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Abstract
The structure of the InBi compound in a liquid state in a wide temperature range has been
investigated by X-ray diﬀraction method. As a result of analysis of temperature dependences
of main structure parameters, the complicated mechanism of structural changes in the liquid
state is revealed. Using the data of main structure parameters and proposed mechanism of
structural transformations, the peculiarities of thermal expansion of the InBi melt have been
explained.
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1. Introduction
The signiﬁcant progress of micro- and nano-electronics is accompanied by investigations on searching for new lead-free solders with excellent performance properties. In a case of using heat-sensitive devices and modules, it is necessary to apply low melting point solders. Moreover, in many cases, there is a
necessity for step soldering when the solder used for
subsequent step has a lower melting point than that
used for the preceding step [1]. That is why it is necessary to search solders with a wide range of melting
points.
Considering the toxicity of classical Sn-Pb based
solders as well as poor corrosion resistance and wettability of alternative Sn-Zn solder [2], currently there
are many investigations on their replacement [3].
Among the most promising Pb-free solders are the In-Bi-Sn alloys. In particular, In-31.6Bi-19.6Sn [4] and
In-18.75Bi-22.15Sn [5] alloys are proposed. Besides,
the Bi22-In eutectic alloy is also proposed to use for
diﬀusion soldering of copper substrates [6]. For these
alloys, as it follows from phase diagrams [7–9], the formation of InBi intermetallic phase is observed.
The InBi compound crystallizes in the tetragonal
crystal system with layers of indium and bismuth,
which are located in planes perpendicular to the c axis

[10]. Bismuth layers are separated by indium layers
between which the bonding is supposed to be weak
and for that reason responsible for easy splitting [10,
11]. As a result of such features is a high degree of
anisotropy in mutually perpendicular directions of the
physical properties, measured at low and room temperatures [12, 13]. In particular, it was found that the
coeﬃcient of thermal expansion α⊥ is positive, and α
is negative.
It is known that the type of atomic ordering partially can persist at a melting process. This especially
concerns for compounds, in which a coordinated interatomic bonding is observed. Therefore, numerous
studies of the structure of indium-bismuth alloys in
solid and liquid states have been carried out [14–20].
For this system, the formation of several intermetallic compounds has been found. In earlier studies, it
has been established that the structure of liquid BiIn alloys is only slightly diﬀerent from that of a binary mixture with random atomic distribution [14]. It
was noted that there is no evidence of a tendency towards compound formation in the liquid alloys In2 Bi
or InBi. Nevertheless, other studies conﬁrmed that
concentration dependences of coordination numbers
and most probable interatomic distances lead to the
conclusion about the fact that the Bi-In melts belong to the compound forming melts [15]. Moreover,
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the presence of Bi-In pairs on the surface of the melt
has been found [16]. It should be noted that in our
previous studies of the structure and viscosity of the
near-eutectic alloys it was pointed out the presence of
micro-inhomogeneous atomic distribution where the
chemically ordered In-Bi clusters are located in indium
based matrix [17]. Availability of micro-heterogeneous
structure of the In-Bi melts is also conﬁrmed by the
results of physical properties investigations. In particular, it was found that magnetic susceptibilities and
thermoelectric power of liquid In-Bi alloys suggest the
existence of a few clusters [18]. According to results of
electrical conductivity investigations, it is suggested
the existence of Bi-In ordering regions [19] and the
content of these regions may reach up to twenty percent for equiatomic alloy composition [20].
Another interesting, and maybe even a little
strange feature of structural transformation of some
metals and alloys after the melting, is reducing of interatomic distances [21, 22]. It was revealed that for
some metals, like Al and Zn, interatomic distances
are reduced by heating in a whole temperature interval of investigations [21]. For other metals, which
are characterized by a loosely packed structure as well
as covalence of interatomic bonding in the crystalline
state and after the melting, the complicated nature
of temperature dependence on interatomic distances
is observed [23, 24]. Such structural changes are often
identiﬁed with phase transitions in the liquid state [25,
26], or so-called structural transformations.
Given the facts mentioned above, a detailed study
of the structure of melts and structural changes caused
by temperature changes is a prerequisite for understanding the processes that occur in the formation
of materials from the liquid state. In this paper, the
structure of the liquid InBi compound and its structural transformations caused by temperature changes
have been investigated.

coordination number Z which were determined from
pair correlation functions (PCF) and radial distribution functions (RDF) [24]. For comparison, we calculated the coeﬃcient of thermal expansion using the
data of density [31].

2. Experiment

3. Results and discussion

The X-ray diﬀraction (XRD) measurements were
carried out using a high-temperature X-ray diﬀractometer. Cu Kα radiation monochromatized with a
LiF single crystal and Bragg-Brentano focusing geometry in the 2θ range from 10◦ up to 120◦ were used.
The scattered intensity was measured with accuracy
higher than 2 %. Intensity curves were corrected on
polarization and incoherent scattering [27–29]. After
the correction procedure, intensity curves were normalized to electron units by the Krogh-Moe method
[30].
The thermal expansion coeﬃcient was estimated
from the data on the temperature dependence of most
probable interatomic
distances r1 , mean interatomic

distances r1 , r12 , the atomic volume Va and the

It is known that main and direct information about
the structure of the melt is commonly obtained from
the analysis of structure factors (SF). Figure 1 shows
the structure factors of the liquid InBi compound at
diﬀerent temperatures. As can be seen from the ﬁgure, the main feature of structure factors is a shoulder
of the ﬁrst maximum which is evident at the temperatures close to the melting point. At higher temperatures of the melt, this shoulder becomes less pronounced. The presence of the shoulder indicates the
existence of atomic pairs with covalent bonding in the
melt, which is typical for some group of elements, particularly for liquid bismuth. Taking into account the
crystalline structure of InBi, in which the existence of
layers of bismuth atoms is observed, we can suppose

Fig. 1. Structure factors of liquid InBi.
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Fig. 2. Temperature dependence of the height of the SF
ﬁrst maximum.

that after melting some part of bismuth atoms forms
clusters, randomly distributed in the In-Bi liquid matrix.
It is certain that formation of the cluster structure
of the melt should be accompanied by a decrease in
packing density. The packing density reduction can
be conﬁrmed by the temperature dependence of the
height of the SF ﬁrst maximum (Fig. 2), which, according to the hard sphere model of liquids [29, 32] is
the most sensitive parameter, indicating such changes.
As we can see in Fig. 2, the height of the ﬁrst maximum decreases linearly with temperature, although at
a temperature range 500–550 K weak deviations are
observed. One of the reasons for such deviation from
linearity can be the structural transformations in the
liquid state in the speciﬁed range of temperatures.
Additional information on structural transformations can also be obtained from the analysis of the
main structure parameters, in particular of interatomic distances and coordination numbers. However,
as it can be seen from Figs. 3 and 4 the most probable interatomic distances and coordination numbers
linearly decrease with increasing temperature without
revealing any peculiarities in the mentioned temperature range. Only mean distances and root mean square
interatomic distances show slight deviations from linearity in the vicinity of temperatures 600–650 K although these deviations are close to the experimental
error.
The point is that the typical diﬀraction experiment
gives only the average values of structural parameters
on which we can make conclusions only on topological short-range order, which restricts the possibility
of complete interpretation and deeper understanding
of the structural data. More detail information about
the structure of disordered systems can be obtained by
the combination of diﬀraction experiments and computer simulations. In this work, we have used Reverse
Monte Carlo (RMC) method to investigate the struc-
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Fig. 3. Temperature dependence of the interatomic distances for InBi melt.

Fig. 4. Dependence of coordination number on temperature.

ture of liquid InBi compound. At modeling procedure,
the primary cubic cell was arranged with 5000 atoms
of stoichiometric content, which corresponded to the
melt composition. The sizes of the model cube were
estimated with accounting the melt density values at
the temperature of the experiment. The minimum distance between atoms rij was taken as the point of intersection of the left branch of the ﬁrst maximum in an
experimental PCF curve with the abscissa axis. RMC
method allowed us to obtain the partial interatomic
distances (Fig. 5) and partial coordination numbers
(Fig. 6). Figure 5 also shows the temperature dependence of the partial interatomic distances in the crystalline state.
As we can see from Fig. 5, after melting (T = 383
K) interatomic distances In-In and Bi-Bi are reduced,
while the interatomic distances In-Bi increase. Such
changes of interatomic distances indicate the preferred
interaction of the same kind atoms after melting and
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Fig. 5. Temperature dependence of partial interatomic distances for InBi melt.

Fig. 6. Temperature dependence of partial coordination
numbers for InBi melt.

conﬁrm the formation of the Bi-based clusters, as was
mentioned above.
Moreover, the reduction of the rIn−In partial interatomic distances (Fig. 5) at the melting process and
an increase of partial In-In coordination numbers just
after the melting (Fig. 6), indicate the formation of
indium-based clusters in which some solubility of bismuth atoms is possible.
At higher temperatures, the reduction of the In-In and Bi-Bi partial coordination numbers is observed
whereas In-Bi coordination numbers show an increase
in heating within the temperature interval 525–650
K. The mentioned temperature changes of the main
structural parameters could be explained by increasing of bismuth content in indium based clusters. Further growth of temperature leads to the homogenization of the alloy.
These complex structural transformations of liquid
InBi compound at heating are consistent with previously published conclusions about the thermodynamic

Fig. 7. Temperature dependence of calculated thermal expansion coeﬃcient for InBi melt.

features of In-Bi alloys [33, 34]. In particular, these
studies concluded about the existence of clusters of
stoichiometric composition corresponding to InBi and
In2 Bi compounds that coexist in the melt just upon
melting. The temperature increase leads to the destruction of clusters and homogenization of the melt
as it was noted in these studies.
Structural changes, accompanying melting process
and the heating, aﬀect the thermal expansion features of the liquid InBi compound. As we can see in
Fig. 7, the coeﬃcient of thermal expansion calculated
based on the temperature dependence of most probable interatomic distances, which we consider as a local
thermal expansion coeﬃcient with respect to neighbor
atoms [23, 24], is negative, while the values calculated
based on the mean interatomic distances and mean
square interatomic distances are close to zero indicating an increase in the packing density within the ﬁrst
coordination sphere. At the same time, the coeﬃcient
of thermal expansion calculated using the temperature dependence of the density of the melt is positive.
Therefore, we can postulate predominantly about the
reduction of interatomic distances after the melting,
and dilation of the melt can be considered as a consequence of the increase of free volume in the melt.
Our assumption is consistent with Frenkel’s “hole”
theory of liquids [35] and free volume theory of liquids
proposed by Eyring [36] and Doolittle [37]. According to Frenkel’s ideas, thermal expansion mechanism
can be explained as an increase in the free volume due
to “holes”, without substantial changes in interatomic
distances.
In this regard, using the results obtained using reverse Monte Carlo simulation, the free volume and
ﬂuctuation free volume of the liquid InBi compound
at diﬀerent temperatures have been calculated (Fig. 8)
according to the standard methodology [38].
As can be seen in Fig. 8, the temperature depen-
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Fig. 8. Temperature dependence of free volume for InBi
melt.

dences of the free volume and ﬂuctuation free volume can be divided into three temperature subregions:
400–500 K, 500–750 K and 750–850 K, within the limits of which there is a diﬀerent rate of increase of this
value. These temperature intervals approximately coincide with the temperatures of structural transformations described above.

4. Conclusions
As a result of the investigation of the structure of
liquid InBi compound in a wide temperature range,
the mechanism of structural transformation and temperature ranges has been established. It was shown
that at melting and heating up to the temperature
of approximately 525 K the existence of clusters with
preferred interaction of like kind atoms was observed.
Increasing the temperature leads to complex structural transformations which result in the formation
of structural units with In2 Bi and InBi like atomic
coordination is changing each other. Such structural
changes result in a decrease of interatomic distances
within the ﬁrst coordination sphere that leads to the
existence of negative local coeﬃcient of thermal expansion. Dilation of the melt during the heating occurs mainly due to an increase in free volume. The
origin of the described structural changes is supposed
to be caused by the presence of the layered structure
of the compound in a crystalline state.
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