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The effect of the presence of two different primary phases on the microstructural characteristics and
solidification kinetics of Pb-Sn eutectic was analyzed using Fourier thermal analysis method (FTA) and
microstructural characterization. Three Pb-Sn alloys, a hypoeutectic, an eutectic, and a hypereutectic alloy,
were melted in an electric furnace under an argon atmosphere and poured into sand molds. Cooling curves
were obtained and numerically processed using FTA. Microstructural observations of the probes indicate a
lamellar morphology for the eutectic microconstituent of the hypereutectic alloy; the eutectic alloy shows
the presence of both lamellar and anomalous eutectic and the hypoeutectic alloy shows only the presence of
anomalous eutectic. FTA results indicate that in the case of the probes showing the presence of anomalous
eutectic, there is a primary eutectic formed during recalescence at high undercooling and a secondary
eutectic yielded at low undercooling at the eutectic plateau temperature. This result shows that the
cause behind the observed differences in the eutectic morphologies of the experimental alloys lies on the
nucleating ability of the primary phase available as a potential substrate for nucleation of the eutectic

microconstituent.

Keywords anomalous eutectic, Fourier thermal analysis, Pb-Sn
eutectic, solidification kinetics

1. Introduction

Several alloy systems of commercial interest show the
formation of two main microconstituents during solidification:
a primary solid solution and an eutectic. Depending on the
nature of the primary phase formed previously during solidi-
fication and on its ability to act as nucleating agent of the
eutectic microconstituent, the eutectic can show changes in
solidification kinetics and morphology, which in turn could
affect the properties of the solidification product.

In binary alloy systems showing phase diagrams which
includes two terminal solid solutions and one eutectic transfor-
mation such as Pb-Sn, Al-Zn, Bi-Cd, and others (Ref 1-3), it has
been found that one of the two primary phases can act as a good
nucleation substrate while the other acts as a substrate unable to
promote nucleation of the eutectic, causing morphological
changes on it. This effect has been named nonreciprocal
nucleation (Ref 4). Pb-Sn alloy system exhibits a phase diagram
with proper characteristics to explore the effect of the presence
of two different primary phases on the solidification kinetics and
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microstructural characteristics of an eutectic microconstituent.
In this binary system, the nonreciprocal nucleation has been
related to morphological changes in the eutectic microconstit-
uent (Ref 4, 5), which have been associated to a specific degree
of undercooling. These changes have been confirmed in more
recent works (Ref 6, 7), where it has been found that by
increasing undercooling of eutectic Pb-Sn alloy before solidi-
fication, eutectic morphology changes from lamellar to anom-
alous. The mechanisms explaining formation of anomalous
eutectic in undercooled melts are still under discussion (Ref 8).

Recently, computer aided cooling curve analysis (CA-CCA)
methods have been used to study solidification kinetics of
various alloy systems of metallurgical interest. Newton thermal
analysis (NTA) and Fourier thermal analysis (FTA) are the most
representative techniques. It has been found that FTA is the
most reliable method because it takes into account the presence
of thermal gradients in the probe using data acquired from two
thermocouples located at two different radial positions within
the sample to obtain the zero baseline curve. Fundamentals,
limitations, and implementation of this method have been
discussed elsewhere (Ref 9-12).

The purpose of this work was to study the effect of the
presence of two different primary phases on the microstructural
characteristics and solidification kinetics of Pb-Sn eutectic
using cooling curve analysis, FTA method, and microstructural
characterization.

2. Experimental Procedure

In order to explore the effect of the primary phase previously
formed on the morphology and solidification kinetics showed
by the eutectic microconstituent, an hypoeutectic alloy
Pb-40wt.%Sn and an hypereutectic alloy Pb-80wt.%Sn were
used in this work. In order to analyze the evolution of the
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eutectic constituent in the absence of any primary phase, an alloy
with the eutectic composition 61.9 wt.% Sn was also included.
Pre-weighed quantities 0£99.8 wt.% Pb and 99.99 wt.% Sn were
melted in an electric furnace under an Ar gas atmosphere. A total
mass of 288.8, 263.7, and 242 g for the hypoeutectic, eutectic,
and hypereutectic molten alloys, respectively, were poured with
minimum turbulence directly into silicate/CO, bonded sand
moulds. Dimensions of the top and bottom insulated moulds
were 2 cm inner diameter, 10 cm height, and 2.5 cm of wall
thickness. Moulds were surrounded with silica sand in a molding
box. Each alloy was poured at 100 == 5 °C of superheat.

Cooling curves were recorded by using a chromel alumel
(type K) thermocouple located at 5 cm from the bottom of the
mould in two different positions with respect to the symmetry
axis. Thermocouple tips were in direct contact with the melt
under study. Cooling curves were obtained by recording
temperature changes as a function of time using a data
acquisition system. A calibration procedure was performed with
99.99 wt.% Sn. Experimental cooling curves were numerically
processed using the FTA method in order to obtain information
on the solidification kinetics of the alloys under study.

Solidified rods were sectioned close to the tip of the
thermocouples and their final positions were measured. Cross
sections of the specimens were metallographically prepared and
etched with 100 mL H,O, 2 mL HCI, 10 g FeCl; (eutectic and
hypereutectic alloys) and 10 mL acetic acid, 10 mL HNO;, and
40 mL glycerol (hypoeutectic alloy). Microstructural observa-
tions were carried out by optical microscopy and scanning
electron microscopy.

3. Results and Discussion

Figure 1 shows cooling curves associated with the three
Pb-Sn alloys under study. As can be seen, cooling curves
associated to hypoeutectic and hypereutectic alloys show four
cooling stages. The first stage corresponds to the cooling of the
superheated liquid and shows a continuous decrease in liquid
temperature until the primary phase starts its solidification. After
this, the cooling curve slope decreases due to the latent heat
released. This trend continues until eutectic solidification starts,
where cooling curves show an eutectic plateau at 183 °C. After
the end of solidification, temperature of the solid alloy decreases
again continuously to room temperature. The cooling curve of
the eutectic alloy shows only three cooling stages including
cooling of liquid, eutectic solidification, and cooling of solid.

It is well known that undercooling of each main microcon-
stituent at the beginning of solidification is intimately related to
the associated nucleation events. In the presence of nucleation
barriers, the magnitude of the undercooling required to start
solidification increases. Then, it is interesting to compare, using
the experimental cooling curves shown in Fig. 1, the magnitude
of the undercooling at the beginning of eutectic solidification.
From the figures the presence of relatively high undercooling
preceding the eutectic plateau for hypoeutectic and eutectic
alloys can be observed. In these alloys, the eutectic melt
solidifies from an undercooled state. On the other hand, for the
hyper eutectic alloy (Fig. 1b), a Sn-rich primary phase in the
hypereutectic alloy practically eliminates the initial eutectic
undercooling observed in hypoeutectic and eutectic alloys.

This thermal behavior suggests that the Sn-rich primary
phase acts as an effective substrate for nucleation of the Pb-Sn
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Fig. 1 Typical cooling curves of the Pb-Sn alloys: (a) hypoeutectic
and eutectic alloys and (b) hypereutectic alloy

eutectic microconstituent. In the presence of the Pb-rich
primary phase or for the alloy of eutectic composition, the
eutectic microconstituent nucleates in the presence of important
nucleation barriers, as can be inferred from the observed
eutectic undercoolings.

Examination of the microstructure indicates a lamellar
morphology for the eutectic microconstituent of the hypereu-
tectic alloy (see Fig. 2a), where the pro eutectic dendrites of
dark phase rich in Sn and lamellar eutectic at the interdendritic
regions can be observed. On the other hand, an eutectic with the
so-called anomalous morphology is observed in the hypoeu-
tectic alloy (Fig. 2b). Here, the anomalous eutectic, which
shows rounded regions of light phase rich in Pb embedded in a
dark, coherent phase rich in Sn, is located at the interdendritic
spaces left by primary dendrites of solid solution rich in Pb.
The eutectic alloy shows the presence of both lamellar and
anomalous eutectic (Fig. 2¢).

FTA procedure was applied to experimental curves of these
three alloys to obtain quantitative information on the operating
solidification rates during eutectic solidification. Figure 3
shows evolutions of solidification rates (dfy/df) for the cases
of interest, which were obtained by numerical processing of the
experimental cooling curves using the FTA method. On the
same figures, the associated cooling curves are superimposed to
allow an easy interpretation of FTA results.

As can be seen from Fig. 3, and focusing the attention on
the FTA results during eutectic solidification (i.e., after 100 s,
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Fig. 2 SEM backscattered electron images of (a) hypereutectic, (b) hypoeutectic, and (c) eutectic solidified alloys

Fig. 3a, 50 s, Fig. 3b, and approximately 10 s, Fig. 3c), the
solidification rates in hypereutectic alloy remain approximately
the same during eutectic solidification. Hypoeutectic and
eutectic alloys show relatively high solidification rates at
earlier stages of eutectic solidification followed by rates of the
same magnitude as observed in the hypereutectic alloys (i.e.,
around 0.01-0.02 s™"). This indicates that an important part of
eutectic solidification has occurred for these alloys (hypoeu-
tectic and eutectic) under high undercooling conditions. It is
interesting to note that in the case of samples that show the
presence of anomalous eutectic (see Fig. 2b and c), FTA
processing of the corresponding cooling curves shows rela-
tively high solidification rates at earlier stages of eutectic
solidification (see Fig. 3b and c).

Apparently, for the alloys under study, lamellar eutectic can
only be formed when there is an adequate substrate, such as the
primary Sn-rich primary phase present in hypereutectic alloys,
avoiding the presence of high undercooling and high solidifi-
cation rates during eutectic solidification and then avoiding
anomalous eutectic formation.

Figure 4 shows undercooling and solidification rate evolu-
tion as a function of solid fraction for the eutectic alloy as
revealed from FTA processing of the associated experimental
cooling curves. Here, it can be seen (Fig. 4a) that solid
formation occurs under different undercooling conditions
during solidification. At the beginning and apparently due to
the presence of energetic barriers to eutectic nucleation,
undercooling reaches a maximum (see point a in Fig. 4a).
Then, high undercooling activates nucleation and eutectic grow
begins. Owing to the large driving force for crystallization
accumulated as a result of the increasing undercooling at the
beginning of eutectic solidification, the solidification rate is
high and reaches a maximum at point d (Fig. 4b). The rapid
release of latent heat causes a progressive decrease in
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undercooling (path b-c in Fig. 4a), which in turn reduces the
solidification rate to a minimum (point e in Fig. 4b), at a solid
fraction near to 0.4. The remaining of the liquid melt solidifies
under relatively low undercooling and solidification rates
(Fig. 4a and b).

Figure 4(b) and 2(c) suggest that during eutectic solidifica-
tion of the eutectic alloy, there is a primary eutectic formed
during recalescence at high undercooling and solidification rate
and subsequent eutectic yielded at low undercooling and
relatively low solidification rate at the eutectic plateau temper-
ature after recalescence. This behavior is typical for eutectic
solidification from undercooled melts which is commonly
achieved suppressing nucleation by using experimental tech-
niques such as containerless levitation or flux processing
techniques (Ref 6). This evidence suggests that the cause
behind the observed differences in the eutectic morphologies of
the experimental alloys lies on the nucleating ability of the
primary phase available as a potential substrate for nucleation
of the eutectic microconstituent.

Using the aforementioned techniques it has been found that
there are several eutectic alloys that exhibit a progressive
morphology transition from the regular lamellae to a purely
anomalous eutectic with an increasing undercooling acting
during its solidification from undercooled melts. In the case of
Pb-Sn eutectic, it was found (Ref 7), using the fluxing
technique, that only when the eutectic solidifies under acting
undercooling lower than 6 °C the eutectic solidifies with a near
equilibrium lamellar microstructure. Otherwise, the presence of
anomalous eutectic is detected in the sample. A recent work on
Pb-Sn eutectic (Ref 8) has shown that by increasing under-
cooling three major microstructure transitions are observed.
These transitions include morphological changes of the eutectic
constituent from lamellar to anomalous at low undercooling
levels, and morphological changes of primary o-Pb phase from
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Fig. 3 Cooling curves and FTA solidification rate evolution of
(a) hypereutectic, (b) hypoeutectic, and (c) eutectic alloys

dendrite to equiaxed grains at high undercooling levels are
observed.

Several mechanisms have been proposed to explain the
presence of anomalous eutectic during eutectic solidification in
undercooled melt. One of the more accepted theories (Ref 13)
claims that during formation of primary eutectic at high
undercooling a fine lamellar eutectic microstructure with a high
amount of interfacial energy stored forms directly from
undercooled melt. Since lamellar eutectic formed during
recalescence contains a high density of eutectic interfaces,
they will be partially remelted and disintegrated into anomalous
eutectics during solidification of the remnant liquid after
recalescence.

This could explain the coexistence of lamellar and anom-
alous eutectic which can be observed clearly in the SEM
micrograph of the eutectic probe shown in Fig. 2(c). In this
figure, the lamellar regions with very fine spacings and
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Fig. 4 Eutectic undercooling (a) and solidification rate (b) as a
function of solid fraction obtained from FTA processing of the
experimental cooling curves of the Pb-Sn eutectic sample

anomalous eutectics showing apparently partial remelting and
disintegration of the eutectic Pb-rich phase can be seen.

However, in the case of hypoeutectic alloy, the presence of
lamellar eutectic is not detected anywhere. This could mean
that partial remelting and disintegration could not be the only
mechanism acting during anomalous eutectic formation.

Wei et al. (Ref 14) suggest that the development of
anomalous eutectic microstructures may be the result of
cooperative dendritic growth of the independently nucleating
eutectic phases at high undercooling, which forms, during
recalescence, a two phase composite skeleton infiltrated within
the remnant melt to be solidified slowly. More recently, Li and
Kuribayashi (Ref 15, 16) have discussed anomalous eutectic
formation in undercooled melts for eutectics formed by phases
showing remarkable differences in growth kinetics. When there
is a constraint on the growth of one of the eutectic phases, it is
possible that the other continue its growing. This leading phase
will eventually grow freely into the undercooled melt and yield
decoupled growth, and under the chemical composition limi-
tation of a eutectic alloy, it may develop into an irregular
network in a three-dimensional array. When the solidified
sample is sectioned, a two-dimensional microstructure is
revealed where the leading phase is discontinuous and the
other phase is continuous.

In the case of the hypoeutectic alloy, it is observed that the
continuous phase in the anomalous eutectic is the Sn-rich solid
solution. It could be that, during eutectic solidification, the
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eutectic Pb-rich phase continues its growth on the preexistent
Pb-rich primary phase, forming a solid skeleton or irregular
network according to the abovementioned theories while the
Sn-rich phase is unable to nucleate until the maximum
undercooling is reached and recalescence starts. Further work
is needed to explain anomalous eutectic formation in hypoeu-
tectic Pb-Sn alloys.

4. Conclusions

Microstructural characterization of the experimental alloys
shows that the primary phase formed before eutectic solidifi-
cation can have an important influence defining the morpho-
logy of the eutectic microconstituent. The Pb-Sn eutectic shows
lamellar morphology only in the case of hypereutectic alloy,
where a Sn-rich primary phase acts as an effective substrate for
nucleation of the eutectic microconstituent. For the hypoeutec-
tic alloy, the eutectic microconstituent shows an anomalous
morphology and the eutectic alloy shows both anomalous and
lamellar eutectic.

FTA of the experimental cooling curves shows the presence
of two solidification regimes for the eutectic formed during
solidification of the hypoeutectic and eutectic alloys. The first
is the solidification of primary eutectic formed at large
undercooling and during recalescence while the second corre-
sponds to a secondary eutectic formed after recalescence at low
undercooling at the eutectic plateau temperature. This result
shows that the observed differences in eutectic morphologies of
the experimental alloys lie on the nucleating ability of the
primary phase available as a potential substrate for nucleation
of the eutectic microconstituent.

Experimental results suggest that partial remelting and
disintegration could not be the only mechanism acting during
anomalous eutectic formation.
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