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Structural disordering in Sn-Pb(Bi) eutectic melts induced by heating
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The structure of liquid Sn,,;0Pb,, and Sn,,Bi,4; eutectic alloys was studied by means of X-ray dif-
fraction at several temperatures. Structure factors, pair correlation functions and the main structural
parameters obtained on their basis were analyzed. We show that the structure of the Sn,,;,Pb,,, and
Sn, 5,Bi, 4; eutectic alloys is inhomogeneous and consists of different types of clusters. Upon heating the
cluster structure undergoes topological and chemical disordering showing a significant dependence of
structural parameters on temperature near the melting point.
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INTRODUCTION

Owing to their low melting point and other unique
properties, eutectic alloys have been widely used for
a long time, e.g. for soldering'™. In contrast to solid
solutions, these alloys are less commonly studied due
to their unique structure. Theoretical approaches suffer
from several problems because of the different sizes of
the crystalline grains. Therefore, in order to clarify the
physical nature of their properties and their structure-
-specific behavior, it is necessary to study eutectic alloys
using various experimental methods under different
thermodynamic conditions.

For the time being, several authors have investigated
eutectic alloys, focusing on the solid state® 5. Most of the
data available on liquid eutectic melts originate in the
measurements of physical properties, whereas diffraction
investigations are uncommon®1?,

The majority of the results on the structure and phy-
sical properties of simple eutectic melts confirm the
preference towards the interaction of like-kind atoms,
which determines the structural features at near-melting
temperatures. Moreover, such structure, which is inheren-
tly different from a random atomic distribution, persists
upon heating, within a certain temperature interval. Cer-
tain authors assumed the existence of a “quasi-eutectic”
structure!’, which served to interpret diffraction data.
Unfortunately, this model was unable to account for the
temperature dependence of the structure in such molten
alloys. We suppose that liquid alloys which reveal a clu-
ster structure should be more sensitive to temperature,
as compared to alloys less prone to clustering.

In this work, we investigated the structure of two Sn-
-based eutectic alloys — Sny, ,30Pb, 5, and Sn, 5,Bi, 45. The
binary phase diagrams of these alloys are similar'? but the
substitution of Pb by Bi shifted the eutectic point to the
Sn-edge. Such substitution allows the use of Sns,Bi, 43
as a solder, instead of Snj;30Pb 6, Which is harmful
to the environment. The most probable interatomic di-
stances in Pb are 0.05A shorter than in Bi, whereas the
number of neighbors is lower in Bi. Only a few eutectic
binary systems exhibit near-equiatomic concentration. At
present, there are no experimental methods of obtaining
the information on the relationship between the concen-
tration of a melt and the content of components in the
clusters. However, it is possible to use model methods
to find the relation between the content of the melt and

the concentration of each component in clusters. We
suppose that in the melts of equiatomic concentrations
the cluster contents should be similar. In some cases,
such as eutectic alloys of a metal with semimetals (Sn,
Bi, Sb), one needs to take into account the fact that a
fraction of atoms in clusters retain covalent bonds". On
the other hand, there are no such clusters in liquid Pb
and therefore in alloys with Sn we expect that no Pb
atoms will be diluted in Sn-based structural units. Such
a cluster structure should be sensitive to temperature,
therefore, Sn-Pb(Bi) eutectic melts were studied in this
work at two (for Sn-Pb) and three (for Sn-Bi) different
temperatures by means of X-ray diffraction.

EXPERIMENTAL

The samples under investigation were prepared from
tin, lead and bismuth of high purity (both 99.999%),
melted and then cooled in argon atmosphere. The dif-
fraction studies were carried out using a high-temperature
diffractometer with a special attachment, which allows
investigating the solid and liquid samples at differ-
ent temperatures (up to 1800 K). Cu-K, radiation,
monochromatized by means of LiF single-crystal as a
monochromator and Bragg-Brentano focusing geometry
were used. The scattered intensities were recorded as
a function of the scattering angle with an angular step
of 0.05° within the region of the principal peak and
0.5° for the remaining values of the wave vector. The
measurement of the scattered intensity was performed
with an accuracy of at least 2%. In order to obtain
more accurate scattered intensities, the scan time was
set to 100 s. The diffracted intensity was recorded using
a Nal(T1) scintillator detector together with an ampli-
fication system. The sample was placed in a round cup
of 20 mm in diameter. Intensity curves were corrected
for polarization, absorption and incoherent scattering'®
and were subsequently normalized to electron units by
the Krogh-Moe method". The obtained intensity curves
were used to calculate structure factors (SFs), from which
pair correlation functions (PCFs) were calculated. The
main structural parameters obtained from SFs and PCFs
were subsequently analyzed.
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RESULTS AND DISCUSSION

The structure factors for the Snj,;0Pb,,s; molten
alloy at T = 470K and 570K depend significantly on
temperature (Fig. 1). Neither Sn nor Pb revealed such
a dramatic change in SFs. The comparison of the SFs
for liquid alloys with those of liquid Sn and Pb allowed
us to conclude that the structure of the melt is more
similar to the structure of tin. However, the shoulder
characteristic of SFs of liquid tin is not as pronounced
for SFs of eutectic melts. Therefore, we suppose that a
certain proportion of the Pb atoms, which are diluted
in Sn, changed the structure of tin in such a way that
some covalent bonds were broken and transformed into
metallic bonding.
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Figure 1. Structure factors for the Sn,,;0Pb,,; molten alloy

By comparing structural parameters obtained from
the SFs and PCFs (Table 1) with those obtained for
liquid pure Sn and Pb (at their melting points) we can
conclude that the formation of a mixture of Sn-Sn and
Pb-Pb clusters is accompanied by an increase in the most
probable interatomic distance and by a decrease in the
coordination number Z. This conclusion is confirmed by
comparing the predictions of the model structure factor
with the experimental one (Fig. 2). Calculation of the
model SFs under the assumption of additive scattering
from both the Sn and Pb regions can be easily performed
using SFs of liquid tin and lead:

S(k) =Cg,K SZnSSn (k) +C K ;bSPb(k),
where Cg,, Cp, are the fractions of tin and lead; K, Kp,
are their scattering abilities, respectively.

One can observe that liquid Sn-Pb eutectic alloy dis-
tends its structure in comparison with the structure of
its components. The free volume which appears in the
molten eutectic is necessary for the mobility of clusters
in case of changes of thermodynamic conditions. These
clusters are not as densely packed as in highly ordered
materials (simple liquid metals, liquefied inert gases).
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Figure 2. Experimental structure factor compared with SFs
calculated according to the “quasi-eutectic” model

Clusters change their structural parameters upon he-
ating, which explains the shape of the SF at the higher
temperature (7 = 570K). Overheating by 100K was ac-
companied by a reduction in the height of the principal
peak (Fig. 1). The most probable interatomic distances
r, increased slightly and so did the coordination number.
Such behavior could be attributed to the rearrangement
of atoms in the clusters with an increase in atomic
density, similar to the effect which occurs in liquid tin
after melting. We presume that the distance between
the clusters increased as well. The structural parameters
(r,, Z) were interpreted within the framework of the
self-associated and random atomic distribution models.
By comparing the experimental data (Table 1) with the
results of calculations (r,* = 3.3A, Z** = 9.3,/ = 3.7A,
Z™ = 21.5), we conclude that the self-associated atomic
distribution model leads to better agreement with the
experimental data. Therefore at overheating of 100K
above the liquidus temperature the alloy still retains its
inhomogeneous structure.

In the case of the Sn 5,Bi, 4; eutectic melt, the contents
of Sn and Bi are almost identical, in contrast to the Sn-Pb
eutectic. This may be a consequence of similar values of
structural parameters for Sn and Bi. The structure factors
of both Sn and Bi reveal a shoulder on the right-hand
side of the principal peak (Fig. 3).

Table 1. The main structural parameters of the Sn;;,Pb,,,, molten alloy

T.K ky, A ko, A S(ky) Ak n, A r, A Z

470 2.22 4.18 2.36 0.47 3.30 6.26 8.3
570 2.21 4.30 1.68 0.83 3.34 6.19 9.0
Sn 2.21 4.33 2.28 0.57 3.23 6.3 10.9
Pb 2.28 4.23 2.48 0.55 3.33 6.4 10.9
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Figure 3. UV spectrum showing a probable formation of
intermediate complex in oxidation of aromatic anil
by MMPP

The comparison of the structural parameters of the
liquid eutectic with those of liquid Sn and Bi confirmed
the existence of Sn- and Bi-based clusters. Upon heating,
the structure of the clusters became more stable, yiel-
ding the same value of the most probable interatomic
distance (Table 2). A similar tendency was observed for
the coordination number. Hence, the atomic distribution
in Sn- and Bi-based clusters is similar for both kinds of
clusters and therefore, we suppose that these clusters
transform into another type of clusters, with unlike ne-
ighbouring atoms, without a significant change of their
structural parameters.

The structural changes occurring with a change in
temperature are related to the temperature dependence
of the parameters, which can be determined from the
SFs and PCFs. Our major focus was the analysis of the
principal peak position k, of the SF, the most probable
interatomic distances r, and the coordination number Z.
However, the analysis of the structural data for liquid
metals showed that the height of the principal peak S(k,)
depends on temperature.

In accordance with the hard-sphere model®, this
parameter was considered to be a measure of packing
density. Figure 4 shows significant differences between the
temperature dependence of S(k,) for the liquid compo-
nents of alloys (Sn, Bi, Pb) and those of eutectic melts.

For the Snj,;Pb) . eutectic melt, the decrease in
S(k,) is very abrupt, whereas for liquid Sn and Pb, it is
smooth. Such behavior confirms the existence of clusters
which during their destruction upon heating need more
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Figure 4. Comparison of the temperature dependence of S(k,)

for liquid Sn, Bi and Pb with that of eutectic melts
free volume, which, in turn, results in a lowering of the
packing density. In contrast, for the Sn,s,Bi,,; eutectic
melt, the corresponding dependence is not so dramatic
as for the Sn,,;0Pb, 6, liquid alloy, indicating that the
structure of clusters is less inhomogeneous.

The values of metallic radii of Sn, Pb, Bi are ry,=1.58
A, rp,=1.74A and rg=1.82A. Thus, the difference of
these radii, which is a measure of solubility, is greater
for Sn-Bi than for Sn-Pb. This is in disagreement with
the results of our diffraction studies. In order to work
around the inconsistency, we assumed that the similarity
of the short-range order was a more significant factor
than the atomic size difference.

On the other hand, our results were consistent with
the thermodynamic data. In particular, the enthalpy of
mixing for both systems is positive, resulting in a pre-
ferred tendency to like-atom interactions. The value of
the enthalpy of mixing is larger for the Sn-Pb binary
alloyll’ 16, 17.

CONCLUSIONS

The atomic distribution of liquid eutectic alloys Sn-Pb
and Sn-Bi was inhomogeneous in the temperature range
from 7., +5K to T, +100K. The main structural units
were Sn- and Pb-based clusters. A certain fraction of Pb
atoms, which are diluted in Sn, changed the structure of
tin in such a way that some covalent bonds were broken
and transformed into metallic bonds.

The eutectic Sn-Bi melt contains Sn- and Bi-based
clusters. The obtained results allowed us to suppose that
these clusters transform upon heating into another type
of clusters, with unlike neighbouring atoms, without a
significant change of their structural parameters.

Table 2. The main structure parameters for the Sn, ;Bi,,; molten alloy

T, K kq, A ko, A S(k1) Ak ri, A r, A Z
417 2.17 4.25 2.46 0.45 3.32 6.37 9.1
462 2.15 4.26 2.05 0.5 33 6.36 8.7
512 2.14 4.27 217 0.58 33 6.32 8.7
Sn 2.21 4.33 2.28 0.57 3.23 6.3 10.9
Bi 2.13 412 2.03 0.68 3.38 6.6 8.8




64  Pol J. Chem. Tech., Vol. 15, No. 3, 2013

LITERATURE CITED

1. Humpston, G. & Jacobson, D.M. (2004). Principles of
Soldering. ASM International.

2. Chriastelova, J. & Ozvold, M. (2008). Properties of solders
with low melting point. Journal of Alloys and Compounds. 457
(12), 323-328. DOI: 10.1016/j.jallcom.2007.03.062.

3. Abtewa, M. & Selvaduray, G. (2000). Lead-free Solders in
Microelectronics. Materials Science and Engineering: R: Reports.
27 (1), 95-141. DOI: 10.1016/S0927-796X(00)00010-3.

4. Kukushkin, S.A. & Grigoriev, D.A. (2000). Theory of the
late-stage crystallization of eutectic composition melts. Journal
of Physics and Chemistry of Solids. 61, 1337-1340 DOI: 10.1016/
S0022-3697(99)00422-9.

5. Wanga, WM., Liu, J.M., Webb, J.E, Bian, X.F,, Yuan,
G.L. & Liu, Z.G. (2002). Formation of dendritic lamella in
eutectic alloys. Materials Letters. 56, 921-926. DOI: 10.1016/
S0167-577X(02)00638-9.

6. Kaban, I. & Hoyer, W. (2000). Microstructure of binary
metallic melts with limited components’ solubility in solid state.
Physics and chemistry of solid state. 1 (2), 279-283.

7. Zu, EQ., Zhu, Z.G., Guo, L.J., Zhang, B., Shui, J.P. &
Liu, C.S. (2001). Liquid-liquid phase transition in Pb-Sn melts.
Phys. Rev. B. 64, 180203. DOI: 10.1103/PhysRevB.64.180203.

8. Plevachuk, Yu., Sklyarchuk, V., Yakymovych, A. & Gerbeth,
G. (2008). Microsegregation in liquid Pb-based eutectics. Jour-
nal of Non-Crystalline Solids. 354, 4443-4447. DOI: 10.1016/j.
jnoncrysol.2008.06.068.

9. Li, J., Yuan, Z., Qiao, Z., Fan, J., Xu, Y. & Ke, J. (2006).
Measurement and calculation of surface tension of molten Sn-Bi
alloy. Journal of Colloid and Interface Science. 297, 261-265.
DOI: 10.1016/j.jcis.2005.10.049.

10. Li Xian-Fen, Zu Fang-Qiu, Ding Hou-Fu, Yu Jin, Liu
Lan-Jun & Xi Yun. (2006). High-temperature liquid-liquid
structure transition in liquid Sn-Bi alloys: Experimental evi-
dence by electrical resistivity method. Physics Letters A. 354,
325-329. DOI: 10.1016/j.physleta.2006.01.058.

11. Wilson, J.R. (1965). The structure of liquid metals and
alloys. International Materials Reviews. 10, 381-590.

12. Massalski, T. B. (1990). Binary alloy phase diagram. Metals
Park, OH: ASM.

13. Waseda, Y. (1980). The structure of non-crystalline mate-
rials. N.-Y.:McGraw-Hill.

14. Cromer, D.T. & Waber, J.T. (1965). Scattering factors
computed from relativistic Dirac-Slater wave functions. Acta
Cryst, 18 (1), 104-109. DOI: 10.1107/S0365110X6500018X.

15. Krogh-Moe, J. (1956). A method for converting experi-
mental X-ray intensities to an absolute scale. Acta Cryst. 9 (11),
951-953. DOI: 10.1107/S0365110X56002655.

16. Asryan, N.A. & Mikula, A. (2004). Thermodynamic
Properties of Bi-Sn Melts. Inorganic Materials. 40 (4), 386-390.

17. Vizdal, J., Braga, M.H., Kroupa, A., Richter, K.W., So-
ares, D., Malheiros, L.E. & Ferreira, J. (2007). Thermodynamic
assessment of the Bi-Sn-Zn system. Computer Coupling of Phase
Diagrams and Thermochemistry. 31, 438-448. DOI: 10.1016/;.
calphad.2007.05.002.



