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Abstract

Structure of quaternary InBiGaSn equiatomic molten alloy has been studied using the
X-ray diffraction method at different temperatures within range from 375 up to 773 K. Struc-
ture factors and pair correlation functions are analyzed and used to determine the main
structure parameters. The structure of the quaternary melt is compared with one both for lig-
uid constituent elements and partial binary melts. The results are interpreted with accounting
for the thermodynamic data. It is shown that In-Bi interaction is the dominant factor, which
promotes the formation of a structure with close to random atomic distribution.
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1. Introduction

High entropy alloys (HEA) are a new class of
metallic alloys whose entropy of mixing is increased
due to a large number of constituent elements and
formation of the solution with the random atomic dis-
tribution. Such alloys consist of 5 or more principal el-
ements and the content of each element being between
5 and 35 at.%. Presently, HEA are increasingly studied
[1-6]. Structure and physical properties of these alloys
are widely studied first of all by X-ray diffraction anal-
ysis, scanning electron microscopy, and measurement
of mechanical characteristics. Therefore HEA are the
multicomponent alloys with properties, significantly
different from properties of elements, from which they
are alloyed.

It is clear that it is not correct to consider each
multi-component alloy as a HEA alloy. For many years
the development of alloys for their application in the
industry has been based on one or two principal el-
ements, and other alloying components have been
added in minor amounts. As a result, the principal
elements have formed various phases with added el-
ements (solid solutions, intermetallics), due to which
the main properties have been improved. Later the
wide group of alloys, known as composite materials,

has been produced using metallic matrix and different
kind impurities as a filler. Composites with an alu-
minum matrix belong to this type of materials, which
are currently used in various areas of application.

Another kind of multi-component alloys that were
developed during the last years of the previous cen-
tury were amorphous metallic alloys. These alloys re-
veal the unique properties due to which they have
a wide practical application but also consist of one
or two principal elements. Amorphous alloys have a
structure, which is, in many respects, similar to the
structure of liquids, revealing the lack of long-range
order. To produce such alloys, it is necessary to sup-
press the crystallization process, and it is commonly
reached by rapid cooling.

Considering any multi-component alloy in the crys-
talline or amorphous state from a thermodynamic
viewpoint, it should be noted that the formation of
solid solutions phases or intermetallics, among other
ones, results in the interatomic interaction and each of
such phases can improve or impair the properties im-
portant for practical application. With the increasing
of alloying elements amount, the probability of solid
solutions formation also increases but some amount
of intermetallics can also be formed. The fraction of
structural units of each kind significantly affects most
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of properties. For instance, due to the presence of in-
termetallic phases, the strength of alloy can be in-
creased with the dropping of plasticity. Intermetallic
phases, as more ordered, lead to entropy decrease of
alloy, whereas the solution phases increase this ther-
modynamic characteristic. The increase of entropy in
solution phases leads to their higher thermodynamic
stability, especially at elevated temperatures. It is im-
portant that in a liquid state, the Hume-Rosery rule
about the atomic radius difference for constituent el-
ements is not so strongly limited factor for atomic so-
lution phase formation as in liquid state [7]. Therefore
in the liquid state, such stability is higher in com-
parison with a solid one and it is possible to increase
this stability in the solid state by quenching of liquid
phase. For that reason at producing of HEA, it is im-
portant to choose the suitable constituent elements for
multi-component alloy and create the thermodynamic
and kinetic conditions necessary for the formation of
atomic solution phases.

Due to the transition of multielement atomic so-
lution from liquid to solid state without decomposi-
tion or ordering at quenching, HEA possess improved
physical-chemical properties and first of all the me-
chanical ones. For that reason, the interest has grown
recently in the study of Al, Fe, Cu-based HEA as most
widely used in various areas of practical application.
Most of such alloys have a high melting temperature
and need the protection from oxidation that is related
to problems at studying, especially in a liquid state.
It is easier to investigate the similar low melting tem-
perature alloys, supposing that physical-chemical be-
havior at the formation of HEA is the same as for
the alloys with high melting temperature. So, the low
melting point of HEA makes them good model alloys
for studying structure formation mechanism and inter-
relation between the entropy of mixing, atomic struc-
ture, and physical properties.

It is known that the main contribution to the en-
tropy of mixing makes the configurational entropy,
which equals:

AScont = —klnw, (1)

where k is Boltzmann’s constant, and w is the number
of ways in which the available energy can be mixed or
shared among the particles of the system.

In the case of equiatomic alloy, this entropy per
mole equals:

ASeont = RIn N, (2)

where R is a gas constant, and N is a number of com-
ponents.

For HEA, consisting of 5 elements, AScons equals
1.61R. Generally, it is accepted that HEA are alloys
for which configurational entropy of mixing is greater

than 1.5R. In our case of InGaSnBi alloy (N = 4),
the configurational entropy of mixing equals 1.39R,
and in this case, such alloy belongs to the group mid-
dle entropy alloy (MEA). Up today, the major atten-
tion of researches has been attracted to HEA and less
to MEA. To make more understandable the mecha-
nism of structure formation at alloying and to clarify
the relationship between thermodynamic characteris-
tics and structure in a liquid state it is suitable to
consider the system with less number of principal el-
ements but forming the alloy close to HEA. For that
reason, this work aimed to study the structural state
and thermodynamic properties of InBiGaSn liquid al-
loy of equiatomic concentration.

2. Experimental

The XRD measurements were carried out us-
ing a high-temperature X-ray diffractometer CuKa-
-radiation, monochromatized with a LiF single crystal,
installed into the primary beam, and Bragg-Brentano
focusing geometry was used [8]. The temperature was
measured with accuracy + 2 K. The scattered inten-
sity was measured with accuracy higher than 2 %. In-
tensity curves were corrected on polarization and inco-
herent scattering [9-12]. After the normalization pro-
cedure, the structure factors have been calculated [13]:

(k)

a(k) = NEZ (k) (3)

where a(k) is a structure factor, N is a number of
atoms, F2(k) is atomic scattering factor, k = @
is wave-vector, A is the wavelength of X-rays, 6 is scat-
tering angle. Atomic distribution functions have been
calculated from SF:

42 p(r) = 4nripo + 27r_7~ /k:[a(k) — 1] sin(kr)dk, (4)

where r is a distance from any atom to another one,
and pg is a mean atomic density. Also, pair correlation
functions g(r) have been calculated as:

oo

L /k[a(k) — 1] sin(kr)dk.  (5)

=1
9(r) + 2m2rpg

The melting-solidification process has been studied by
the differential thermal analysis (DTA) using equip-
ment interfaced with a computerized data system. The
heating of samples was carried up to 500 K in an inert
atmosphere with a linear heating mode and heating
rate of 1.5 and 3 K min—1.
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Fig. 1. DTA curves of InBiGaSn alloy.

3. Results and discussion

Currently, there is no reliable data on the phase di-
agrams of many four-component alloys. Therefore, the
first issue that was to be clarified was the liquidus tem-
perature for the InBiGaSn alloy. In this work, using
the DTA method, it was established that at tempera-
tures above 350 K, the alloy is completely in a liquid
state (Fig. 1). For this reason, the diffraction studies
of the structure of this alloy were carried out above
this temperature.

A more detailed analysis of Fig. 1 makes it possible
to state the presence of premelting, which starts from
330 K (start-off temperature), and the onset tempera-
ture is measured to be 340 K, which is usually called
a melting point. However, as we can see, the tempe-
rature of complete melting is a bit higher. It is also
seen that this melt shows the tendency to supercool-
ing most probably due to the presence of Ga and Sn for
which the supercooling is significant. In this case, the
start-off temperature can mean initial melting which
is more noticeable at the heating rate 3 Kmin—!. It
should be noted that for the InBiGaSn alloy, no tail-
-off after the endothermic peak was found, as in the
case of thermal analysis of similar alloys [14, 15].

X-ray diffraction studies of InGaSnBi of equi-
-atomic concentration have been carried out in liquid
state at different temperatures and compared with the
structure of InSn, GaBi, and InBi binaries as well as
constituent elements.

Structure factors (SF) and pair correlation func-
tions (PCF) have been analyzed and used to obtain
the main structure parameters — distances to neighbor
atoms, number of neighbor atoms, and size of clusters.

SF for equiatomic InGaSnBi alloy (Fig. 2) show
the principal peak, which reveals the main features of
constituent elements. First of all, there is a shoulder
on the right-hand side of the principal peak, which is
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Fig. 2. SF of InBiGaSn liquid quaternary alloy at different
temperatures.
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Fig. 3. Temperature dependence of SF peak positions.

also observed in SF for liquid Ga, Bi, and Sn. But it
is seen that this shoulder is less pronounced compared
to similar shoulders in these three liquid metals. The
position of this shoulder is very close to the position
of one for liquid tin.

Principal peak position for the quaternary liquid
alloy is rather close to one of the liquid tin than for
other components of the alloy (Fig. 3).

With increasing the temperature up to 500 K, the
general features of SF are, in fact, unchangeable.
Higher sensitivity to temperature is pronounced in
the temperature dependence of principal peak height
(Fig. 4). This parameter decreases due to the topologic
disordering of atomic distribution at heating, which,
according to the model of hard spheres, allows us to
conclude that the density of atomic packing at heating
decreases. It is clear that increasing the temperature
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Fig. 4. Temperature dependence of SF principal peak
height for InSnBiGa molten compared with principal peaks
height for InBi and Big.30Gao.70 alloys.

and decreasing the density makes better conditions for
the mixing of atoms as a result of entropy increase.
For more accurate estimation of packing fraction in
InBiGaSn liquid alloy, we used the PCFs, from which
the atomic radii and the radii of first coordination
spheres, as well as corresponding numbers of atoms,
have been determined. Obtained data allowed us to
calculate the fraction of volume, occupied by atoms:

Vat

n=27Z—.
Vip

(6)

Values of V; and Vi, can be calculated using for-
mulas:

Vat = ,/Tanax/Gv (734)

Vip = 47 Ry /3. (7b)

the packing fraction coefficient

Z (Tmax
= 8 (rmin) ’ (8)
where Z is the area under the principal peak of radial
distribution function (nearest neighbor atoms); Tmax
and 7y, are first maximum and minimum positions
in PCF.

Obtained results (Fig. 5) show the decrease of
packing density with the temperature that confirms
the assumption pointed out above from the analysis
of temperature dependence of principal peak height in
SF.

Another structural parameter — the size of clusters,
which was determined from the width of the principal

Consequently,
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Fig. 5. Temperature dependence of packing density coeffi-
cient for InBiGaSn-molten alloy.
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Fig. 6. Temperature dependence of cluster size liquid
Ing.25Bio.25 Gap.255n0.25 alloy compared with cluster size
for InBi and Gag.70Big.30 melts.

peak in SF (Fig. 6), is unchangeable in the tempera-
ture interval of about 350-650 K and at further heat-
ing somewhat decreases.

Such local characteristic has the scale of short-
-range order and depends on temperature and concen-
tration. As it is seen from Fig. 5, packing atomic den-
sity decreases with the temperature that is evidence
of making more suitable conditions for mixing and as
a result for entropy increasing. The reducing of cluster
size also promotes the formation of a solution with a
higher value of configurational entropy of mixing.

Another thermodynamic function, which is related
to the structure of melts, is enthalpy of mixing. We
have compared values of AH for constituent binary
alloys with size factors (Fig. 7a) and with electroneg-
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Fig. 7. Correlation between the enthalpy of mixing and
size factor (a); correlation between the enthalpy of mixing
and electronegativity difference (b).

ativity differences (Fig. 7b). As is seen, all three Ga-
-based binary alloys have maximum positive values of
enthalpy of mixing, which corresponds to large values
of size factors. Small positive AH is the characteris-
tic of the Bi-Sn binary system. These systems show
the phase diagrams with the miscibility gap in a lig-
uid state (GaBi) and eutectic diagrams (Galn; BiSn;
GaSn) and reveal the cluster structure with preferred
interaction of like-kind atoms. Another two systems
(InBi and InSn) show the negative values of AH, and
for that reason, their structure is supposed to be based
on the preferred interaction of unlike kind atoms. Such
a tendency is more pronounced for the InBi system,
whose phase diagram reveals the existence of chemical
compounds. In the case of this system, the size factor
has a medium value, but the electronegativity differ-
ence is notable. Most probably, so large electronegativ-
ity difference is the main factor, which is responsible
for the formation of chemical ordering in the atomic
arrangement in a liquid state, and as a result, the en-
tropy of mixing is reduced.
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Fig. 8. SF for liquid Ing.25Big.25Gag.255n0.25 alloy com-
pared with SF for InBi and Gag.70Bio.30 melts.

Thus, from the viewpoint of structural features,
we have two different reasons, which decrease the en-
tropy of mixing: large size factor, which promotes
the formation of clusters with self-associated atoms,
and large electronegativity difference, promoting the
chemical ordering in atomic distribution. In the case of
InGaSnBi equiatomic alloy, there are two subsystems
(InBi and GaBi), which can be responsible for the
most significant decrease of configurational entropy of
mixing.

Alloys, corresponding to the rest of systems, which
are of eutectic type, attempt to form the struc-
ture, whose atomic distribution is close to random
atomic distribution and as a result, the entropy is
increased. For that reason, we have compared the
SF for multi-component melt with ones for InBi and
Gag.70Big.30 liquid alloys, which we obtained earlier
[17-19] (Fig. 8).

As is seen, SF for quaternary InGaSnBi melt is
more close to SF of liquid InBi intermetallic phase
than for Gag. 79Big.30 melt. Particularly, principal peak
profiles, including the shoulders, are, in fact, the same
as well as the second maxima. Some discrepancies
are observed in the height of the first and second
peaks. Nevertheless, the structure of a multicompo-
nent melt generally is close to the structure of InBi
liquid alloy, which according to XRD data [17] and
physical-chemical measurements, reveals the forma-
tion of chemically ordered atomic distribution. There-
fore, obtained results allowed us to point out that
the tendency to heterocoordinated atomic distribu-
tion in this binary melt is also repeated in quater-
nary InGaSnBi molten alloy. It can be supposed that
the preferred interaction of unlike kind atoms is the
dominant factor, determining the approach of atomic
arrangement to random atomic distribution that leads
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Fig. 9. Diffraction patterns for solid InBiGaSn equiatomic
alloy.

Table 1. Calculated values of configurational entropy

Melt T (K) Seont [k Sconi/F
In 573 1.291 1.379
Bi 573 1.146 1.211
Ga 473 0.893 0.928
Sn 523 1.166 1.204
InBiGaSn 523 1.033 1.049

to increasing of configurational entropy of mixing. We
suppose that the atomic distribution of investigated
four-component alloy is characterized by preferred in-
teraction of In and Bi-atoms with the Ga and Sn
atoms which are diluted in chemically ordered InBi
matrix. The formation of such a solution leads to the
entropy of mixing increasing that in turn promotes
the thermodynamic stability of solution resulting in
the physical-chemical properties improving.

The phase analysis of solid alloys obtained upon
rapid cooling (about 10® Ks™1) from the liquid state
has also been studied using the XRD method. The
identification of diffraction peaks (Fig. 9) shows that
upon solidification, the formation of InBi intermetal-
lic and tin is observed. Since the formation of InBi-
-compound requires an equal amount of indium and
bismuth, it means that ternary eutectic alloy cannot
be formed at all. It should be noted that the for-
mation of InBi-compound is most probable from the
viewpoint of thermodynamics because the enthalpy of
mixing is less for it than for InyBi-compound [16].

However, some of the tin with all gallium can form
a eutectic (melting point is 20.5°C). Therefore, it is
also seen the presence of tin in Fig. 9, and all gallium
was in a liquid state as a part of the eutectic, which
was liquid during the measurement at room tempera-
ture.

There are some discrepancies between diffraction
patterns obtained from the top and bottom sides of
the sample, but general characteristics are the same.
Therefore, the preferred interaction of In and Bi atoms
with InBi like chemical ordering in liquid InBiGaSn
multicomponent alloy is inherited upon solidification.

Equation (9) was used to analyze the change in
the entropy of the melt in the formation of a four-
-component alloy [20-23]:

Seont _ _grepo [ ot mlg)] - o) - 1), ©)

0

where ¢(r) is pair correlation function, pg is mean
atomic density, 7 is a distance from any atom to an-
other one, k is Boltzmann’s constant.

It is known that Scons is a measure of topologic
ordering in the structure of liquid in comparison with
the structure of ideal gas consisting of the same kind
atoms. All liquids are the less simple metals, and, as
was early mentioned, they show the asymmetric prin-
cipal peak in SF and the shoulder on its right-hand
side. To estimate what is an influence of such shoul-
der (indicating the presence of clusters, in which atoms
are covalently bonded) on configurational entropy, we
have calculated Scons using PCF's, obtained from SFs
with real asymmetric principal peak (S%Y2") and ones,

conf
obtained from symmetric such maximum (S27¢) (Ta-

conf

ble 1). Transformation of the first peak with a shoulder
to symmetric one was carried out with the assumption
that integral scattered intensity is unchangeable. As it
is seen from the table, liquid In has a higher value of
configurational entropy, whereas, for liquid Ga, it re-
veals minimum value. For InSnGaBi equiatomic melt
Scont 1s less than for most constituent elements that
allows concluding the increase of total entropy at the
mixing of In, Bi, Ga, and Sn. There are also no signifi-
cant changes in configurational entropy when clusters
with covalent bonds are “removed” from liquid four-
-component alloy.

4. Conclusions

Equiatomic quaternary InBiGaSn molten alloy has
a structure, which is another than the structure of
each constituent element as well as for the system
of the same atoms with the random atomic distribu-
tion. General features of such structure persist with
heating, but some topologic disordering occurs. The
structure of the quaternary melt is most close to the
structure of InBi liquid intermetallic than for other bi-
naries. Its structure is supposed to consist of an InBi-
-like heterocoordinated matrix in which atoms of Ga
and Sn are diluted. The tendency to cluster formation
both with chemical ordering (InBi) and self-associated
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ones (GaBi, BiSn) is less pronounced in multicompo-
nent melt comparing to binary ones that leads to the
entropy of mixing increasing. Configurational entropy,
calculated from diffraction data, shows the decrease at
the formation of quaternary equiatomic mixture that
is related to increasing of total entropy upon alloying.
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