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Effects of compound formation on liquid structure in
Cu-Sn melts as a function of temperature
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College of Materials Science and Engineering, Hefei University of Technology,
Hefei 230009, People’s Republic of China

(Received 5 April 2006, in final form 15 April 2006)

Through the theoretical study of concentration-dependent thermodynamic and microscopic
functions in some reports, chemical short-range orders (CSROs) have been proved to persist in
Cu-Sn melts. However, it is not clear insofar in which concentration and temperature ranges do
these CSROs exist in melts, and how they change with temperature. This study investigates the
liquid structure with temperature of Cu—Sn alloys by electrical resistivity and DSC. The results
show that some CSROs inheriting solid structures bring abnormal transition of resistivity at a
temperature hundreds of degrees above the liquidus for all the studied Cu—Sn melt. Especially
for the melts with 50 to 70% Cu, there also exist ‘associates’ of unlike atoms, which reduce
continuously with increasing temperature after melting and result in negative temperature
coefficients of resistivities (TCRs). In the figures of DSC-temperature, some endothermic peaks
consistent with the temperatures of resistivity transitions verify these abnormal transitions of
liquid structure.

Keywords: Copper—tin melts; Electrical resistivity; Chemical short-range orders

PACS: 61.20.Gy; 61.25.Mv; 61.46.4+w; 66.30.Qa

1. Introduction

From recent studies [1-20], topological and chemical short-range orders (TSROs and
CSROs, respectively) corresponding to the crystal structures have been proved to persist
in some single- and multi-component liquids as a function of composition. Meanwhile,
it is well known that noble metals could form various compounds on alloying with
polyvalent metals in solid state, and there also exist strong correlations between the
atomic and electronic structures in liquid melts as in the case of crystalline solids [17,21].
Copper—tin (Cu—Sn) is such a compound-forming alloy, the various compounds being
labeled as 1 (CugSns), S (CusSn), v (CuszSn), § (Cusz;Sng) etc. over the whole composition
range in solid state. Through the study of concentration-dependent thermodynamic
and microscopic functions, [20] shows that the CSROs exist in Cu-Sn melts.
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However, thermodynamic methods are less quantitative in investigating liquid structures
and the studies of CSROs with temperature have not been reported earlier, to our
knowledge.

It is known that some peculiar variations of the physical properties of liquid alloys
with composition are basically caused by changes in their electronic and/or atomic
structures like that in the solids [17]. Electrical resistivity is such a structure-sensitive
property, and it is of interest to study the electronic transport properties that provide
additional information about liquid structures, which cannot be provided by ordinary
thermodynamic methods [22]. This article deals with the experimental investigation of
the temperature dependence of electrical resistivity for Cu—Sn alloys with composition
of Cu ranging from 20 to 70 wt%. Some abnormal resistivity turning points appear on
the resistivity—temperature curves. Two kinds of CSROs are suggested to exist in Cu—Sn
melts around the concentration of Cu from 60 to 80 wt% while only one kind of CSRO
exists in melts with Cu concentration C¢, less than 60 wt%. One CSRO with crystal
structure results in the significant transition of resistivity at a temperature hundreds of
degrees above the liquidus for all studied Cu—Sn melts, while another, which exists only
in the melts with 50-70% Cu as associates of unlike atoms, reduces continuously with
increasing temperature after melting and results in negative temperature coefficients
of resistivities (TCRs) for 50-70wt% Cu-Sn melts. In Differential Scanning
Calorimeters (DSC) experiments, the endothermic peaks confirm these abnormal
transitions of Cu—Sn melts.

2. Experimental

In this article, six compositions of Cu—Sn liquid alloys (for 10, 20, 40, 50, and 60 wt%
of Cu) were subjected to experiment. All the Cu—Sn samples were prepared with pure tin
(99.9%) and pure Cu (99.9%). After melting for 40 min at the temperature 100°C above
liquidus, the melts were poured into quartz cells and then cooled to the temperature
below liquidus for the following experiments. The electrical resistivities were measured
by the DC four-probe method. The details of the measuring method have been
described elsewhere [23]. For each liquid sample, we measured the temperature
dependence of resistivities (TDRs) by heating and by cooling both at the rate of
5°Cmin~". All the experiments have been repeated and the results are consistent well
with each other. The DSC studies are performed for 40 and 70 wt% Cu—Sn with
NETZSCH DSC-404.

3. Results and discussion

In recent research, the unlike atoms clustering with the crystal structures have been
found in compound-forming melts. Moreover, for the eutectic Cus;Sbgs alloy,
segregation into clusters corresponding to an association of Sb-atoms and association
of unlike atoms was found [24]. However, most of these studies focused on the
concentration dependence of the structure of melts, and it is not clear at what
temperature ranges they exist and how the structure of the clusters are related to that
of the solid intermetallic compounds.
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Figure 1. Temperature dependence of the electrical resistivity of 10 wt% Cu—Sn.
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Figure 2. Temperature dependence of the electrical resistivity of 20 wt% Cu—Sn.

In this study for Cu—Sn melts, both the temperature and concentration dependence of
resistivity show some interesting phenomena. Figures 1-5 give the TDRs by heating and
cooling of 10, 20, 40, 50, and 60 wt% Cu—Sn, respectively. Figure 6 shows the DSC of
40 wt% Cu—Sn. In the TDRs and DSCs, some abnormal turning temperatures have been
found. For convenient description, we can mark anomalous turning points on the
heating curves, which are shown in the corresponding figures. On the heating curves
of 10 and 20 wt% Cu—Sn, the resistivities increase linearly within the measuring error
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Figure 3. Temperature dependence of the electrical resistivity of 40 wt% Cu—Sn.
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Figure 4. Temperature dependence of the electrical resistivity of 50 wt% Cu—Sn.

at first and then begin to drop rapidly. After the turning temperature, the resistivities
of the melts increase linearly again with temperature in the following measurement.
However, on the cooling curves of 10 and 20 wt% Cu—Sn, the resistivities decrease
linearly with decreasing temperature and no turning point is found any more
above liquidus. For 40 wt% Cu-Sn, the pattern of resistivity is similar to that of
10 wt% Cu—Sn while the curves become slightly bended. However, for the resistivities of
50 and 60 wt% Cu—Sn samples, the resistivity—temperature curves are not linear anymore
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Figure 5. Temperature dependence of the electrical resistivity of 60 wt% Cu—Sn.
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Figure 6. DSC curve of 40 wt% Cu—Sn.

and the TCR of each liquid increases from a negative value to a positive one gradually
(table 1) and the temperature at which the TCR equals to zero increases with the
increasing Cu concentration. Above the turning point, the heating and cooling curves
tend to be consistent for all studied melts. In [25], the resistivity of 90 wt% Cu—Sn by
cooling is measured and it is also a constant, but the TDR by heating is not mentioned.

Cu-Sn system is a typical binary alloy between an IB group metal with a polyvalent
metal, which may form various compounds in solid state. And the corresponding liquid
alloys are characterized by specific physical properties around the composition where
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Table 1. Anomalous turning temperatures by heating and TCRs by cooling
of Cu—Sn alloys.

Composition Anomalous turning dp/dT

(Wt% Cu-Sn) temperature (°C) (x10*mQem°C™)

10 765 21.3

20 765 19.2

40 795 10.1

50 890 A variable from 0 to 9.9
60 830 A variable from —19.5 to 4.6
90 - A small positive constant [24]

electron compounds are found in the solid state [26-28]. For compound-forming alloys,
there are some CSROs remaining in the melts above the liquidus, and the compound-
forming liquid alloys are known to influence the resistivity and TCR markedly [23].
According to the calculation results of quantum mechanics, Cu and Sn atoms have
strong interaction between each other. Then it can be concluded that the distribution
of Cu and Sn atoms in molten metals is not microscopically random and that the
compound structure in solid metals remains in the liquids at low degrees of
superheating [18]. Furthermore, through the study of concentration-dependent
thermodynamic and microscopic functions in [20], Prasad et a/. indicate that the
CSROs exist in Cu—Sn melt and the maximum order occurs at the concentration of
Ccu=0.75. By thermodynamics calculation, [29] suggests that different kinds of
compound structures could coexist in Cu—Sn melts.

From the resistivity—temperature curves and the studies mentioned above, it is
reasonable to consider that the CSROs maintained in melts after the melting process
and they will have effects on the resistivity and TCR in the liquid alloys. For Cu—Sn
melts, in this study, it is assumed that there are two kinds of CSROs with strong bonds
exiting in Cu—Sn melts, which are called C' and C”.

After melting, there are some CSROs (called C’) with compound structure of solid
remaining in Cu—Sn melts, which makes the resistivities in heating procedure greater
than that in the cooling procedure. With increasing temperature, these bonds of C’ are
broken at hundreds of degrees above the liquidus. The breaking of such CSROs releases
free electrons and the resistivities of these melts begin to drop. In figure 6, the
endothermic peak above the liquidus has been shown on the DSC curves. Considering
the heating rate, the peak temperatures are consistent with the abnormal turning
temperatures on the resistivity curve. Such CSROs do not come into being anymore
in the cooling procedures.

Moreover, in the compound-forming composition region of Cu-Sn melt (Cc, of
50-70 wt%), besides C' with crystal structure, there is another kind of ‘associations’
(C") Cu,,Sn,, which comes into being from the strong interaction between Cu and
Sn atoms by dynamical equilibrium as mCu + nSn < Cu,,,Sn,,. Cu,,Sn,, are often called
complexes or associates. These CSROs (C”) have no effects on above abnormal turning
points, but they reduce continuously over a wide temperature range after melting.
As shown in figures 4, 5 and table 1, the TCRs of 50 and 60 wt% Cu—Sn change from
negative values to positive ones with temperature while those of 10, 20, 40 and
90 wt% Cu—Sn [25] are constants above the liquidus. The negative values of TCRs
have been reported in numerous papers for compound-forming liquid alloys such as
references [16,22,19,30].
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In the cooling procedure for Cu-Sn alloys of different concentration, such
CSROs of C' do not come into being anymore and there are no abnormal
turning points in the cooling curves. However, the concentration of CSROs of
C” is a function of temperature and it affects TCRs according to following
equations [16]:

dp dp° ds

ar = dr 'Oad—T (1)

and,
ds/dT = =T T725(T) < 0 )

where p° is the total resistivity of the liquid alloy; p, is the resistivity of the ‘associate’,
and s is its concentration. Therefore, the TCRs of the melts can be positive, zero, or
negative depending on the concentration of associates and the temperature during both
the heating and cooling procedures.

4. Conclusions

The present work has studied the TDR and DSC for Cu—Sn alloys and the experimental
and theoretical results show that:

(1) Through the investigations of the temperature dependence of electrical resistivity
for Cu-Sn alloys with composition of Cu ranging from 10 to 60wt%, some
abnormal resistivity turning points appear on resistivity—temperature curves.
And the endothermic peak on DSC-temperature curve, which is consistent with
the temperature of resistivity transition, verifies the abnormal transition with
temperature of liquid structure.

(2) The resistivities show evident variations at a temperature of hundreds of
degrees above liquidus for all Cu—Sn melts by heating, which implies that, the
CSROs (C') with crystal structures are broken abruptly with increasing
temperature. These CSROs (C') do not come into being anymore during the
cooling procedure.

(3) Besides the CSROs (C’), some associates (C”) persist in the melts by dynamical
equilibrium with 50-60 wt% Cu and they reduce or increase continuously with
increasing or decreasing temperature in the melts, which results in negative, zero,
or positive TCRs of 50-60wt% Cu—Sn melts. For 10-40wt% Cu—Sn and
90 wt% Cu—Sn, very little C” exist in the melts and the TCRs are positive constants
except for that at the abnormal turning points.
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