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SELF-ASSOCIATED ATOMIC
GROUPS IN Ga—Sn LIQUID ALLOYS

The structures of a liquid eutectic alloy and one corresponding to the near-equatomic concen-
tration in the phase diagram are investigated at different temperatures. The structure factors
and pair correlation functions have been analyzed and interpreted. The temperature depen-
dences of main structure parameters determined from these functions allowed us to suppose
that the atomic distribution in both alloys is characterized by a tendency to the interaction
of like-kind atoms. In addition, the structure data and the results on the density and surface

tension are analyzed as well.
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1. Introduction

Due to the structure and properties atypical of lig-
uid metals, gallium-based alloys have attracted the
attention of many researchers. Ga-based systems are
important components of electronic solid-state de-
vices. They are the subject of numerous studies [1,
2]. Many alloys and compounds based on gallium are
used in the semiconductor devices and superconduc-
tors [3] and the heat transfer agents in nuclear re-
actors [4]. Ga and its alloys have been proposed as
replacements for Hg in dental filling materials [5-7]
and high-temperature thermometers [8-10].

Alloys of binary Ga—Sn system are of interest due
to their wide application as basic alloys for connect-
ing elements in electronics. They are used also for the
production of low melting temperature solder materi-
als and as a matrix of such composites as ferrocoloidal
suspensions. For instance, due to the solderability of
a Ga—Sn molten eutectic alloy on an Au-coated cop-
per substrate, the sandwich joints with good parame-
ters were obtained [1]. For that reason, it is important
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to have a detailed information about the structure
and properties of these alloys not only in the solid
state, but also in the liquid one. Liquid constituent
elements are of interest due to an anomalous profile
of principal peaks of the structure factors (SF), which
are asymmetric and reveal the shoulders on the right
side. Such shoulder exists also in SFs for liquid Bi and
Sb, being more pronounced in liquid semiconductors
such as Ge and Si [11]. As follows from diffraction
studies, this shoulder is attributed to the residual
covalent bonds of of principal peakscrystalline solid
turning into the melt, which results in the formation
of the inhomogeneous structures of mentioned liquid
metals. In them, due to some part of covalent bonds,
the structure units with less packing density compar-
ing with the rest atoms linked by means of metallic
bonds are formed. For that reason, it is of importance
to carry out detailed studies of the nature of such
shoulder and its effect on structure formation pro-
cesses in multicomponent alloys in the liquid, amor-
phous and solid states.

This work aimed to study the evolution of shoul-
ders existing in SFs of liquid gallium and tin at the

327



R. Bilyk, S. Mudry

formation of the structure of liquid alloys to clarify
their effect on the total structure of binary melts. The
main physical characteristics of Ga and Sn are in
many respects similar. These two elements are the
neighbors in the Periodic table of elements and have
three valence electrons (Ga-4s%4p!) and four elec-
trons (Sn-5s25p?). The melting temperature for Ga
is low (303 K) and significantly less than one for tin
(505 K). Contrary to tin, gallium has a very large su-
percooling range (150 K). The structure parameters
in the liquid state are in some respect similar.

Liquid alloys of the Ga—Sn system have early been
studied in detail by means of the thermodynamics
methods and the measurements of surface proper-
ties [12]. The authors used the method of quasichem-
ical approximation and combined it with the quasi-
lattice theory. Thermodynamic properties of this sys-
tem deviate positively from Raolt’s law. The energy
of mixing was studied by means of the surface tension
and surface composition measurements and calcula-
tions. It was shown that Ga—Sn liquid alloys show the
tendency to the microsegregation not only in bulk,
but also on the surface layers [13, 14].

It is known that the surface tension is a structurally
sensitive value. Minor changes in the structure will
greatly alter the surface tension. Therefore, changing
the surface tension leads to changes in the structure,
especially within near surface layers.

In [15], the surface tension of Ga—Sn alloys with a
Sn addition in a wide concentration interval was in-
vestigated. In [16], the different changes in the sur-
face tension were observed at a variation in the
temperature.

2. Experimental

Samples have been alloyed from high-purity ingots
of Ga and Sn (99.999%) in a furnace, installed in a
chamber filled with argon to avoid the oxidation. In
this work, Ga—Sn alloys with 8.5 and 43 at.% of tin
were selected.

The structure of melts was studied by using a high-
temperature X-ray diffractometer, as was reported
in [17-19]. The sample was placed in a helium-filled
chamber of a diffractometer to prevent its oxida-
tion. The geometry of an incident Cu—Ka — radiation
beam monochromated with the use of a LiF crys-
tal, a center of the camera, and an inlet slit of the
detector corresponded to the Bragg—Brentano type
focusing geometry[20]. The accuracy of the measure-
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ment of the X-ray intensity was in the interval 2—
3% and depended on the selected exposure time at
each point. The temperature was measured and main-
tained with an accuracy of £2 K. Experimental de-
pendences of the intensity were smoothed by the least
squares method and then were corrected on the polar-
ization, absorption, and anomalous dispersion. The
normalization to electron units was carried out using
the method described in [21]. After the normaliza-
tion procedure, the structural factors have been cal-
culated at different temperatures|[22]. SFs have been
analyzed by comparing the peak positions with sim-
ilar peaks on constituent elements, and the interpre-
tation of their temperature and concentration depen-
dences was carries out. The pair correlation functions
(PCF) and atomic distribution functions have been
calculated from SFs using the integral Fourier trans-
formation. These functions allowed us to calculate the
main short-range-order parameters such as r — the
most probable interatomic distances to the nearest
neighbors.

The sessile drop method has been chosen for ob-
taining the density and surface tension. The installa-
tion for the research made it possible to obtain images
of the droplet profile during the heating in an inert
atmosphere.

The samples were heated using a nichrome electric
furnace from the melting point up to 1000 K, and a
molten drop was on a graphite substrate. The tem-
perature control and measurements were performed
using a platinum-rhodium thermocouple with an ac-
curacy of £1 K. The images were obtained using a
digital camera on a temperature interval AT = 40 K.
We have 3 images for each temperature, which al-
lowed us to get representative values of the density
and surface tension values. The surface tension and
the density data were obtained with an accuracy of
about +3%.

3. Results and Discussion

The SFs for liquid Ga—Sn of the eutectic concentra-
tion are shown in Fig. 1 and reveal the profiles atyp-
ical of simple liquids. The principal peaks show no
symmetry and reveal a shoulder on the right-hand
side. The position of this peak lies between such peaks
for liquid Ga and Sn, has significant width, and, as a
result, can be interpreted as an additive sum of curves
corresponding to SFs for constituent elements. The-
refore, the SF supposes that the eutectic melt consists

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 4



Self-Associated Atomic Groups in Ga—Sn Liquid Alloys

Gaﬂ,fgnli

Sn 523 K

1 2 3 4 5 6k A’

i:Ga,.Sn@

Fig. 1. Temperature dependences of SF for liquid Ga—Sn

kl’ /f-] = Ga,Sn,,

3.00 1 * Ga, Sng,
= S1

2.754 . —Ga

o Iiaioisies Ly

2.254 i_i_é»_j_%__f _____

2.00 1

1.75

1.50

T T T T T
300 375 450 525 600 675 7500, K

Fig. 2. Temperature dependence of peak positions in SF

of the structural units, with like-kind atoms. The sta-
bility of such kind structure is notably high, which
follows from the temperature dependence of structure
factors and parameters obtained from them.

For instance, the first peak positions are, in fact,
unchangeable within a wide temperature interval
(Fig. 2).

Another parameter obtained from SF is the princi-
pal peak height, which is commonly considered as a
measure of the atomic packing density and decreases,
as the with temperature increases (Fig. 3). The SF
for the eutectic melt can be considered as an addi-
tive sum of SFs for liquid Ga and Sn, which allows
concluding the existence of the tendency to a pre-
ferred interaction of like-kind atoms. The mean size
of structural units as a function of the temperature
for the eutectic melt is, in fact, unchangeable with
the temperature (Fig. 4), which is the evidence of the
high temperature stability of such structures. Slight
temperature dependences are also observed for the
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Fig. 4. Temperature dependence of cluster’s size

distance to neighbor atoms, obtained from the pair
correlation functions (Fig. 5).

Such decrease is related to an increase of the free
volume in the atomic distribution at higher tem-
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Fig. 5. Temperature dependences of the distances to neighbor
atoms for Ga—Sn molten alloys
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molten alloys

T T T T T
300 400 500 600 700

peratures, as was early shown in [23]. The tendency
to a microsegregation is most pronounced in melts
with the miscibility gap and in eutectic melts. The
binary Ga—Sn phase diagram, as well as those for
other similar systems, reveals also the inflection
point, which is commonly interpreted as a precur-
sor to form the miscibility gap. The SF for the alloy
corresponding to this inflection point (43 at.% Sn)
(Fig. 1) reveals also wide peaks with shoulders on
the right-hand side of the principal maximum for the
eutectic melt.

It is seen that this distance is higher than the cor-
responding distance for liquid Ga, although the con-
tent of this element in the alloy prevails. For the melt
corresponding to the inflection point, this parame-
ter becomes higher and closer to the value for liquid
tin. Therefore, this alloy also reveals the tendency to
a preferred interaction of like-kind atoms, and it is
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Fig. 7. Surface tension of Ga—Sn molten alloys

possible to conclude that the tendency to a microseg-
regation occurs within a wide concentration region.
It was found experimentally that the surface ten-
sion and the density of the pure liquid metals vary lin-
early with the temperature [24]. In the temperature
interval under consideration, the temperature depen-
dence of the surface tension (1) and the density (2) of
all of the metals and alloys studied can be described
by the following linear relations:
o(T) =00+ %(T —Tn), (1)
where T, is the melting temperature, og is the sur-
face tension at the melting point, and do/dT is the
temperature coefficient of the surface tension, respec-
tively
o(T) = po+ ST - T,), 2)
where pg and dp/dT indicate the density at the melt-
ing temperature and its temperature coefficient, re-
spectively.
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The surface tension at the melting point

and its temperature coefficient for investigated
alloys according to the temperature
dependence of the surface tension Eq. (1)

No. Alloy 00, mJ/m? | do/dT, mJ/(K*m?)
1 Ga 714.88 -0.06
2 Gag1.55n8.5 685.27 -0.13
3 Gas7Sngs 606.18 -0.079
4 Sn 547.32 -0.072

The temperature dependences of the density for
Ga—Sn liquid alloys are shown in Fig. 6, and it is seen
that they can be described by a linear relation. The
presented results on p(T') for the Gagy 5Sng 5 eutec-
tic composition are in good agreement with data ob-
tained in [25]. As for the previous Ga—Sn molten alloy
containing 43 at.% Sn, we can see a similar behavior:
the density decreases, as the temperature increases.
It is seen that the density of the eutectic melt is
less, compared with the density of a melt with near-
equatomic concentration. So, it can be noted that an
addition of tin leads to increasing the density in the
investigated alloys.

The temperature dependences of the surface ten-
sion of liquid Ga—Sn alloys are presented in Fig. 7.
The ideal solution model has been used to calculate
the surface tension of binary alloys of the Ga—Sn sys-
tem. As we can see, the surface tension changes lin-
early with the temperature. The temperature depen-
dences reveal a monotonic decrease, as the tempera-
ture increases. The obtained data for the surface ten-
sion of liquid Ga—Sn alloys were compared with the
corresponding data for pure components. As is seen,
the values for alloys are in an intermediate position
between values for pure components.

The negative values for the temperature coeflicient
of the surface tension do/dT were found for all alloys
(Table). It is known that this coefficient is propor-
tional to the surface entropy [26]:

W My

where w is the surface area, V — liquid volume, and
1 — chemical potential.

One can see that the surface entropy has a maxi-
mum value according to (3) for the eutectic melt and
decreases with an addition of tin atoms. Therefore the
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variation of the atomic ordering related to the for-
mation of self-associated atomic groups is observed
not only in the bulk of the alloy, but also in sur-
face layers. It should be noted that tin is a surfactant
for gallium melts. The obtained results on the surface
tension confirm our data of X-ray diffraction studies.

4. Conclusions

Liquid alloys of the Ga—Sn system with concentra-
tions corresponding to the eutectics and the inflec-
tion point in a phase diagram have a structure, con-
sisting of structural units (clusters) with a preferred
interaction of like-kind atoms. Such structure shows
the high stability at the heating. But, at higher tem-
peratures (>450 K), the number of neighbor atoms
decreases, whereas the size of clusters is, in fact, un-
changeable. Such behavior is most probably due to
an increase in the free volume at the heating.

Both the density and the surface tension slopes
showed negative values in the temperature depen-
dences and the linear temperature dependence in the
investigated temperature regions. With the increas-
ing Sn content in Ga—Sn alloys, the density and sur-
face tension decrease, which conforms the tendency
to a preferred interaction of like-kind atoms.
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CAMOACOIINOBAHI ATOMHI
I'PYIIU B PO3IIJTABAX Ga~Sn

HocuijzkyBasiach 3a PIi3HUX TeMIIEpaTyp CTPYKTypa PiIKux
posmwasiB Ga—Sn eBrekTuwHOI Ta OisieKBiaTOMHOI KOHIIEHTPA-
it Ha giarpami crany. Bysio nmpoaHaJi30BaHO i HOSICHEHO CTPY-
KTypHi dakTopu Ta mapHi Kopessaniiiai ¢yskiii. Temneparyp-
Hi 3aJI€2KHOCTI OCHOBHUX IlapaMeTPiB CTPYKTypH, BU3HAYEHI 3
uux (PYHKIHN, JO3BOIUIIN IPUILYCTUTH, 0 ATOMHUNA PO3IIOIIIT
B 000X PO3ILIABAX XapPaKTEPU3YETHCS TEHJICHIEIO 10 B3a€MO/IIT
OZHOCOPTHUX aToMiB. TakoxK Oys0 oTpuMaHO i mpoaHaJsizoBa-
HO JaHi I'YCTHHU Ta ITIOBEPXHEBOI'O HATATY Ta IXHI TeMIepaTypHi
3aJIE2KHOCTI B IIUX PO3ILJIABAX.

Katrwwoei caoea: podunasu Ga—Sn, 6iKHIE TOPAIOK, IIO-
BEPXHEBUIN HATSAT, KIaCTEPH, MiKpOCerperaiisi.
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