis (DTA). Experimentally determined
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phase transition temperatures were compared with the
results of thermodynamic binary-based prediction, based
on the 4.4 SGTE values of Gibbs energies for pure ele-
ments [1] and thermodynamic binary data included in the
COST 531 thermodynamic database [2].

Experimental procedure

All samples were prepared from pure elements (purity
higher than 99.99%) supplied by Alfa Aesar, Karlsruhe,
Germany. Weighed amounts of the materials were melted
in a resistance furnace under argon atmosphere and melts
were held as liquids for several hours to assure homoge-
neity. Homogenized samples were equilibrated at 100 °C
(below the lowest invariant temperature in the constitutive
binaries) for 2 months and quenched in the water with ice.

Differential thermal analysis (DTA) experiments were
made using a laboratory-made DTA apparatus with the
thermocouples inserted directly into the sample and inert
reference material under following conditions: flowing
argon atmosphere, sample masses about 2 g, and alumina
as the reference material. A heating rate of 5 °C/min was
employed both for calibration and measurement of the
prepared samples. The data were collected using the per-
sonal computer. Microstructure investigations were done
using scanning electron microscopy (SEM, JEOL JSM
6460) with energy dispersive X-ray microanalysis (EDS,
Oxford Instruments).

Thermodynamic models and crystallographic data

The phase diagram of the In-Sb—Zn ternary system was
calculated using the Calculation of Phase Diagrams
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(CALPHAD) method [3, 4], based on the optimized
thermodynamic parameters for constitutive binary systems
only. The basic mathematical method used for the calcu-
lation of phase equilibria is a constrained minimization of
Gibbs energy for a given temperature, pressure and overall
composition. This approach is common for all currently
available software packages for the modeling of thermo-
dynamic properties and phase diagrams of multi compo-
nent systems.

The molar Gibbs energy of a phase ¢ can be considered
as the sum of a number of different contributions:

G =G +Gl+GL+G?, +GL+ - (1)

mag

where G is the weighted sum of the molar Gibbs energy
of the system constituents i (elements, species, compounds
etc.) of the phase ¢ relative to the chosen reference state
(typically the stable element reference state—SER),

ref - le 0G¢ (2)

and its temperature dependence is given by

G(T) = a+ bT + cTIn(T +ZdT” (3)

where a—d; are adjustable coefficients.

There is also a contribution to the Gibbs energy from
ideal random mixing of the constituents on the crystal
lattice, denoted G{Z,

1d = RTZx, In(x;),

for an n-constituent system.

G? is the excess Gibbs energy, which describes the
influence of non-ideal mixing behavior on the thermody-
namic properties of a solution phase and is given by the
Muggianu extension of the Redlich—Kister formalism [5, 6]

i=1,...,n 4)

Table 1 Considered phases, their crystallographic data and database
names [11]

Phase name Common name Pearson symbol
LIQUID Liquid

TETRAG_A6 (In) 2
ZINCBLENDE_B3 oInSb cF8
RHOMBO_A7 (Sb) hR2
HCP_ZN (Zn) hP2
SBZN_BETA B oP16
SBZN_GAMMA Y .
SBZN_DELTA 0 (a)
SBZN_EPSILON € (a)
SBZN_ZETA 4 ol*
SBZN_ETA n oP30

n
g xixpxLig 2=0,...,m

¢ _ § :
Gg = E xxj xj
ij,k=1

g ik
(5)

where the interaction parameters, describing the mutual
interaction among constituents i and j, are denoted as L. The
liquid phase and solid solution phases are modeled in this
way, but more complex phases, such as intermetallic com-
pounds, are usually modeled using the compound energy
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Fig. 1 Calculated phase diagram of the In-Sb binary system
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Fig. 2 Calculated phase diagram of the In—Zn binary system
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Fig. 3 Calculated phase diagram of the Sb—Zn binary system

formalism [7]. Additional terms may be necessary for the
proper description of the Gibbs energy from Eq. 1. Gﬁ’mg in
Eq. 1 is the magnetic contribution and G¢ is the pressure
term. The Version 4.4 of the SGTE Unary Database
(Scientific Group Thermodata Europe) of Gibbs energies for

stable and metastable states of pure elements, compiled by
Dinsdale [1], was used. Thermodynamic data for the In—-Sb
system were taken from Ref. [8], for the In-Zn system were
published in Ref. [9], and thermodynamic data for the system
Sb-Zn were taken from Ref. [10]. All this data are included
in the COST 531 Database for Lead Free Solders [2].

The phases from constitutive binary subsystems con-
sidered for thermodynamic binary-based prediction with
their crystallographic data are listed in Table 1.

Literature data
Binary systems
In-Sb system

The original data for the In—Sb system from Anderson were
reported by Ansara et al. [8] and referred to as a private
communication. Small modification to data for the original
o-InSb phase was made [2]. The phase was remodeled and
renamed to ZINCBLENDE_B3 [2] to provide compatibil-
ity with general model for the crystallographic structure of
this phase. A calculated phase diagram of the In—-Sb binary
system is shown in Fig. 1.

Fig. 4 Liquidus projection Sb liquidus projection
of the In-Sb—Zn ternary system
from [13]
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In—Zn system

The data from the critical assessment of Lee [9] were
included in the COST 531 database [2] and used in this
study. A calculated phase diagram of the In-Zn binary
system is shown in Fig. 2.

Sb—Zn system

The data for the Sb—Zn system included in Ref. [2] and
used in this work are from the critical assessment of Liu
et al. [10]. The authors obtained good agreement between
calculated and experimental values for a wide range of

B SP1 N
0« A . b s S re
hus

0 0.2 0.4 0.6 0.8 SBZN_ETA

Sb x(Zn) Zn

RHOMBO_A7

Fig. 5 The predicted liquidus projection of the In-Sb—Zn ternary
system
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b3 SBZN_EPSILON
0.2568 4
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0.256 . . .
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properties. A calculated phase diagram of the Sb—Zn binary
system is shown in Fig. 3.

In-Sb—Zn ternary system

The ternary system In—-Sb-Zn was investigated by
Skudnova et al. [12]. Based on their results the liquidus
projection of this ternary system was published by [13] and
shown in Fig. 4. Presented liquidus projection include
seven primary crystalization regions. Six larger regions
((Zn), (Sb), Zn(,,3Sb4,7ht2, Zn3Sb2htl/Zn3Sb2ht2, InSb and
ZnSb) and one smaller region (In). The existance of five
invariant reactions with two of them E-type and three of
them U-type were reported. The ternary In—-Sb—Zn system
and solubility of Zn in indium antimonide (InSb) at 480 °C
were investigated by Lapkina et al. [14]. The maximum
solubility of Zn in InSb was found to be 1.51 at.% .

Results and discussion

Existing experimental thermodynamic data for the liquid
phase from the literature and thermal analysis data from
this study were compared with calculation results based on
thermodynamic parameter dataset given in Table 2.

Predicted liquidus projection of the In-Sb—Zn system

Based on thermodynamic parameter values given in
Table 2, the liquidus projection of the In-Sb—Zn ternary
system is calculated and plotted in Fig. 5. Ten invariant
reactions and 10 primary crystallization regions

In
1

ZINCBLENDE_B3

Y
._ A
A\ %

0.95 #

0 0.0125
Sb X(Zn)

0.025 0.0375 0.05

Fig. 6 Magnified views of the liquidus projection of the In-Sb—Zn ternary system in the composition regions close to the: a Ul and U2 points;

b E2 ternary eutectic point
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(RHOMBO_A7, HCP_ZN, TETRAG_A6, ZINCEBLEN
DE_B3, SBZN_BETA, very narrow SBZN_GAMMA,
SBZN_DELTA, SBZN_ZETA, SBZN_EPSILON, SBZ
N_ETA) are predicted in this ternary system. Magnified
views of the liquidus projection of the In—-Sb—Zn ternary
system in the vicinity of the calculated E2, Ul, and U2
invariant points are shown in Fig. 6.

The predicted invariant reactions in ternary In—-Sb—Zn
system are listed in Table 3, as well as the reaction tem-
peratures and the types of those invariant reactions. It can
be seen that in ternary In-Sb—Zn system there are 10 pre-
dicted invariant reactions: two of them are ternary eutectic
reactions (E-type reactions), five liquid transition reactions
(U-type reactions), and three of them are peritectic reac-
tions (P-type reactions).

Table 3 Predicted invariant reaction of ternary In—-Sb—Zn system

Experimental study of phase transition temperatures

In order to experimentally study phase transition
temperatures of the In-Sb-Zn ternary system, the
alloys with overall compositions alongside three cho-
sen vertical sections with molar ratio In:Zn =1,
Sb:Zn =1 and vertical section with the constant Zn
ratio (x(Zn) = 0.2) were investigated using DTA. The
analysis of DTA measurements was performed during
the heating of samples. Predicted phase diagrams
were used as help to interpret obtained DTA results
(Table 4).

From the DTA results, three invariant reactions have
been identified. They correspond to predicted reactions El,
E2, and U5 given in Table 3.

T (°C) Reaction Type Composition
x(In) x(Sb) x(Zn)
527.86 LIQUID + SBZN_DELTA + SBZN_BETA — SBZN_GAMMA Pl 0.083 0.484 0.433
491.76 LIQUID + SBZN_ZETA + SBZN_DELTA — SBZN_EPSILON P2 0.175 0.283 0.542
491.76 LIQUID + SBZN_DELTA + SBZN_GAMMA — SBZN_EPSILON P3 0.257 0.408 0.335
491.41 LIQUID + SBZN_GAMMA — SBZN_BETA + SBZN_EPSILON Ul 0.259 0.408 0.333
472.07 LIQUID + SBZN_BETA — ZINCBLENDE_B3 + SBZN_EPSILON U2 0.339 0.374 0.287
469.5 LIQUID — RHOMBO_A7 4+ SBZN_BETA + ZINCBLENDE_B3 El 0.188 0.645 0.167
439.49 LIQUID + SBZN_ZETA — SBZN_EPSILON + SBZN_ETA U3 0.072 0.117 0.811
408.16 LIQUID + SBZN_ETA — SBZN_EPSILON + HCP_ZN U4 0.004 0.022 0.974
329.66 LIQUID + SBZN_EPSILON — ZINCBLENDE_B3 + HCP_ZN us 0.525 0.102 0.373
142.33 LIQUID — ZINCBLENDE_B3 + HCP_ZN + TETRAG_A6 E2 0.957 0.003 0.040
;It‘;bilrfv?:st]i)g;z drzlf(l);sstg; the Sample composition (at.%) Phase transition temperature [°C]
In-Sb-Zn ternary system Invariant reaction Other transition Liquidus
Sb10In45Zn45 155.9; 312.1 - 343.2
Sb25In37.5Zn37.5 140.1; 3194 411.6 463.1
Sb30In35Zn35 144.1; 317.1 394.3 472.2
Sb80In10Zn10 470.8 - 549.3
In10Sb70Zn20 472.2 - 514.7
In30Sb50Zn20 466.9 - 491.7
In40Sb40Zn20 143.1; 308.9 429.7 496.1
In50Sb30Zn20 146.6; 315.5 394.5 472.2
In70Sb10Zn20 138 311.6 343.6
In20Sb40Zn40 213.8; 326.5 - 499.4
In40Sb30Zn30 143.6; 323.7 - 458.5
In60Sb20Zn20 142.5 309.5 412.7
In80Sb10Zn10 140.8 226.2 330.1

@ Springer
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Fig. 7 Calculated vertical sections of the In-Sb-Zn ternary system compared with DTA results from the present study: a In:Zn = 1;

b x(Zn) = 0.2, ¢ Sb:Zn =1

Predicted phase diagrams of vertical sections with phase
transition temperatures from the present DTA measure-

ments are plotted in Fig.

7.

The example of DTA heating curve for the sample
Sb30In35Zn35 is presented in Fig. 8. The first detected
peak at 144.1 °C is associated with appearance of predicted

ternary eutectic reaction
second peak at 319 °C

(E2) and the temperature of the
is somewhat lower than corre-

sponding temperature of predicted quasi-peritectic reaction
(US). The third peak at 394.3 °C is related with the crys-
tallization of ZINCBLENDE_B3 phase and the fourth peak
at 472.2 °C is related with the crossing of liquidus line.

@ Springer
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Fig. 8 DTA heating curve for the sample Sb30In35Zn35
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Fig. 9 Isothermal section in ternary In-Sb—Zn systema at 25 °C

Phase identification of selected alloys of the ternary
In—-Sb—Zn system

Microstructures were investigated for four alloys with the
following compositions: Sample 1 was with equal molar

Fig. 10 Microstructures of the investigated alloys

ratio of In and Zn, and x(Sb) = 0.1, Sample 2 was also
with equal molar ratio of In and Zn and molar ratio of Sb
was 0.8. The third sample was with molar ratios
x(In) = 0.45, x(Sb) = 0.35 and molar ratio of Zn was 0.2
and Sample 4 had equal molar ratios for Sb and Zn with
x(In) = 0.1.

Isothermal section of the ternary In-Sb—Zn system at
25 °C was calculated. Calculated section was plotted on
Fig. 9, and compositions with microstructure investigations
were marked. There are three-three-phase regions observed
in Fig. 10 ((SBZN_BETA + ZINCBLENDE_B3 + HCP_
ZN), (TETRAG_A6 + ZINCBLENDE_B3 + HCP_ZN)
and (SBZN_BETA + ZINCBLENDE_B3 + RHOMBO_
AT)).

Microstructures of the investigated alloys were pre-
sented in Fig. 10. Based on investigated compositions of
each existing phase in the microstructures for all four
alloys, and existing phases in calculated isothermal section
at 25 °C a good agreement between experimentally deter-
mined and calculated phases can be noticed.

Conclusion

Phase diagram of the ternary In—-Sb—Zn system was
extrapolated using the CALPHAD method, based on

SBZN_BETA

HCP_ZN—.
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optimized thermodynamic parameters for the boundary
binary systems. The calculated liquidus projection and
invariant equilibria of the In-Sb—Zn ternary system were
presented. Phase transition temperatures of the alloys along
three characteristic vertical sections were measured by
DTA. Three invariant reactions were identified by DTA
results from this study. Calculated melting temperatures are
in agreement with thermal analysis results. The phases
found in microstructures of investigated alloys are corre-
sponding with the phases in calculated isothermal section
at 25 °C.
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