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Abstract—Cyclic thermal analysis is used to study the effect of overheating AT of a melt on the presolidifi-

cation supercooling A7} of gallium—indium alloys. The existence of deep supercooling A7; with respect to
the liquidus is found for hypoeutectic alloys, whereas, for hypereutectic alloys, the supercooling is found only
with respect to solidus 7§, (eutectic transformation line). The activities and the coefficients of activity of con-
stituents are calculated at the onset of quasi-equilibrium and nonequilibrium explosive solidification. When
the composition approaches the eutectic one, the activity of both constituents is found to decrease.
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INTRODUCTION

The alloys of low-melting metals, such as gallium
and indium, are widely used in various fields of indus-
try, in particular, as cold solders, dispersion pasts in
performing repair works of cast glass and ceramic
blanks, thermal lubricants in stomatology [1—4], and a
heat-conducting layer between cooled and heat-
removing surfaces (thermal interface) [5]. Gallium,
indium, and their eutectic alloys are also used in
nuclear industry as a liquid-metal coolant in breeder
reactors [6].

The final physicomechanical properties of an alloy
and the formed microstructure are known to depend
on the thermal prehistory of the melt and conditions
of their solidification [7—9]. The Ga—In phase dia-
gram is classified among the eutectic diagrams with a
terminal solubility [ 10]. The indium solubility in gallium
islow, ~0.3 mol %, (gallium-based o solid solution), and
the solubility of gallium in indium is ~2.2 mol %
(indium-based B solid solution) at a eutectic tempera-
ture 7% = 288.3 K. The solidus at the indium corner of
the diagram exhibits the clear retrograde behavior, and
at ~325 K, the gallium solubility in indium increases
to 3.1 mol %.

The present study is aimed at the investigation of
the effect of the melt overheating on the presolidifica-
tion supercooling with respect to the liquidus and sol-
idus temperatures of the Ga—In system, construction
of nonequilibrium phase diagram with indicated
metastable regions with respect to the liquidus and
solidus, and calculation of the activities of gallium and
indium at the onset of solidification.

EXPERIMENTAL

For the investigation, we use the following samples:
Ga (I), Ga + 5.3 mol % In (II), Ga + 10.1 mol % In
(I1I), Ga + 14.2 mol % In (1V, eutectic), Ga +
20.0 mol % In (V), Ga + 30.1 mol % In (VI), Ga +
40.1 mol % In (VII), Ga+ 50.2 mol % In (VIII), Ga +
60.1 mol % In (IX), Ga + 70.3 mol % In (X),
Ga + 80.0 mol % In (XI), Ga + 90.2 mol % In (XII),
Ga + 98.1 mol % In (XIII), and In (XIV).

The alloys were prepared using special purity grade
metals. The binary Ga—In alloys were prepared by
melting of the constituents taken in certain propor-
tions; they were heated in an alundum crucible to a
temperature of 480 K (i.e., above the melting tempera-
tures of gallium (305 K) and indium (429 K)) and
mixed to form the homogeneous state. Subsequently,
the cyclic thermal analysis (CTA) was performed. The
essence of CTA consists in the fact that the lower tem-
perature always remains unchanged (250 K), whereas
the top temperature decreases or increases by 1-2 K
with respect to the liquidus temperature of the preced-
ing cycle. A gradient-free resistance furnace was
located in a cooling chamber with a temperature of
239 K. The temperature was measured by chromel—
alumel thermocouple using a UT325 digital thermom-
eter; heating and cooling curves were recorded auto-
matically using Microsoft Office Excel software. The
measurement error was 0.2 K. The heating and cooling
rates were within a range of 6—7 K/s. Two samples of
each composition were studied; for the reliability of
data, by 10 thermal cycles were recorded. The thermal
curves were processed using a procedure available in
[11, 12].
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Fig. 1. Dependences of the supercoolings A7 and ATg on
the overheating A7y ofindium (curve 7, AT, =2K), Ga—
14.2 mol % In alloy (eutectic, curve 2, ATg = 26 K), gal-
lium (curve 3, AT{, = 34 K), Ga—10.1 mol % In alloy
(curve 4, ATy < 35 K), and Ga—10.1 mol % In alloy,
(curve 5, ATg = 38 K).

RESULTS AND DISCUSSION

The effect of the melt overheating on the solidifica-
tion kinetics of pure gallium and indium and Ga—In
eutectic alloy was studied earlier; the results are
described in [13—15]. The reliability of the results is
confirmed by near coincidence of the melting, liquidus,
and solidus temperatures with the literature data [10].

An analysis of the thermograms of both pure metals
and Ga—In alloys allowed us to find that the melt
overheating affects the presolidification supercooling

AT, with respect to the melting temperature (A7, =
T\ — T where Ty is the melting temperature of pure
substance or the liquidus temperature of alloy and 7T,
is the minimum temperature in the supercooling
range) and the supercooling with respect to the liqui-

dus AT, and solidus (eutectic temperature 7g) ATy =
Te — T, temperatures.

Let us consider the solidification of samples of dif-
ferent Ga—In alloys. For gallium (sample I), the exis-
tence of two kinds of solidification is found; these are
the quasi-equilibrium and nonequilibrium explosive
solidification (QES and NES, respectively) processes.
The dependence of presolidification supercooling

AT{ on the melt overheating AT* (AT" =T" — T,

where 7" is the temperature, to which the melt is
heated) exhibits the monotonous ascending behavior
[13]. The critical overheating was determined to be

A Tc+ ~ 20 K, at which gallium solidifies with the max-
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imum supercooling A7;] = 34 K, and this value
remains unchanged during subsequent overheating to
100 K. During cooling of gallium from temperatures

below AT:, the supercooling A7, varies in accor-
dance with AT [13], whereas the solidification of gal-
lium is equilibrium only at very low overheating
(~0.5 K, Fig. 1, curve 3).

In contrast to gallium, indium (sample XIV) solid-

ifies with a low supercooling A7; = 1.5—-2 K at any
overheating to 100 K, i.e., the QES mechanism is real-
ized [14].

In the case of eutectic Ga—In alloy, like in the case
of gallium, ATy increases as the overheating AT*

increases; the dependence ATz = AAT") exhibits the
monotonous ascending behavior [15] to the critical

overheating A7, = 25 K (Fig. 2, curves I—4). During
further overheating to 100 K, the supercooling remains

unchanged (AT; = 26 K; Fig. 2, curves 4—6).

The performed studies arouse the interest to the
appearance of the dependence of supercooling on the

melt overheating with respect to the liquidus (A7} )

and solidus (ATg ) for the hypo- and hypereutectic
Ga—In alloys.

The analysis of thermograms (experimentally mea-
sured curves plotted on coordinates temperature 7—
time 7) allowed us to determine a number of regulari-
ties found upon solidification of Ga—In alloys, which
are described below.

Alloys 11 and 111

These alloys are hypoeutectic. According to the
Ga—In phase diagram [10], the solidification of
alloys II and III with respect to the liquidus tempera-
ture starts from the precipitation of almost pure gal-
lium (with ~0.3 mol % In) and finishes at the solidus
temperature by the formation of eutectic at T =
288.3 K, i.e., the phase composition of solid alloys is
o + E(o.+ B). The analysis of thermograms of alloys 11
and III allows us to find that, at any overheating AT*
of the melt, the solidification of all hypoeutectic alloys
is nonequilibrium explosive. Figure 3 shows the heat-
ing—cooling curves of hypoeutectic alloy III (Ga +
10.1 mol % In, T} = 295 K), which exhibit neither
inflection points nor plateau; the explosive solidifica-
tion starts below the solidus temperature. Taking into

account the fact that, for gallium, A7{ = 34 K [13]

and, for the eutectic, ATy =26 K [15], it is possible to
assume that the solidification occurs with the deep

presolidification supercooling A7; with respect to the
liquidus temperature. According to the heating—cool-
ing curves given in Fig. 3, at overheating AT = 2, 10,
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Fig. 2. Heating—cooling curves /—6 of the eutectic Ga—In alloy.
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Fig. 3. Heating—cooling curves /—4 of the Ga—10.1 mol % In alloy.

15, and 25 K (curves 1, 2, 3, and 4, respectively), the

supercooling was found to be A7; = 3, 15, 35, and
35 K, respectively. During thermal cycling of alloy II,
the following values of supercooling were determined:

AT = 4,17, 37, and 37 K at overheatings AT = 2, 10,
15, and 25 K. Thus, at overheatings AT+ < 15 K, the

dependence of AT; on AT" for all hypoeutectic alloys
exhibits the monotonic ascending behavior (like for
Ga and eutectic alloy), and the maximum supercool-
ing ~35 K is unchanged in accordance with subse-
quent overheating to 100 K.

Alloys V—XII

According to [10], the solidification of hypereutec-
tic alloys V—XII with respect to the liquidus tempera-
ture starts from the precipitation of indium-based
B solid solution and finishes by the formation of eutec-
tic at the solidus temperature 7 = 288.3 K; i.e., in the
solid state, the phase composition of the alloys V—XII
is B + E(o + B). During solidification of alloys V—XII,

the presolidification supercoolings A7, were found to
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be absent at any overheating of the melt, and the
supercooling AT with respect to the eutectic tem-

perature 7 were found to exist. The value of ATy for
all alloys was ~38 K, and the solidification is nonequi-
librium explosive.

Alloy XI1T

The solidification of the alloy is quasi-equilibrium
with respect to all temperatures of structural transfor-
mations.

The Ga—In phase diagram (Fig. 4) shows the
drawn minimum temperatures 7., of the onset of
NES of the alloys over the whole composition range
with respect to the solidus and liquidus for the
hypoeutectic alloys and with respect to the solidus for
the hypereutectic alloys. The boundaries of this tem-
peratures region (shown by gray) correspond to the
metastable state of all alloys of the system.

The metastable Ga—In phase diagram was con-
structed in [15] for slow cooling (the cooling rate is not
given); the eutectic temperature and indium content
were determined to be 244.7 K and 6.5 at %, respec-
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Fig. 4. Metastable Ga—In phase diagram.

tively. Under our experimental conditions, the solidi-
fication temperature of supercooled eutectic is
266.3 K.

The analysis of solidification processes of the Ga—
In alloys and construction of the nonequilibrium
phase diagram of the system arouse the interest to the
determination of the activity and activity coefficients
of components participating in the QES and NES pro-
cesses. For the eutectic alloy, such calculations were
performed earlier and described in [16].

Alloys Il and 111
Using the Shreder equation [17] for hypoeutectic
alloys IT and III, the activities of gallium (ay") and

indium (a&"), which comprise the Ga-based o solid

solution and participate in the solidification at a
moment of QES, namely, at the liquidus temperature
T, are calculated by the equations:

Ga
aga=exp{AHL ( ! —lﬂ, (1)

In
g =exp| AL (L _ 13| )
R \1" T,

where AH_* and AH," are the enthalpies of melting of
gallium (5.59 kJ/mol) and indium (3.27 kJ/mol),

respectively [18]; 7;°" and 7;" are the melting tem-
peratures of gallium (305 K) and indium (429 K),
respectively; and 7} is the liquidus temperature (for
alloy 11, 7} = 300 K and, for alloy 111, 7 = 295 K).

The activity coefficients of gallium ( gg’ ") and
indium ( g(;n) were determined as the ratio of the activ-

ities to the gallium (X, ) and indium (X.") concen-
trations in the hypoeutectic alloy:

g =al XS s =a /X 3)

The metastable region of the Ga—In phase diagram
is of particular interest for the analysis of the activities
of components and activity coefficients. Taking into
account the fact that the eutectic alloys solidify upon

deep presolidification supercooling A7; with respect
to the liquidus, the activities were calculated at tem-
peratures of the onset of NES, i.e., at temperatures

Trin (Toin = Ty, — ATY)). Since the T, temperature of
hypoeutectic alloys and gallium depends on the melt
overheating, the maximum supercoolings for the
alloys were taken for the calculations; these are 37 K
for alloy II, 35 K for alloy I1I, 34 K for gallium, and

2 K forindium. Denote the activities upon NES by bg ?

and A." and activity coefficients by Y5* and y.'. For
calculation, we adapt Egs. (1)—(3) to NES,

Ga AHP (1 1

i meo )@
In AH™( 1 ]

b :exp[ R (T;?H_Tr;nﬂ’ ©
Y= X v =B X (6)
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Table 1. Activities ay’, ay', by*, and by and activity coefficients g5, go', 75, and Yo' for hypoeutectic alloys 1T and 111

Alloy Equilibrium solidification Nonequilibrium solidification
ay" ay g g by by Yo Yo
I 0.96 0.67 1.02 12.72 0.93 0.56 1.98 10.62
II 0.93 0.66 1.08 6.54 0.91 0.55 1.00 5.37

G I L ..
where T, T, and T, are the minimum tempera-

tures in the supercooling region for gallium, indium,
and respect to the liquidus temperature 7; of corre-
sponding alloy, respectively.

Alloys V—XII1

The experiments showed that the solidification of
B solid solution in all hypereutectic alloys V—XIII with
respect to the temperature 7} is quasi-equilibrium. We

denote the activities by aé} *and aé“ and activity coeffi-

cients gBG * and gé" and determine them by the expres-

sions:

Ga AHZ* (1 1
ag = ex -—— 1], 7
B 1{ R (TLG‘“* TLﬂ @

In

g =exp| AL (L _ L)) ®)

R \1;" T,
gé]a - aBGa/XGa; g[lsn — aén/Xln, (9)

where X, BG *and X, én are the gallium and indium con-
centrations in the hypereutectic alloy, respectively.

Table 1 and 2 give all values of the activity and
activity coefficients determined by Egs. (4)—(9)
(method is available in [19]).

Table 2. Activities aBG * and aén and activity coefficients gBG a

and gén for hypereutectic alloys V—XIII

Alloy aé}a a[l))n gé}a g[l))n
A\ 1.01 0.69 1.25 3.53
VI 1.10 0.73 1.52 2.67
VII L.15 0.75 1.99 1.91
VIII 1.19 0.76 2.33 1.56
IX 1.23 0.78 2.99 1.33
X 1.28 0.80 4.08 1.10
XI 1.36 0.82 6.23 1.05
XII 1.47 0.86 12.22 0.98
XIIT 1.65 0.92 41.32 0.96
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As follows from data given in Table 1, the gallium
activity is higher than that of indium in the case of
both QES and NES during solidification of the o solid
solution in hypoeutectic alloys with respect to the lig-
uidus temperature. As the concentration of the second
component (indium) increases, the gallium and
indium activities decrease in the case of both QES and
NES. For the hypereutectic alloys, the solidification
of which is only quasi-equilibrium, the gallium activ-
ity also is higher than that of indium; as the indium
concentration increases, the activities of both compo-
nents increase, and the activity coefficient of gallium
in all alloys increases as the content of the second
component increases, whereas, in this case, the activ-
ity coefficient of indium decreases.

CONCLUSIONS

(1) Thermographic studies of the effect of over-
heating of the melt on the presolidification supercool-
ing of Ga—In alloys were performed. Using the super-
cooling of the alloy, a nonequilibrium Ga—In phase
diagram was constructed.

(2) Using the procedure developed by V. D. Alek-
sandrov with colleagues, we determined the activities
and activity coefficients of the components of the Ga—
In system during quasi-equilibrium and nonequilib-
rium explosive (only for hypoeutectic alloys) solidifi-
cation. The activity of gallium in Ga—In alloys was
found to be higher than that of indium.

(3) Solid gallium has an orthorhombic crystal lat-
tice, the sites of which are occupied with Ga, mole-
cules with a covalent bond, whereas indium has a
tetragonal single-atom lattice.

(4) The high gallium activity can be explained by
the fact that its solidification is two-stage and includes
the formation of Ga, molecules and, after that, crystal
lattice formation. The solidification of indium is a sin-
gle-stage process (joining of indium atoms to form a
crystal lattice).
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