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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. Structure 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 liquid 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 distribution. Such alloys consist of 5 or more principal elements 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 analysis, 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 elements, and other alloying components have been
added in minor amounts. As a result, the principal
elements have formed various phases with added elements (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 aluminum 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 century were amorphous metallic alloys. These alloys reveal 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 suppress the crystallization process, and it is commonly
reached by rapid cooling.
Considering any multi-component alloy in the crystalline 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 important 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 intermetallic phases, the strength of alloy can be increased with the dropping of plasticity. Intermetallic
phases, as more ordered, lead to entropy decrease of
alloy, whereas the solution phases increase this thermodynamic characteristic. The increase of entropy in
solution phases leads to their higher thermodynamic
stability, especially at elevated temperatures. It is important that in a liquid state, the Hume-Rosery rule
about the atomic radius diﬀerence for constituent elements is not so strongly limited factor for atomic solution phase formation as in liquid state [7]. Therefore
in the liquid state, such stability is higher in comparison 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 important 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 solution from liquid to solid state without decomposition or ordering at quenching, HEA possess improved
physical-chemical properties and ﬁrst of all the mechanical 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 temperature alloys, supposing that physical-chemical behavior 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 interrelation between the entropy of mixing, atomic structure, and physical properties.
It is known that the main contribution to the entropy of mixing makes the conﬁgurational entropy,
which equals:
ΔSconf = −k ln w,

(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:
ΔSconf = R ln N,

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 middle entropy alloy (MEA). Up today, the major attention of researches has been attracted to HEA and less
to MEA. To make more understandable the mechanism of structure formation at alloying and to clarify
the relationship between thermodynamic characteristics and structure in a liquid state it is suitable to
consider the system with less number of principal elements but forming the alloy close to HEA. For that
reason, this work aimed to study the structural state
and thermodynamic properties of InBiGaSn liquid alloy of equiatomic concentration.

2. Experimental
The XRD measurements were carried out using a high-temperature X-ray diﬀractometer CuKα-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 intensity was measured with accuracy higher than 2 %. Intensity curves were corrected on polarization and incoherent scattering [9–12]. After the normalization procedure, the structure factors have been calculated [13]:
a(k) =

I (k)
,
N F 2 (k)

(3)

where a(k) is a structure factor, N is a number of
θ
atoms, F 2 (k) is atomic scattering factor, k = 4π sin
λ
is wave-vector, λ is the wavelength of X-rays, θ is scattering angle. Atomic distribution functions have been
calculated from SF:
2r
4πr ρ(r) = 4πr ρ0 +
π
2

2

∞
k[a(k) − 1] sin(kr)dk, (4)
0

where r is a distance from any atom to another one,
and ρ0 is a mean atomic density. Also, pair correlation
functions g(r) have been calculated as:
1
g(r) = 1 + 2
2π rρ0

∞
k[a(k) − 1] sin(kr)dk.

(5)

0

(2)

where R is a gas constant, and N is a number of components.
For HEA, consisting of 5 elements, ΔSconf equals
1.61R. Generally, it is accepted that HEA are alloys
for which conﬁgurational entropy of mixing is greater

The melting-solidiﬁcation process has been studied by
the diﬀerential thermal analysis (DTA) using equipment 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.
Fig. 2. SF of InBiGaSn liquid quaternary alloy at diﬀerent
temperatures.

3. Results and discussion
Currently, there is no reliable data on the phase diagrams of many four-component alloys. Therefore, the
ﬁrst issue that was to be clariﬁed was the liquidus temperature for the InBiGaSn alloy. In this work, using
the DTA method, it was established that at temperatures 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 temperature is measured to be 340 K, which is usually called
a melting point. However, as we can see, the temperature of complete melting is a bit higher. It is also
seen that this melt shows the tendency to supercooling 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 K min−1 . 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 functions (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

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 Bi0.30 Ga0.70 alloys.

Fig. 5. Temperature dependence of packing density coeﬃcient for InBiGaSn-molten alloy.

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:
η=Z

Vat
.
Vsp

(6)

Values of Vat and Vsp can be calculated using formulas:
3
Vat = πRmax
/6,

3
/3.
Vsp = 4πRmin

(7a)

(7b)

Consequently, the packing fraction coeﬃcient
equals:
3

Z rmax
,
(8)
η =
8 rmin
where Z is the area under the principal peak of radial
distribution function (nearest neighbor atoms); rmax
and rmin 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

Fig. 6. Temperature dependence of cluster size liquid
In0.25 Bi0.25 Ga0.25 Sn0.25 alloy compared with cluster size
for InBi and Ga0.70 Bi0.30 melts.

peak in SF (Fig. 6), is unchangeable in the temperature interval of about 350–650 K and at further heating somewhat decreases.
Such local characteristic has the scale of short-range order and depends on temperature and concentration. As it is seen from Fig. 5, packing atomic density 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 ΔH for constituent binary
alloys with size factors (Fig. 7a) and with electroneg-
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Fig. 8. SF for liquid In0.25 Bi0.25 Ga0.25 Sn0.25 alloy compared with SF for InBi and Ga0.70 Bi0.30 melts.

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 ΔH is the characteristic of the Bi-Sn binary system. These systems show
the phase diagrams with the miscibility gap in a liquid state (GaBi) and eutectic diagrams (GaIn; 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 ΔH, 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 diﬀerence is notable. Most probably, so large electronegativity 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 entropy of mixing is reduced.

Thus, from the viewpoint of structural features,
we have two diﬀerent reasons, which decrease the entropy 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 structure, 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
Ga0.70 Bi0.30 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 Ga0.70 Bi0.30 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 multicomponent melt generally is close to the structure of InBi
liquid alloy, which according to XRD data [17] and
physical-chemical measurements, reveals the formation of chemically ordered atomic distribution. Therefore, obtained results allowed us to point out that
the tendency to heterocoordinated atomic distribution in this binary melt is also repeated in quaternary 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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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]:
Sconf
= −2πρ0
k

Fig. 9. Diﬀraction patterns for solid InBiGaSn equiatomic
alloy.

T a b l e 1. Calculated values of conﬁgurational entropy
Melt
In
Bi
Ga
Sn
InBiGaSn

T (K)

asym
Sconf
/k

sym
Sconf
/k

573
573
473
523
523

1.291
1.146
0.893
1.166
1.033

1.379
1.211
0.928
1.204
1.049

to increasing of conﬁgurational entropy of mixing. We
suppose that the atomic distribution of investigated
four-component alloy is characterized by preferred interaction 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 103 K s−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 intermetallic 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 formation of InBi-compound is most probable from the
viewpoint of thermodynamics because the enthalpy of
mixing is less for it than for In2 Bi-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 temperature.

∞

r2 {g(r) ln[g(r)] − [g(r) − 1]}dr, (9)

0

where g(r) is pair correlation function, ρ0 is mean
atomic density, r is a distance from any atom to another one, k is Boltzmann’s constant.
It is known that Sconf 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 principal peak in SF and the shoulder on its right-hand
side. To estimate what is an inﬂuence of such shoulder (indicating the presence of clusters, in which atoms
are covalently bonded) on conﬁgurational entropy, we
have calculated Sconf using PCFs, obtained from SFs
asym
with real asymmetric principal peak (Sconf
) and ones,
sym
obtained from symmetric such maximum (Sconf
) (Table 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 reveals minimum value. For InSnGaBi equiatomic melt
Sconf is 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 signiﬁcant 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 distribution. 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 binaries. 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 multicomponent 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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