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Abstract

The results of quantitative differential thermal analysis application in thermodynamic investigation

of two gallium-based binary systems, Ga–Sn and Ga–Zn, are presented in this paper. Integral molar

enthalpies of mixing in liquid state, as well as the activities, activity coefficients, and other partial

and integral molar quantities were determined at the temperatures of 1000, 1073 and 1200 K (for

Ga–Sn system) and 723 K (for Ga–Zn system). Obtained results were compared with literature data

and comparison showed good agreement. Also, phase diagrams for the investigated simple eutectic

systems were confirmed based on DTA curves and compared with literature.
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Introduction

Ga–Sn and Ga–Zn alloys belong to the group of systems, which present the constitu-
ents of different gallium-based multicomponent alloys applied in semiconducting in-
dustry. These two systems, characterized by low-melting eutectics, are well de-
scribed in literature and there are a lot of references considering their phase diagrams
[1–7] and thermodynamic properties [8–15].

Ga–Sn system [16] has an eutectic point at 8.5 at%Sn and temperature of 19°C,
while maximum solubility of Ga in Sn-rich solid solution at 19°C is 7.1 at%Ga.
Ga–Zn system [17] has an eutectic point at 3.7 at%Zn and temperature of 25°C. The
hexagonal (Zn) terminal solid solution has a maximum solubility of 2.36 at%Ga at
260°C, while the orthorhombic (Ga) solid solution has a maximum solubility of
0.8 at%Zn at 20°C.

Considering the thermodynamics of Ga–Sn system, one of the first investiga-
tions was the work of Cohen, Howlett and Bever [8], who determined the heat of so-
lution of Ga in liquid Sn. Later, Predel [9] defined the equilibrium conditions for this
system by several experimental methods and calculated values of ∆GM and ∆SM for
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liquid alloys from the melt equilibria. Also, he determined the activity curve on the
assumptions of a regular solution model and pointed out to moderately positive devi-
ations from Raoult law at 513 K in the whole composition range. Pool and Lundin
[10] measured partial molar heat of solution at infinite dilution of Ga in Sn at 750 K
using tin solution calorimetry, while Danilin and Yatsenko [11] did EMF measure-
ments and determined slight deviation from Raoult law at all compositions. In early
seventies, Bros and Laffite [12] determined the enthalpy of formation of the liquid al-
loys at temperatures 400–750 K in the whole concentration range using micro-
calorimetry; Hultgren and coworkers presented the compilation of data published up
to 1973 in their well known book [13], while Muggianu, Gambino and Bros [14] de-
termined mixing enthalpies for Ga–Sn alloys. One of the latest work on Ga–Sn ther-
modynamics is presented by Katayama, Maki, Nakamo and Iida [15] in 1996, who
performed EMF measurements with zirconia solid electrolyte and determined gal-
lium and tin activities, as well as partial and integral molar Gibbs energies of mixing
in the temperature interval 1000–1200 K.

Thermodynamics of Ga–Zn system is also well investigated by several different

experimental methods. There are many results obtained using EMF measurements

by: Genta, Fiorani and Valenti [18], Svirbley and Read [19], Gerasimenko, Zoitsev,

Lozkhin and Morachevskii [20], Predel, Mohs and Rothacker [21], Ryabov and

Sryvalin [22] and Moser [23]. Vapour pressure measurements were performed by

Piacente, Desideri, Malaspina and Hallgass [24], while calorimetric measurements

were done by Kleppa [25]. Also, there are some results obtained by thermodynamic

calculations according to Lukas, Henig and Zimmermann [26] and Hajra and

Mazumdar [27]. Complete thermodynamic data on Ga–Zn system are presented in

[13] and in the work of Dutkiewicz et al. [28] in 1990.

Results of thermodynamic analysis of Ga–Sn and Ga–Zn alloys according to

quantitative DTA are presented in this paper and compared with literature data, in or-

der to evaluate the accuracy of this method in thermodynamic description of these bi-

nary systems.

Experimental

Quantitative differential thermal analysis [29–34] was used for experimental investi-

gations presented in this paper. Commercial DTA apparatus could not be directly

used for quantitative measurements of binary and ternary metal systems. For that rea-

son, special DTA apparatus, adequate for these purposes, has been made [31]. The

schematic presentation of this apparatus is shown in Fig. 1.

According to the experimental procedure, samples were prepared (Fig. 2) such

that the required gallium mass was melted firstly at the bottom of a pyrex tube, within

which a protective tube was fixed for the NiCr–Ni thermocouple. A tin or zinc (de-

pending on a system investigated) ring of a corresponding mass was fixed to the same

tube, in order to provide, after melting, an alloy of the required composition. In all

cases two heatings were carried out [29, 30, 34].
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Fig. 1 Apparatus for quantitative DTA measurements; (1 – electric inductive furnace;
2 – Ni-block with pyrex tubes and NiCr–Ni thermocouples; 3 – thermostat;
4 – transformer with amperometer and voltmeter)

Fig. 2 Tube with a sample

Table 1 Composition and masses of the investigated Ga–Sn and Ga–Zn alloys

Ga–Sn Ga–Zn

Sample xGa Mass/g Sample xGa Mass/g

L1 1 2.9550 S1 1 1.7730

L2 0.95 3.0021 S2 0.9628 1.7838

L3 0.9258 3.0241 S3 0.8616 1.8139

L4 0.8 3.1332 S4 0.5890 1.9027

L5 0.6 3.2878 S5 0.3054 2.0086

L6 0.3 3.4852 S6 0.1978 2.0530

L7 0 3.6500 S7 0 2.1420



The experiments were done in an air atmosphere, with calcined alumina as refer-

ence material. Both tubes (with sample and reference material) are heated in the fur-

nace according to an appropriate program, so T and DTA curves could be obtained.

The heating rate in all cases was 10 K min–1.

Metals (Ga, Sn and Zn) used in this work were of p.a. purity. The compositions of

the investigated alloys in Ga–Sn and Ga–Zn systems are given in Table 1. The volume of

samples was constant 0.5 and 0.3 cm3 for Ga–Sn and Ga–Zn system, respectively.

Results and discussion

According to the theoretical principles of DTA application in quantitative calorimet-

ric determination [29–34], the basic analytical expression of the quantitative DTA is

given as

m H gK T∆ T

0

s d= ∫ t (1)

where are m – mass of the sample, ∆HT

0 – reaction enthalpy, gKs – calibration con-

stant of the apparatus and ∫Tdt – area of DTA peak.

The first and very important step in the application of this method is determination

of the calibration constant, gKs. By recording the relationship of the peak area and sam-

ple mass, for the pure metals and their eutectic, it is possible to determine the calibra-

tion constant of the apparatus, which represents the equivalence factor between endo-

thermic or exothermic effects and the area of DTA peak. gKs consists of two constants:

g – geometric constant and Ks – heat conductivity of the sample. In order to eliminate

the influence of the geometric constant, the sample volume is kept constant during the

experiments. Also, �ivkovi� ha� ����� �	
� ��
� ����� �� 
 ����
� ���������� �� gKs on

conductivity coefficient and composition for eutectic binary systems, which offers a

possibility for a simplified, direct determination of this very important constant based

upon the given composition of the eutectic system investigated.

In the case of Ga–Sn and Ga–Zn systems, DTA curves for different masses of

pure gallium, tin and zinc were recorded. Graphical representation of peak area de-

pendence on mass, for all used metals, is given in Fig. 3. Calculated values of calibra-

tion constants for gallium, tin and zinc are given in Table 2, while linear dependen-

cies of gKs on molar content for both investigated systems are shown in Fig. 4.
The second step in the quantitative DTA is determination of the integral molar

enthalpy of mixing. As mentioned earlier, prepared samples are heated twice. During
the first heating, gallium melts at its melting point of 302.8 K, which is recorded as
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Table 2 Values of calibration constants for gallium, tin and zinc

Metal gKs/J mm–2

Gallium 0.11348

Tin 0.24207

Zinc 0.26604
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Fig. 3 Dependence of peak area on sample mass for pure metals: a – gallium, b – tin and c – zinc

Fig. 4 Dependence of gKs vs. molar content for a – Ga–Sn alloys and b – Ga–Zn alloys

Fig. 5 Characteristic DTA curve for the first melting of sample L2 (Ga–Sn system)



the first peak at the obtained DTA curve. Further, as heating process goes on, second
metal (tin or zinc – depending on the system investigated) melts at its melting tem-
perature (505 and 693 K, respectively), and at the same time drops into the melted
gallium, which is recorded by the second peak of the obtained DTA curve. Character-
istic example of such DTA curve is shown in Fig. 5.

So, during the first melting (I), obtained DTA peak areas are proportional to the

enthalpy of the first melting, which can be expressed in the case of Ga–M system

(M=Sn, Zn) as:

∆HI=xGa∆Hf,Ga +xi∆Hf,i+∆HM (2)

where are ∆Hf, i – enthalpy of fusion for the component i; xi – molar content of component

and ∆HM – integral molar enthalpy of mixing in liquid state. The enthalpy of the first melt-

ing, ∆HI, is determined based on the known peak areas and calibration constants for each

alloy composition, according to Eq. (1). Values for integral molar enthalpy of mixing in liq-

uid state, for both investigated gallium-based binary systems, are given in Table 3.

Table 3 Values of the integral molar enthalpies of mixing for investigated Ga–Sn and Ga–Zn alloys

∆HM/J mol–1

Ga–Sn Ga–Zn

L1 0 S1 0

L2 95 S2 336

L3 306 S3 493

L4 673 S4 1368

L5 907 S5 1477

L6 723 S6 1255

L7 0 S7 0

Comparison between values for the integral molar enthalpies of mixing obtained
for Ga–Sn and Ga–Zn alloys by quantitative DTA and literature data [12, 13, 35] and
[13, 28], respectively, is presented graphically in Fig. 6.
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Fig. 6 Comparison of the values for ∆HM obtained by quantitative DTA and literature
data; a – Ga–Sn system and b – Ga–Zn system



It can be concluded that there is an excellent agreement between results obtained
by quantitative DTA and literature data in the case of Ga–Sn alloys, where positive
values for ∆HM are noticed. The same positive trend is characteristic for the Ga–Zn
alloys, but with higher values of the integral molar enthalpy of mixing and presented
slight deviation between results of quantitative DTA and literature data.

Following the experimental procedure of the quantitative DTA, the second melting
should be described. After the homogenization of alloy formed during the first melting, it
solidifies up to the room temperature. Then, heating is repeated during the second melt-
ing (II). Phase transformations occurring in the solid-state, as well as the alloy melting,
are recorded at DTA curve, so it can be used for the investigation of the phase diagram,
typical for the chosen system. Temperatures for the eutectics and liquidus lines, in both
systems, determined on the base of DTA curves for heating during the second melting
show good agreement with phase diagrams of Ga–Sn and Ga–Zn systems, according to
SGTE Phase Diagram Collection [16, 17], as presented in Fig. 7.

And finally, the last step in the quantitative DTA thermodynamic analysis is de-
termination of activities for both components in a binary system. In this case, regular
solution model was applied in order to obtain characteristic partial and integral molar
quantities, which means that [36]

∆HM=∆Gxs (3)

where ∆Gxs presents integral molar excess Gibbs energy. So, the problem was solved
by fitting of ∆HM vs. composition and further calculation of the partial molar excess
Gibbs energies according to known relation

G G x
G

x
i

xs xs

i

xs

i

= + −∆ ∆
( )1

∂
∂

(4)

where Gi

xs presents partial molar excess Gibbs energy. Results obtained by such a cal-
culation procedure, at the temperatures of 1000, 1073 and 1200 K for Ga–Sn system
and at the temperature of 723 K for Ga–Zn system, are presented in Table 4. They in-
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Fig. 7 Phase diagrams of a – Ga–Sn and b – Ga–Zn systems
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clude activities, activity coefficients, partial and integral molar excess Gibbs energies
and Gibbs energies of mixing,

Comparison was also made with literature, for both systems: activities for gal-

lium and tin in Ga–Sn system, obtained by quantitative DTA, were compared with

Ref. [15] (at the temperature of 1073 K), while activities for gallium and zinc in

Ga–Zn system, obtained by quantitative DTA, were compared with Refs [13, 28] (at

the temperature of 723 K). Comparative review, presented in Fig. 8, points out to a

good mutual agreement between quantitative DTA results and literature, noticed in

both investigated systems.

Presented application of quantitative DTA to gallium-based binary systems

Ga–Sn and Ga–Zn and the comparison of such obtained results with literature show

good results. Although DTA is mostly considered as a qualitative method (for some

limitations, such as poor repeatability of the effects or causing troubles in interpreta-

tion), this method can be used as quantitative one, also. Investigations of different au-

thors [29–34] show that control of experimental conditions (sample mass and granu-

lation, mass and granulation of the reference material, heat conductivity, etc.), as well

as a correct determination of the calibration constant, positively influence and con-

tribute to the reproduction of the results, which has already been proved [37–39]. For

that reason application of DTA as a quantitative method could be used as simple and

accurate method in thermodynamic analysis of binary eutectic systems.

Conclusions

Results of the quantitative DTA application to gallium-based binary systems Ga–Sn

and Ga–Zn are presented in this paper. Calibration constants were determined for al-

loys in the both systems, as well as the integral molar enthalpy of mixing and other

partial and integral molar quantities (for Ga–Sn system at 1000–1200 K and for

Ga–Zn system at 723 K). Phase diagrams of these systems were also confirmed based
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Fig. 8 Comparison between thermodynamic data obtained by quantitative DTA and lit-
erature data; a – aGa and aSn vs. molar content at 1073 K in Ga–Sn system;
b – aGa and aZn vs. molar content at 723 K in Ga–Zn system



on DTA curves for heating. Comparison of results obtained by this method with liter-

ature data show good mutual agreement in all cases.
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