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Abstract—Overcooling of gallium—tin alloys under normal conditions has been studied by thermal analysis.
The following samples have been analyzed: Ga (I); two hypoeutectic alloys: 95% Ga + 5% Sn (1), 90% Ga +
10% Sn (II1); eutectic alloy: 96.3% Ga + 13.7% Sn (I1V); and five hypereutectic alloys with Sn content of
20% (V), 35% (V1), 50% (VII), 80% (VIII), and pure tin (IX). A nonequilibrium state diagram of this system
is constructed. Herewith, the eutectic composition does not vary and the eutectic temperature decreases to
5.5°C, that is, 26°C below that of three-phase eutectic equilibrium. The eutectic temperature does not actu-
ally vary upon a variation of cooling rates of eutectic alloy from 0.06 to 60°C/min. It has been detected that
a slight decrease in overcooling is expected in the hypoeutectic region, whereas in the hypereutectic region
overcooling increases while the alloy composition approaches eutectic. Activities and activity coefficients of
components on the lines of equilibrium and nonequilibrium liquidus have been calculated. It is demonstrated
that the activities on the lines of both equilibrium and nonequilibrium liquidus decrease in a predictable man-
ner, and the activity coefficients increase while the composition approaches eutectic. Concentration paths of
equilibrium and nonequilibrium crystallization are shown in the state diagrams.

Keywords: gallium, tin, alloys, state diagram, melting, crystallization, thermal analysis, liquidus, solidus,
eutectics, overcooling, activities, crystallization paths
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INTRODUCTION

Gallium—tin alloys are widely used for the produc-
tion of semiconductors and solar cells, for the fabrica-
tion of low temperature solders, for creating reference
points aimed at the calibration of instruments [1—5],
and so on. The efficiency of these alloys is determined
by the methods of their production and solidification
conditions [6]. It is important to reveal the conditions
of one or another phase transition of alloys based on
an analysis of equilibrium and nonequilibrium state
diagrams.

Gallium—tin alloys form a diagram of eutectic type
with the bilateral restricted solubility of components.
Figure 1 illustrates Ga—Sn equilibrium diagram [6].
The hypoeutectic region contains an ¢ solid solution
based on gallium and the hypereutectic region con-
tains a 3 solid solution based on tin. Therefore, the
eutectic alloy below the temperature 7 is the mixture
of o and J3 solid phases.

Various data are available concerning the composi-
tion of eutectics. According to [6], they are Ga +
8.5 mol % Sn with eutectic temperature 7 = 20.5°C.
According to [7], they are Ga + 5 mol % Sn and T =
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20.0°C, according to [8] they are Ga + 8.5 mol % Sn
and T = 20.6°C, and according to [9] they are Ga +
7.8 mol % Sn and Ty = 21.8°C.

Even higher differences are observed in the studies
of overcooling of both gallium and tin as a function of
overcooling rates, the thermal history of the melt, the
weight of samples, and so on [10—13].

This work attempts to construct a nonequilibrium
state diagram in the gallium—tin system with respect to
liquidus temperatures and its comparison with an
equilibrium diagram.

EXPERIMENTAL

The following weight compositions were selected for
plotting a nonequilibrium diagram and its comparison
with an equilibrium one: Ga (I), two hypoeutectic alloys:
95% Ga + 5% Sn (II) and 90% Ga + 10% Sn (I1I);
eutectic alloy 96.3% Ga + 13.7% Sn (1V); and five
hypereutectic alloys with tin content: 20% (V),
35% (V1), 50% (VII), 80% (VIII), and pure tin (IX).

The alloys were produced by the melting of gallium
and tin (ACS grade) of respective composition with a
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Fig. 1. Gallium—tin state diagram. Bold lines 7: equilibrium diagram [6]; thin lines 2: nonequilibrium diagram based on the
experimental data given in this article; and dashed line: conventional boundary of critical overheating of melts. The paths of equi-
librium and nonequilibrium crystallization are shown for the 50 wt % Ga + 50 wt % Sn alloy.

total weight of 0.5 g. During melting, the components
were heated in an alundum crucible to 282°C, that is,
above the melting points of Sn (232°C) and Ga
(29.8°C), and mixed up to complete dissolution. The
samples were heated and cooled under similar condi-
tions in the so called gradientless resistance furnace.
The furnace with a sample was located in a Beko cool-
ing chamber at —30°C. The temperature was measured
by a chromel-copel thermocouple using a UT325 dig-
ital thermometer connected to a PC. The temperature
measurement error was ~0.2°C. Heating and cooling
rates were in the range of 3—4°C/min. In certain cases,
Ga, Sn, and eutectic alloy were cooled also at a rate of
0.06 and 60°C/min. Three samples of respective com-
position were analyzed; five thermal cycles of heating
and cooling were recorded for each sample. Cyclic
thermal analysis is comprised of the continuous
recording of thermal cycles of heating and cooling in
temperature (7)—time (T) coordinates in a preset tem-
perature range. The thermograms were analyzed
according to the known procedures [14, 15].

The researchers in [16—19] determined two types
of crystallization for gallium, tin, and Ga—Sn eutectic
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alloy as a function of overheating temperature of the
liquid phase and upon subsequent cooling: equilib-
rium crystallization (EC) without overcooling and
nonequilibrium explosive crystallization (NEEC)
with overcooling specific for each metal. Critical over-

heating values (AT ) of transition from EC to NEEC
were as follows: ~3—4°C for Sn, ~20—22°C for Ga,
and ~29—30°C for the eutectic alloy. On the basis of
these data, the boundary of critical overheating

TZ =T, + AT was outlined for Ga—Sn alloys illus-
trated by the dashed line in Fig. 1. Such a boundary is
also stipulated by the fact that, according to [20, 21],
in Ga—Sn alloys in a liquid state, the required over-
heating above liquidus guarantees that the molten
alloy receives a microhomogeneous solution and
retains it at any cooling rates. Taking into account the
influence of overheating on pre-crystallization over-
cooling, thermograms of all samples were determined
in the temperature range 45°C higher and by 40°C
lower than the melting point or the liquidus tempera-
ture. Steady overcooling was obtained exactly under
these conditions; their values were used to highlight
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Table 1. Liquidus and solidus temperatures and respective overcooling in Ga—Sn system

Composition '
Alloy no. % ol % T, °C Ts, °C T, °C T,,°C | AT{,°C | ATy, °C
I 100 Ga 100 Ga? 29.8 —4,2 34
II Ga+5.0Sn Ga + 3.0 Sn 25.2 20.5 1.6 —1.1 23.6 21.6
I Ga + 10.0 Sn Ga+6.1 Sn 24.0 20.5 0.3 -39 23.7 24.4
IV (E) Ga+ 13.7 Sn Ga + 8.5Sn 20.5 =55 26.0
A\ Ga +20.0 Sn Ga+ 12.8 Sn 37.5 20.5 10.1 10.4 27.4 20.9
VI Ga +35.0 Sn Ga+24.0 Sn 78.0 20.5 43.9 10.3 34.1 10.2
VII Ga + 50.0 Sn Ga+ 37.0 Sn 105.1 20.5 69.6 12.8 35.5 7.7
VIII Ga + 80.0 Sn Ga+70.1 Sn 166.2 20.5 135.9 13 30.3 7.5
IX 100 Sn 100 Sn? 232.0 219 13

metastable regions and the construction of a nonequi-
librium diagram in the Ga—Sn system. The acquired
experimental data were processed in Microsoft Office
Excel.

RESULTS AND DISCUSSION

The following data were acquired by experimental
thermograph studies: upon heating—melting points of
Ga, Sn, and eutectics, temperatures of solidus (7%)
and liquidus (77) of the alloys; upon cooling — mini-
mum temperatures (7,, and 7;,) at the start of crystal-
lization of overcooled melts with regard to 77 and 7%,
respectively.

Overcooling with regard to 7; was defined as the

difference AT, =1, —T,, and overcooling with
regard to Ty was

defined as the difference
ATg =Tg —T,,. This is exemplified in Fig. 2 by four
thermograms of heating and cooling of gallium I (a),
eutectic alloy IV (b), hypereutectic alloy VII (c¢), and
tin IX (d). It should be mentioned that the melting
points of gallium, tin, and eutectic alloy, as well as the
temperatures of liquidus and solidus, nearly coincided
with reference data in the range of £0.5 [6]. These data
are summarized in Table 1.

The metastability boundary with regard to the tem-
peratures of liquidus and solidus (lines 2 in Fig. 1)
were plotted by the points 7, and 7. This results in
the nonequilibrium diagram shifting downwards with
regard to the equilibrium diagram. It can be seen that
the lines of nonequilibrium liquidus A'E"' and E'B" are
shifted with regard to the lines of equilibrium liquidus
AFE and EB, and the lines of nonequilibrium solidus
G'E' and E'F' are shifted with regard to equilibrium
solidus GE and EF. Herewith, the eutectics composi-
tion is not changed and the temperature in the point £’
becomes 26°C lower than that of three-phase equilib-
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rium in point E. In the hypoeutectic region, a minor
decrease in overcooling is expected, whereas, in the
hypereutectic region, their increase upon approaching
the eutectic composition of the alloy is expected. This
probably can be attributed to the fact that gallium is
prone to higher overcooling in comparison with tin.
Experiments with Ga, Sn, and eutectic alloy IV at
cooling rates of 0.06 and 60°C/min demonstrated
that, upon a variation of cooling rates in this range, the
average overcooling with regard to the respective melt-
ing point remained nearly the same.

Since the equilibrium crystallization of alloys
starts at liquidus temperature 7; and nonequilibrium
crystallization at temperature 7,,, it would be inter-
esting to analyze the activities of components at these
temperatures.

In order to calculate the activity coefficients and
the activation energies both under equilibrium and
metastable conditions, it was required to estimate the
eutectic constituent and solid o, B solutions in melts
with eutectics. This was aided by calculating the
weight composition of these constituents in the melts.

Let us consider the calculations for alloy VII
(50 Sn + 50 Ga, wt %). Amounts of each metalin 0.5 g
of liquid alloy are 0.25 g. Since the gallium content in
the alloy is lower its content in the eutectics, then all
gallium is consumed for the formation of the eutectics.
Let us determine the weight of the eutectic alloy; 0.5 g
of the eutectic alloy should contain 0.432 g Ga (eut.
13.7 wt % Sn + 86.3 wt % Ga). In the calculations it
should be taken into consideration that the Ga—Sn
state diagram includes the solubility of Sn in Ga
(o solid solution: 0.029 wt %) and Ga in Sn (B solid
solution: 4.297 wt %); hence, the eutectic horizontal
line would equal not 100 wt %, but 95.67 wt %. With
consideration for the data, the proportion will be as
follows: 0.863/0.25 = 0.957/X, from which X =
(0.957 % 0.25)/0.863 = 0.277 g (eut.); that is, the alloy
50 wt % Sn + 50 wt % Ga with the weight of 0.5 g con-
Vol. 61
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Fig. 2. Heating and cooling thermograms: (a) gallium, (b) eutectic alloy IV, (c) alloy VII, and (d) tin.

tains 0.277 g of eutectics, and the remainder (0.223 g) 7} (that is, without overcooling) were calculated by

is 3 solid solution. the Shreder equation [12]:

The obtained values of eutectic constituent of the
alloys were converted into relative weight and molar
concentrations summarized in Table 2. Calculations of _
the activity coefficients and the activation energies for Ga _ AH f’ A 1
hypoeutectic alloys were based on the mole composi- 4 =°exXp R TLGa - FL ) (D

(i) for hypoeutectic alloys:

tion of o phase (¥;") and those for hypereutectic alloys S for I < all
tect :
on the mole composition of § phase (Y,.B). (ii) for hypereutectic alloys

The activities of gallium (a,-G a) and tin (a,-S") in the & = exp A" (1 1 ?)
liquid melt at the start of equilibrium crystallization at ' R TLS T ’
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Table 2. Relative content of eutectics and o, § phases in
alloys with eutectics

Relative content in alloys with eutectics
Arlllooy of eutectics of o and B phases (Y))
weight | molar | weight molar

II 0.349 0.452 0.651 0.548 (o)
I 0.699 0.780 0.301 0.220 (o)

IV(E) 1.0 1.0? 1.0 1.0?

v 0.887 0.923 0.113 0.770 ®
VI 0.721 0.797 0.279 0.203 ®
VII 0.554 0.656 0.446 0.344 B

VIIT | 0.222 0.305 0.778 0.695 ®

where AH® and AH" are the melting enthalpies of
gallium (5.59 kJ/mol) and tin (7.07 kJ/mol) [13], T,°°

and T LS " are the melting points of gallium and tin, and

= 8.31 J/(mol K). The calculations are based on
Kelvin degrees (K).

The activity coefficients of gallium (g7*) and tin

(g,-s “) under the same conditions were determined by
the ratios of activities to concentrations of components

in respective alloys (¥;*, ¥"):

gt =gy, gt =g Y )

The activates and the activity coefficients in alloys
are summarized in Table 3.

Then (see Table 3), the activation energies both in

hypoeutectic (WG ) and in hypereutectic (WS") alloys
were determined as follows [14]:

W _ AH (1-T,[TY a)2+ RT, lnY,-“’ @
(1-77)
o _AHY (1-71/7%")+ RT, In¥}

(5)
-1

The energies W,°* and W,>" were used to verify the

activity coefficients ( g,-G * and g,.S ") using the procedure

in [14]:
g = exo| (1= X WO RT)|,©
g =exp| (-0 W RT) | )

The data for g* and g°" obtained by Egs. (6), (7)
completely coincide with the numerical values
obtained by Eq. (3).

Peculiar interest is attracted to an analysis of the
aforementioned parameters in the overcooled meta-
stable region at the start of alloy crystallization. Let us
denote the activities at the boundary of metastability

in the alloy as 8§ °, ;"; the activity coefficients as y°*,

y,s ; and the activation energies as 0) u) .In order to
adapt Egs. (1), (2), 4), (5) to a calculatlon of the
aforementioned parameters for the boundary of
metastability of alloys, the boundaries of metastabil-
ity of gallium and tin should be taken into account.
Since in this work gallium, tin, and the considered
alloys were crystallized under the same conditions,
the respective boundary temperatures can be deter-

mined: Tt =T — AT, T =T" — AT,
T, =T, — AT}

Table 3. Activities, activity coefficients, and activation energies for pure Ga, Sn, and their alloys on the lines of equilibrium

(a, g, W) and nonequilibrium (3, y, ®) liquidus

Without overcooling With consideration for overcooling
Alloy no.
a g W, kJ/mol ) Y , kJ/mol

11 0.9663 1.7639 —6.88 1.0233 1.9245 —7.31
111 0.9575 4.3433 —5.96 1.0439 4.7266 —5.81
v Ga 0.9320 1.0186 —6.22 0.9879 1.0797 —23.59
Sn 0.2970 3.4941 —3.64 0.2343 2.7562 —2.69

A% 0.3481 4.5054 —4.56 0.2792 3.6132 —3.55
VI 0.4775 2.3577 —-3.93 0.3846 1.8991 —2.66
VII 0.5681 1.6504 —3.66 0.4704 1.3667 -2.07
VIII 0.7769 1.1184 —4.38 0.7037 1.0130 —0.47
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In this case the Shreder logarithmic equation can
be applied and Egs. (1), (2), (4), (5) can be rewritten
as follows:

Ga
Sn
ol ] o
AHP*(1-TL/TS*) + RT. InY”
o = — ( (1/_ Y“)); o)
AH(1-TL/T5") + RT: InYP
iSn _ L ( (1/_ YB));- n . (11)

The activity coefficients of gallium (y?a) and tin

(%Sn) in a metastable region were determined by an
equation similar to Eq. (3):

=80y, v =8 /P

The numerical values of §7*, 8", o, &}, Y=, ;"
are also summarized in Table 3.

It follows from Table 3 that the activities of compo-
nents both in the line of equilibrium and nonequilib-
rium liquidus naturally decrease and the activity coef-
ficients increase while the composition approaches
the eutectic level.

Finally, let us consider the paths of equilibrium and
nonequilibrium crystallization of the alloys. This is
exemplified in Fig. 1 by the crystallization paths for
alloy VII (Ga + 50 wt % Sn). As was mentioned above,
two types of crystallization are possible depending on
melt overheating and subsequent cooling: equilibrium
one upon cooling, for instance, from the point b, and
nonequilibrium explosive one upon cooling from the
point a. In the first case, according to [22], the crystal-
lization path runs across the points » - ¢ — ¢' — F,
since the crystallization starts at the liquidus tempera-
ture (that is, point c¢). Herewith, the deposition of
crystals of B solid solution based on tin occurs. Since
the melt is depleted with Sn atoms, the liquid phase is
enriched with Ga atoms and its composition with
respect to the point d will shift from point c' to eutectic
point E. The temperature upon cooling varies across
pointsh —>c—>d—e.

The schematic path of nonequilibrium crystalliza-
tion depends on its type. Let us consider the variant of
crystallization, which can start in imaging point d, that
is, from the overcooling region. If the heat-release rate
significantly exceeds the heat rejection rate, then the
temperature (ideally) will vary across points a — d —
¢ — e, whereas the crystallization path will be as fol-
lows: a — d — ¢' — FE. In this case, near point d in the
overcooled state, the composition of the liquid phase

(12)
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is the same as in points a and ¢, and the degree of free-
dom i, according to the Gibbs’ phase rule, will be i =
2 — 1+ 1=2. Ifthe melt in point d or during tempera-
ture increase from d to c is partially crystalized, then
the composition of liquid phase in any point between
d and ¢ will correspond to the composition in point ¢'.
Herewith, the number of degrees of freedom i, as in
the case of equilibrium crystallization, will be i = 2 —
2 + 1 = 1; that is, the system is univariant and two-
phase and the ¢’k conode can be used for determining
the compositions of liquid (o) and solid (oig) phases:
o, =dk/c'k, og = c'd/c'k. The conode EF (as demon-
strated above) can be applied to a determination of the
content of eutectics in point e: eF/EF, or the composi-
tion in the hypereutectic region: eE/EF.

Another variant to denote the crystallization paths
is available. According to the cluster coagulation
model [11], crystal nuclei should be formed in the
overcooled region, since the driving force of crystalli-
zation exactly for free Gibbs energies between the lig-
uid and solid phases is a function of overcooling.
Therefore, during cooling from point ¢ to point d, a
certain amount of nuclei is accumulated in the melt and
the composition of liquid, as in the case of equilibrium
crystallization, will vary along the cc' line and the crys-
tallization path along the pointsa — ¢ — ¢' — e.

CONCLUSIONS

A nonequilibrium state diagram of Ga—Sn alloys
has been constructed for the first time using thermal
analysis. This diagram has been constructed on the
basis of overcooling of respective melts obtained under
normal conditions. The lines of nonequilibrium liqui-
dus and solidus are shifted in comparison with the
equilibrium diagram. Herewith, the eutectic tempera-
ture decreases by ~26°C.

A procedure is proposed to determine the activities
and activity coefficients of components at the start of
nonequilibrium crystallization from the region of the
metastable state.
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