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Abstract

The solidification of a 90/10%wt tin–bismuth alloy has been analyzed experimentally for a 50 � 60 � 10 mm ingot. The heat flux was
extracted from one vertical side of the ingot. Instantaneous temperature measurements were performed using a lattice of 25 thermocou-
ples located on one of the large sides of the sample. The temperature versus time curve exhibits the classical pseudo-plateau as well the
eutectic step. A post-mortem analysis of the samples was carried out. Solidification is almost columnar over the range of solidification
rates considered. Two types of segregations are observed. X-ray analysis reveals the development of segregated channels near the cold
wall. Analysis of the solute composition shows the existence of significant macro-segregations. The locations of the segregations are con-
firmed by the measurements of the eutectic fraction.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Solidification; Metallic alloys; Benchmark experiment
1. Introduction

In the processing of solute rich alloys, defects called
macro-segregations can result from the solidification step.
They are characterized by composition differences within
the dimensional scale of the product, deteriorating the
properties of the material. In most cases, such defects are
observed on macrographs of the product. Besides large
scale macro-segregation, one particularly striking form is
the ‘‘channel segregate”. Typical dimensions are several
cm in length and a few millimeters in cross section, repre-
senting ‘‘freckles” or chimneys on transverse sections. Such
defects are observed in different solidification processes
(e.g. forge ingots, vacuum-arc remelted ingots and direc-
tionally solidified turbine blades). They typically occur
for relatively slow solidification rates in alloys having a rel-
atively large solidification interval (nickel-based alloys [1],
high alloy steels [2,3], Pb–Sn alloys [4] and ammonium
chloride solutions for laboratory studies [4,5]). Some spe-
cific thermo-solutal convection configurations in the
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solid–liquid mush are also known to produce such channel
segregates [3,6–9].

Various laboratory-scale solidification experiments have
already been performed. The case of a pure metal was inves-
tigated by Gau and Viskanta [10]. Regarding the solidifica-
tion of alloys, a reference experiment was carried out by
Hebditsch and Hunt [11]. It consisted in solidifying a rect-
angular vertical ingot and demonstrated the appearance
of solute macro-segregation related to natural convection.
Sarazin and Hellawell [7] investigated the solidification of
a vertical cylindrical Pb–Sn rod. The cooling rate was a
few Kelvins per minute. Channel segregates were observed
both on the side and inside of the ingot. Similar experiments
with the same type of alloy and geometry have been carried
out by Tewari and Shah [9] and Bergman et al. [12]. Macro-
segregation in the solidified ingot was observed as well as
channel segregates for a sufficient cooling rate, typically
2–5 K min�1.

The aim of the present study was to carry out a well
instrumented experiment, suitable for the validation of
numerical models. The present benchmark is a solidification
experiment where the cooling temperature gradient is per-
pendicular to the gravity. Such a configuration promotes
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Fig. 2. Sketch of the ingot and location of the lateral thermocouples.

G. Quillet et al. / International Journal of Heat and Mass Transfer 50 (2007) 654–666 655
natural convection and therefore macro-segregations. We
have focused our measurements on the temperature
field and on segregation analysis, both on the
meso-scale and macro-scale. The apparatus is described in
Section 2. The pure tin case is considered in Section 3 in
order to validate the temperature measurements. Section 4
is devoted to the solidification of the tin–bismuth alloy.
Some concluding remarks are made in Section 5.

2. Apparatus and measurement procedures

A quasi-two-dimensional geometry was used to facilitate
comparison of experimental and numerical results. Various
experiments were performed. First, pure tin was used in
order to calibrate the different parts of the experimental
system, especially the temperature measurements. Sec-
ondly, a tin–wt.10%bismuth alloy was investigated to
obtain solidification data on a well-known alloy. The over-
all aim was twofold:

(i) to determine the instantaneous temperature distribu-
tion during solidification,

(ii) to carry out a post-mortem analysis of the solute seg-
regations and metallographic structures.

2.1. General principle

The general principle used to implement the experiment
is sketched in Fig. 1. The ingot consists of a parallelepiped
with the dimensions indicated in Fig. 2 and weighing
0.227 kg. The dimensions were based on the results of a
numerical study showing that such a configuration allows
the formation of segregations (see Ref. [1] for example).
The sample is placed inside a stainless steel crucible, chosen
as thin as possible (0.5 mm) in order to minimize its ther-
mal inertia. The ingot is cooled laterally on one vertical
side by a water-cooled copper part used as a heat exchan-
ger. The heat losses are minimized on the other sides of the
ingot by the use of a Kirchhoff box and a rarefied atmo-
Fig. 1. General view of the s
sphere. Temperature measurements are performed by a lat-
tice of thermocouples welded to the stainless steel crucible
using a silver based alloy. A post-mortem analysis of the
segregations is carried out after each experiment. The dif-
ferent parts of the facility are described and explained
below.

A special quenching facility was designed to prepare
ingots satisfying two requirements: (1) homogeneity of
the alloy in the ingots after preparation and (2) easy repro-
ducibility of ingot preparation. The alloy which is presently
is tin with 10%wt bismuth. The phase diagram of such an
alloy is shown in Fig. A.1 of Appendix A, whilst its phys-
ical properties are provided in the same annex. The purity
of the metals used is 99.99 wt.%.

2.2. The copper heat exchanger

As already mentioned, the alloy is melted or solidified by
means of a copper part placed on the left side of the ingot.
This piece has three zones (cf. Fig. 2):

� a cold left-end zone that is cooled by a water circulation
system to extract heat during the solidification process;
olidification experiment.
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� a hot middle zone with a heating element that allows
different heating or freezing possibilities. The heating
element is controlled by a PID system linked to a num-
ber of thermocouples located on the right end of the
copper heat exchanger. Such a configuration allows us
to control the melting or solidification process (ramp,
Heavyside function, fixed temperature, etc.);
� a right-end zone, made up of a copper parallelepiped,

used to control the temperature and heat flux on the left
side of the ingot via thermocouples located within the
copper block (at mid-thickness as shown in Fig. 1).
One of the thermocouples (the nearest to the heat
exchanger – ingot interface) controls the heating element
via a PID system. The other thermocouples check the
temperature at the interface by extrapolation and are
used to determine the extracted heat flux.

2.3. Boundary conditions for the ingot

The ingot is thermally insulated except on one side
where the heat flux is extracted as indicated in Fig. 1.
The cooling system imposes a linear decay of the tempera-
ture in the copper cooler near the ingot. Adiabatic condi-
tions are obtained by a combination of means. First, to
avoid heat losses by conduction and convection, the solid-
ification system (the steel crucible and copper heat exchan-
ger) is placed inside a vacuum enclosure where the pressure
is set to 10�5 atmosphere. Secondly, the thermal radiation
of the ingot is minimized by placing the ingot inside a ther-
mally regulated copper Kirchhoff box (cf. Fig. 1). In this
way radiation losses are reduced to an acceptable rate.
The resulting equilibrium between absorption and emission
allows us to consider the crucible to be adiabatic.

2.4. Temperature measurement system

Temperature maps are recorded versus time during the
solidification process via a lattice of 25 thermocouples
located on one of the large side walls as shown in Fig. 2.
Special attention is paid to several connections on the mea-
surement channel in order to avoid parasitic currents (such
as Seebeck effect). Indeed, any parasitic thermal gradient
on a connection creates an additional electric current
(called the Seebeck current) which distorts the results. In
order to avoid this, all connections are contained in a con-
trolled temperature box. The relative accuracy of the tem-
perature measurement is approximately ±0.1 K. However,
an offset value could still be present in the temperature
measurement. Such an offset was corrected thanks to a cal-
ibration achieved by means of the solidification/melting
experiments of pure tin. Since the exact melting tempera-
ture of this metal is known, it can be linked to the measured
melt temperatures. The remaining uncertainty regarding
the absolute value of the temperature is of order of 1 K.
All measurements are recorded in ASCII files via a com-
puter. The typical time step of the sampling process is
one second. We checked the reproducibility of the temper-
ature measurements by comparing the temperature data
for two identical experiments (e.g. corresponding to sam-
ples no. 5 and 6 in Fig. 11). The temperature differences
between the two experiments were less than 1 K.

The extracted heat flux U was calculated using the tem-
perature measurements made by thermocouples located in
the copper part (see Fig. 1). The value of U is estimated
from the temperature gradient as follows:

U � CthDT with the thermal conductance Cth

¼ kCuS
d
� 23:2 W=K ð1Þ

where kCu (kCu = 386 W/m/K), DT, d and S respectively
denote the thermal conductivity of copper, the temperature
difference between the two thermocouples located in the
copper part (cf. Fig. 1), their spacing (d = 10 mm) and
the contact surface area between the ingot and the copper
part. From (1), the uncertainty of the heat flux is related to
that of the temperature by

dU=U � 2dT=DT ð2Þ
Owing to the high value of the thermal conductance Cth,
the value of the temperature difference between the two
thermocouples in the copper is quite weak. For example
considering a heat flux of order of 10 W (see Fig. 10 for
example) yields a value of DT � 0.4 K. The relative uncer-
tainty dU/U which is then of order of 50%, is quite high.
The value dU is almost of the same order as the heat flux
itself. As a consequence, when the temperature fluctua-
tions are important, significant heat flux fluctuations are
observed as well. For example in the case of the alloy
the temperature fluctuations recorded by the heat exchan-
ger thermocouple (Fig. 6a) are larger than those recorded
in the case of pure tin (Fig. 3a). This leads to stronger heat
flux fluctuations for the alloy case as shown by the
comparison between Figs. 5 and 10. The above estimate
indicates also that in the copper heat exchanger the tem-
perature variations along the main direction of the heat
flux are quite small. Accordingly, even though the temper-
ature in the copper piece along the cooled boundary is
likely not rigorously constant, its transverse variations
(perpendicular to the heat flux direction) are smaller. This
may be interpreted by the fact that the thermal diffusion
time sCu in the copper along the mid-height which is esti-
mated by

sCu �
H 2

aCu

ð3Þ

is equal to 32 s, aCu being the copper thermal diffusivity
(aCu = 1.1 � 10�4 m2/s) and H the sample height. The
value of sCu is small compared with the solidification time.
Note that the diffusion time across the thickness of the heat
exchanger is much smaller (less than 1 s). A numerical cal-
culation of the heat transfer in the heat exchanger and the
sample at solid state [13] (aimed at designing the particular
shape of the copper piece in Fig. 1) showed that the



Fig. 3. Solidification of a pure tin ingot. The cooling rate is �2 K min�1.
The time origin corresponds to the beginning of the cooling. The initial
temperature is Ti = 255 �C: (a) instantaneous value of the temperature in
the copper heat exchanger used to regulate the cooling and (b) temper-
ature versus time at various locations of the ingot.
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transverse temperature variations along the sample bound-
ary did not exceed 0.3 K. In conclusions the temperature of
the control thermocouple is close to the copper tempera-
ture along the cooling wall with an estimated error of
±0.3 K. In the tin sample the thermal diffusion time is high-
er (aSn = 3.4 � 10�5 m2/s), and accordingly the tempera-
ture variations along the cooled wall are expected to be
higher, what was observed in the experiments.

Thanks to the lattice of temperature measurements, it is
also possible to deduce the instantaneous volume-average
temperature T ðtÞ defined as follows:

T ðtÞ ¼ 1

V

Z
V

T dv � 1

N

XN¼25

i¼1

T iðtÞ; ð4Þ

where V, N and Ti(t) respectively denote the volume of the
sample, the number of thermocouples and the instanta-
neous recorded values of the temperature.
Knowledge of T ðtÞ may be used to determine the heat
flux as well as the released latent heat. Assuming adiabatic
conditions on the boundaries of the sample, the integration
of the heat equation in a volume coinciding with the sample
yields the following relation:

Z
V

qcp
oT
ot

dv � mcpl

dT
dt
� US ¼ Uþ L

dm0

dt
; ð5Þ

L, m and m0 respectively being the latent heat and the mass
of the sample and the solid phase. Concerning the estimate
of the left-hand side term of Eq. (5), the heat capacity has
been supposed constant. The value cpl of the pure liquid tin
at its melting point has been used to estimate the integral
(see its value in Table A.1 of Appendix A). Indeed, the heat
capacity jump between solid and liquid at the melting point
is equal to 6% of the liquid value cpl. The value of US may
be interpreted as a term describing the heat accumulation
in the ingot. Note that without any phase change, relation
(5) is a second way to estimate the extracted heat flux U,
and the values of U and US should be identical.
2.5. Post-mortem analysis of the samples

A qualitative pattern for the segregations has been
obtained post-mortem by X-ray analysis. The bismuth eas-
ily absorbs the X-rays, and the gray-color contrast gives
some indication of the solute distribution within the ingot.
Bismuth-rich solute zone are easily visible and appears in
white in the photography. Such a non-destructive method
yields an overall view of the solute concentration segrega-
tions across the depth of the ingot, especially those that
are localized, i.e. the segregated channels. Proportioning
by dissolution was carried out on one ingot to obtain a
map of bismuth concentration. Mapping of macrostruc-
tures and the eutectic fraction were also performed in order
to study the position of channels within the ingot.
2.6. Experimental procedure

The experimental procedure used to solidify the ingot is
the following:

Step 1: the ingot is heated and melted until a temperature
of 250–255 �C is reached on the control thermo-
couple located in the heat exchanger near the sam-
ple (see Fig. 1),

Step 2: the temperature of the copper heat exchanger is
maintained at the same value during 30 min
approximately in order to stabilize thermally the
ingot and to homogenize both the temperature
and the solute in the case of the alloy,

Step 3: the temperature of the heat exchanger is imposed
to decay with a constant cooling rate at t = 0
(�2 K min�1 or �5 K min�1). The time evolution
of the temperature provided by the control ther-
mocouple is shown in Figs. 3a, 6a, and 7a.



Fig. 4. Instantaneous temperature maps in the pure tin case; cooling rate
�2 K min�1; (a) t = 800 s [Tmin = 234.289 �C; Tmax = 237.033 �C]; (b)
t = 1000 s [Tmin = 231.19 �C; Tmax = 234.673 �C]; (c) t = 1750 s [Tmin =
221.339 �C; Tmax = 233.298 �C].
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3. Pure metal: experimental results

The first series of experiments were performed with pure
tin in order to calibrate the experiment on the basis of
fusion/solidification cycles without any segregations. We
will present here the results of the solidification experi-
ments. Details on the melting phase may be found in a
PhD thesis by Quillet [13].

In the solidification experiment, the initial liquid temper-
ature is fixed at 255 �C with less than 1� between the max-
imum and minimum value measured temperature during
the stabilisation process which lasts 30 min approximately.
Then the temperature of the control thermocouple in the
copper heat exchanger is imposed to decrease linearly at
t = 0 s (see Fig. 3a). The time evolution of the temperature
measured by the 25 thermocouples are shown in Fig. 3b. In
the beginning of the cooling of the liquid sample the tem-
peratures decay slowly with respect to the copper wall.
The slope of the temperature curves tends to the same
cooling rate (�2 K min�1) until the beginning of the solid-
ification (t � 800 s) only after a transient of 100 s approxi-
mately. The latter transient time could be mainly linked to
the time required for the establishment of the temperature
field as well as the natural convection in the sample. The
transient involves both the thermal and viscous diffusions.
A crude estimate can obtained from the thermal diffusion
time across the whole ingot such that

sSn �
W 2

aSn

¼ 72 s:

The latter time is not contradictory with the observations.
At t = 800 s the value of the difference is approximately
equal to 5 K, whilst the measured extracted heat flux (cf.
Fig. 5) is equal to 3.5 W. The value of the corresponding
heat transfer coefficient is h � 1170 W/m2/K. Note that
as expected the contact resistance is higher when the sam-
ple is solidified. For example at the end of the solidification
the temperature difference is approximately equal to 10 K
as shown in Fig. 3b. Note also that the temperature at
the beginning of the plateau in Fig. 3b is close to the melt-
ing temperature of pure tin. This confirms that the absolute
error of the temperature values is smaller than 1 K.

The instantaneous temperature maps are shown in
Fig. 4 for three times. At t = 800 s (beginning of solidifica-
tion), the isotherm corresponding to the melting tempera-
ture indicates that the bottom part of the fluid near the
solidification front is the coolest zone. The temperature
values are provided in Appendix B. This could correspond
to a downward flow along the front. Similar results have
been observed both in experiments and numerical calcula-
tions [13]. However, at t = 1250 s, the isotherm patterns are
quite different. The global pool temperature stops decreas-
ing because of the latent heat release which is not extracted
efficiently. The downward flow transports the latent heat
near the bottom region of the ingot, what could explain
the curvature of the liquidus isotherm becomes negative.
This is confirmed by the change of the extracted heat flux
US with time as shown in Fig. 5. Thus the cooling system
extracts only the latent heat during the first part of the



Fig. 5. Heat flux measurements in the pure tin case; cooling rate
�2 K min�1; (1) time evolution of the total heat stored in the sample
corresponding to Us in Eq. (5) and (2) time evolution of Us corrected by
the presence of the crucible; (3) time evolution of the extracted heat flux U
measured from the thermocouples located in the cooling system. Accord-
ing to (4) the difference U � Us indicates the latent heat release.
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solidification. Note that there is a significant discrepancy
between U and US before the triggering of the solidi-
fication. The discrepancy is reduced if we correct the
value of US by using in Eq. (5) an effective capacitance
which takes into account the thermal inertia of the cruci-
ble as well. The effective capacitance is then defined as
follows:

mc ¼ mcpl þ mccpc;

mc and cpc respectively being the mass and the heat capac-
ity of the stainless steel crucible. Nevertheless the remain-
ing discrepancy may a direct consequence of the high
value of the thermal conductance of the copper cooler,
and the heat flux difference is consistent with the error esti-
mate (2). From Fig. 5, the heat flux U � US corresponding
to the released latent heat is of the order of 8 W. That value
is consistent with the following simple estimate deduced
from Eq. (5):

U� US ¼ L
dm0

dt
� L

m
ts

; ð6Þ

ts being a typical solidification time. If we consider that an
order of magnitude ts may be deduced from the time above
which all the pool temperature is below the melting temper-
ature we obtain from Fig. 3 an estimate of ts � 1800 s.
According to the above relation, U � Us is estimated to
be 7.3 W.
Fig. 6. Temperature curves during the solidification of Sn–wt10%Bi ingot;
cooling slope: �2 K min�1. The time origin corresponds to the beginning
of the cooling. The initial temperature is Ti = 250�C: (a) instantaneous
value of the temperature in the copper heat exchanger used to regulate the
cooling; (b) overall view; (c) magnified view near the pseudo-plateau.
4. Binary alloy: experimental results

The experimental results consist of temperature field
recordings as well as some segregation pictures from
post-mortem analyses of the ingot. The experimental pro-
cedure is analogous to that used in the previous pure tin
case. The initial liquid temperature is fixed at 250 �C with
less than 1� between the maximum and minimum value
measured temperature during the stabilisation process.
Then the temperature of the control thermocouple in the
copper heat exchanger is imposed to decrease linearly at
t = 0 s (see Figs. 6a and 7a). Some data on the physical
properties of tin are presented in Table A.1 of Appendix A.



Fig. 7. Temperature curves during the solidification of Sn–wt10%Bi ingot;
cooling slope: �5 K min�1. The time origin corresponds to the beginning
of the cooling. The initial temperature is Ti = 250 �C: (a) instantaneous
value of the temperature in the copper heat exchanger used to regulate the
cooling. (b) overall view; (c) magnified view near the pseudo-plateau.
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4.1. Temperature measurements

4.1.1. Temperature maps
The recordings of the temperature versus time are

shown in Figs. 6 and 7 for two cooling rates, namely
�2 K min�1 and �5 K min�1. For a cooling rate of
�2 K min�1, a significant undercooling (almost 4 K)
occurs before the triggering of solidification (see for exam-
ple Fig. 6b). It is noticeable that the above effect was
observed in all the repeated experiments which were carried
out. This phenomenon has not been fully explained. Vari-
ous reasons might explain the temperature difference. The
first reason could be linked to the measurements them-
selves, since it was not possible to fully master the offset
value (of order of 1 K) on the thermocouples. Secondly,
a physical reason could also explain the fact that the
observed temperature are significantly below the liquidus
temperature. Indeed, it is noteworthy that the latter effect
is more pronounced in the case of the slower cooling rate.
A possible interpretation lies on the fact that for the slow
cooling rate case the overall solute rejection is likely higher
since the convective flow has time enough to transport the
solute from the mushy zone to the liquid bulk. This is con-
firmed qualitatively by the X-ray pictures of Fig. 11, where
the segregations seem to be more important in the slow
cooling case. Accordingly, the local solute enrichment
could slow down the solidification due to the lowering of
the liquidus temperature.

A smooth recalescence phenomenon may be observed,
especially near the upper part of the cold wall (thermocou-
ple number 25). This is likely due to the latent heat release
in the sample. It is also likely that once the solidification
begin, the decrease of the thermal contact between the
ingot and the copper piece already observed in the previous
case (Section 3) slows down the latent heat release and
emphasize the recalescence. This is confirmed by the fact
that the temperature increase is much weaker when the
extracted heat flux is higher (�5 K min�1). For the case
with 5 K min�1 cooling (e.g. Fig. 7), the temperature curves
are much closer to the liquidus temperature, and the
pseudo-recalescence is less pronounced. This pseudo-rec-
alescence is not due to a possible appearance of equiaxed
grains, since on one hand the temperature increase seems
to be quite slow and on the other hand the solidified struc-
tures (shown in Section 4.4) are not equiaxed.

Concerning the time evolution of the temperature a
weak slope change is observed near the eutectic tempera-
ture both in Figs. 6 and 7. However, this slope change
occurs unexpectedly at a temperature which is significantly
lower than the eutectic temperature (10 K approximately).
A possible explanation could be related to an underesti-
mate of the temperatures due to the decrease of the thermal
contact between the solid sample and the crucible.

From the local temperature recordings, it is possible to
reconstruct the instantaneous maps of the temperature field
at a given time (see the detailed values in Appendix C).
Figs. 8 and 9 show the isotherm maps for two solidification
velocities and different times. Note that the isotherms are
bent near the cold wall. This is likely a consequence of
the natural convection. Indeed, the cold-fluid motion near
the front is oriented downward and creates a concave solid-
ification front as sketched in Fig. 11.



Fig. 8. Instantaneous temperature maps for the tin–bismuth case; cooling
rate: �2 K min�1.

Fig. 9. Instantaneous temperature maps for the tin–bismuth case; cooling
rate: �5 K min�1.
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4.1.2. Heat flux measurement

The extracted heat flux versus time is shown in Fig. 10.
Note that the fluctuations are much greater than for the
pure tin case. They may be explained by the fact that any
temperature fluctuation on the control thermocouple leads
to strong heat flux variations (cf. Section 2.4). It may be
noticed that in opposition to the pure tin case the control
thermocouple exhibits in the case of alloy significant tem-
perature fluctuations as shown in Figs. 6a and 7a. This
could be consistent with the greater fluctuations of the bath
temperature also observed in the alloy (cf. [13]), however
this cannot be totally affirmed since spectral analysis of
the bath temperature fluctuations reveals a peak at a fre-
quency of 0.8 Hz [13], i.e. significantly higher than the fre-
quencies of the heat flux fluctuations. Note however that
the heat exchanger filters out the rapid fluctuations because
of the thermal skin effect, making it difficult to compare
characteristic frequencies. Furthermore, temperature fluc-
tuations are still observable below the eutectic temperature,
what makes the interpretation difficult.
4.2. X-ray analyses

As for the solute segregations, the results obtained by X-
ray analysis are illustrated in Fig. 11. The white zones
observed correspond to regions enriched with bismuth.
Two types of segregations may be distinguished: concen-
trated stripes, the channel segregates, in the left part of
the ingot (Fig. 11b and c for example) and large diffuse
regions located in the bottom right part (Fig. 11a for exam-
ple). It is not possible to make a clear distinction between
the two cooling rates. The segregation patterns are qualita-
tively similar, although it seems that the segregations are



Fig. 10. Heat flux measurements in the tin–bismuth alloy case; cooling
rate �2 K min�1: (a) time evolution of the total heat stored in the sample
corresponding to Us in Eq. (5), (b) extracted heat flux U measured from the
thermocouple located in the cooling system versus time; same conditions
as in Fig. 6, cooling rate: �2 K min�1.
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slightly more pronounced in the slowest cooling rate. If we
assume that the flow pattern consists of a counter-clock-
wise recirculation as sketched in Fig. 11d (the orientation
of the segregated channels confirms that assumption), then
the segregation pattern is consistent with the ‘‘washing
effect” produced by the fluid flow inside the mushy zone.
Indeed the liquid motion penetrates into the mushy zone
and transports the solute from the mushy zone of the ingot
towards the bottom part of the liquid pool. The segrega-
tions are localised in the zone where the assumed flow goes
out of the mushy region. Then the bismuth accumulates in
Fig. 11. Post-mortem patterns of the bismuth segregations (white zones) obtai
and (b) and �5 K min�1 for (c) and (d); the assumed flow pattern is sketched
the bottom of the ingot which is solidified in the last stage
of the process and also because of its high density.
4.3. Bismuth distribution

To obtain more quantitative information regarding the
segregations, one ingot was cut by electro-erosion into a
12 � 10 element grid. We thus obtained 120 elements mea-
suring 5 � 5 � 10 mm. The bismuth in each element was
proportioned by dissolution of the tin. The chart of the
average bismuth concentration in each element is shown
in Fig. 12. The accuracy of the concentration values is less
than ±1 wt.%. The average of the experimental values of
Fig. 12 is equal to 10.1 wt.%. Since the nominal concentra-
tion is 10 wt.%, the latter result indicates that the solute
mass is well conserved. Because of the averaging effect of
the method, the zones of localised segregations cannot be
detected. However, the distributed macro-segregations are
clearly visible. The segregations are located in the bottom
right of the ingot in accordance with the X-ray photo-
graphs of Fig. 11. Note firstly that the maximum concen-
tration difference is quite high, i.e. from 6.7 wt.% to
19.6 wt.%. The location of the minimum and maximum
values is very close. No satisfactory explanation has been
found. However, it may be noticed that the segregation
patterns exhibit the same overall tendency, but they are
not exactly reproducible (in opposition to the temperature
distribution). This is visible for example in Fig. 11a and b
(or Fig. 11c and d) which correspond to the same experi-
mental conditions.
4.4. Macrostructures

The macrostructures are very difficult to detect owing to
the fact that tin is a soft metal which tends to spread out
during polishing, thereby masking the structures. More-
over, the small dimensions of the sample make uniform
polishing of the faces even more difficult. Consequently
only two macrostructure analyses were carried out, on
sample number 5 (cf. Fig. 13), one on the vertical face in
contact with the thermocouples (Fig. 13a) and a second
on a median vertical section (Fig. 13b).

The external map shows the development of long col-
umn-like grains with however smaller grains in the lower
ned from X-rays for two solidification speeds, namely �2 K min�1 for (a)
in (d).
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9.04 8.31 8.47 8.59 8.81 8.90 9.14 9.62 10.08 10.67

9.82 8.98 8.46 8.71 8.83 9.00 9.32 9.99 10.51 11.34

9.88 9.64 8.73 8.85 9.10 9.46 9.88 10.61 11.23 12.10

9.82 9.37 9.41 9.03 9.46 9.77 10.39 11.09 11.39 12.79

10.39 9.67 10.01 9.82 9.88 10.44 10.91 11.09 12.32 13.45

9.21 10.53 10.49 10.76 10.63 11.03 11.88 9.99 14.13 15.15

11.34 10.58 10.91 11.91 11.25 12.47 13.52 14.81 9.50 12.96

11.37 13.05 12.43 6.76 11.90 15.68 16.98 18.06 18.96 19.63

Fig. 12. Bi concentration map (left) and corresponding numerical values (right), Cmin = 6.76%; Cmax = 19.63%, sample no. 6 of Fig. 11, cooling rate:
�2 K min�1; positive segregations are indicated in bold characters.

G. Quillet et al. / International Journal of Heat and Mass Transfer 50 (2007) 654–666 663
right quarter that could correspond to equiaxed grains.
Indeed, at the end of solidification the temperature gradi-
ent in the lower right quarter decreases because of the adi-
abatic conditions along the right lateral wall. Those
Fig. 13. Macrostructures: (a) mid-cross section of sample no. 5 of Fig. 11; (b) o
(c) macrostructure of sample no. 7 of Fig. 11, mid-horizontal plane, cooling r
thermal conditions are favorable for the triggering of a
columnar-to-equiaxed transition. The second map shows
some column-like grains, but a much greater quantity of
small equiaxed grains. The black oblique traces, located
uter vertical side of the sample no. 5 of Fig. 11, cooling rate: �2 K min�1;
ate: �5 K min�1.
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Fig. 14. Eutectic fraction map for the meridian section of sample no. 5 of
Fig. 11; cooling rate: �2 K min�1.
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in the left lower quarter, correspond to zones of shrinkage
pipes. They are in the development area of the segregated
channels, as revealed by X-rays of the samples.

The eutectic fraction (Fig. 14) was mapped on the
meridian face corresponding to ingot no. 5 of Fig. 11. This
map represents the quantity of solid at the eutectic compo-
sition, the last to be solidified. The eutectic fraction may
reach 11% for the richest zones. These rich zones corre-
spond both to the segregated channels and to the final tri-
angle of solidification (bottom right). The results obtained
are in very good qualitative agreement with those obtained
by X-ray analysis. Moreover, this chart once again con-
firms the existence of segregated channels.
5. Discussion and conclusions

The present experiment has shown that observed tem-
perature maps as well as the segregations patterns were
physically consistent. There are nevertheless some unex-
pected features. First, for the pure tin case, we observe
an inversion of the bending of the solidification front. In
the early stage of solidification (e.g. t = 800 s) the front cur-
vature is consistent with the existence of counter-clockwise
liquid convection which implies a downward liquid motion
along the front and, accordingly, a slowing of front pro-
gression along its upper part. Furthermore, temperature
fluctuations are still observable below the eutectic temper-
ature, what makes the interpretation difficult.

We have observed that the temperature fluctuation level
is much greater for the tin alloy case. The differences
between the two cases can be interpreted in terms of differ-
ences in natural convection. In the alloy case, convection is
created by both solutal and thermal buoyancy. Since bis-
muth is denser than tin, the solute rejection ahead of the
solidification front leads to a downward motion. This sol-
utal convection acts in the same way as thermal convection
in the present situation. Moreover, the contribution of sol-
ute to buoyancy forces may be significantly greater than
that coming from the temperature gradients. This is con-
firmed by the value of the buoyancy number N, which is
a measure of the ratio between solutal and thermal buoy-
ancy. Indeed, the dimensionless parameter N may be
defined as follows [14]:

N ¼ bCDC
bTDT

; ð7Þ

DC and DT respectively being orders of magnitude of con-
centration and temperature differences. If we consider for
example the mushy zone, DC and DT are related approxi-
mately by the thermodynamic equilibrium, and N can be
expressed as [14]:

N ¼ bC

mLbT

; ð8Þ

mL being the liquidus slope in the phase diagram (see
Appendix A).

Its numerical value N = 19.5 confirms that convection in
the mushy zone is mainly of solutal type. It is then likely
that natural convection is significantly more important
than in the case of pure tin. Let us now estimate the veloc-
ity generated by natural convection in the liquid bulk.
When the Grashof number is high (Eq. (10)), the estimate
of the fluid velocity may be obtained from the balance
between inertia and buoyancy, namely

U ¼ g
Dq
q

H
� �1=2

; with
Dq
q
¼ bTDT þ bCDC: ð9Þ

For the pure tin case, natural convection is driven by the
temperature difference alone. An estimate of DT may be
obtained from Fig. 4a at the onset of the solidification
for example. The pool temperature difference is of order
of 3 K. Then from (9), the estimated velocity is 1.4 cm/s.
Concerning the order of magnitude of DC in the liquid
bulk, its determination is not straightforward. For the case
of the tin–bismuth alloy, the typical value of DC has been
estimated by taking the root-mean-square value of the con-
centration deviation from the nominal concentration calcu-
lated from the values of Fig. 12. The typical concentration
deviation is equal to 2.4 wt.%. The corresponding value of
U is 6.6 cm s�1. The latter value confirms the importance of
solutal convection. The estimate of the corresponding
Grashof number may be obtained from (9) as follows:

Gr ¼ UH
m

� �2

¼ 1:94� 108: ð10Þ

That relatively high value confirms that the fluid inertia is
globally dominant with respect to viscous forces, and the
estimate (9) is relevant. It also indicates that the flow
regime is no longer laminar.

Note that the turn-over time s of the flow, estimated by

s ¼ H
U
;

is equal to 0.9 s. The value of s is very close to the peak fre-
quency (0.8 Hz) of the temperature fluctuations measured
by Quillet [13].
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Concerning the macro-segregations, the pattern is in
accordance with the observations of Hebditch and Hunt
[11]. The experimental results have also been confirmed
by numerical modeling of the present configurations (see
for example [13]). Such a segregation pattern is created
by a counter-rotating convection loop, which transports
the solute towards the right bottom part of the ingot. Quil-
let has also shown numerically that the bottom right part
of the ingot is the last zone to be solidified. This is consis-
tent with the existence of a significant eutectic fraction in
that part of the ingot.
Weight percent bismuth 

Fig. A.1. Phase diagram of the tin–bismuth alloy from [15].

Appendix A. Physical properties of tin and

tin–wt10%bismuth alloy

The present appendix provides some physical properties
of the alloy (Table A.1) as well as the phase diagram
(Fig. A.1) obtained from [15].
Appendix B. Instantaneous temperature matrices for the

pure tin case

The values of the recorded instantaneous temperature
matrices for various times are given below. The representa-
tion is identical to that of Fig. 2. The temperature matrices
are illustrated in Fig. 4

t ¼ 800 s :

234:65 235:61 236:27 236:88 237:03

234:49 235:80 236:41 236:59 237:93

234:49 235:86 236:41 236:47 236:83

234:43 235:55 236:20 236:51 236:51

234:29 235:34 235:45 236:15 236:21

2
6666664

3
7777775

ðB:1Þ
Table A.1
Physical properties of pure tin and tin–wt.10%bismuth [15,16]

Physical properties of Sn–10%wtBi Units Values

Density at the melting point (alloy) kg m�3 6950
Thermal conductivity at the melting point (pure

liquid tin)
W (m K)�1 60

Kinematic viscosity (pure tin) m2 s�1 2.5 � 10�7

Prandtl number (pure tin) 0.008
Schmidt number (pure tin) 136
Heat capacity at the melting point (pure liquid

tin)
J (kg K)�1 250

Latent heat (pure tin) J kg�1 60 � 103

Thermal expansion coefficient (pure tin) K�1 9.5 � 10�5

Solutal expansion coefficient (pure tin) wt.%�1 �3 � 10�3

Partition coefficient (alloy) – 0.37
Melting temperature (pure tin) �C 231.9
Eutectic temperature (alloy) �C 139
Liquidus temperature for the nominal

concentration C0 (alloy)
�C 215.8

Eutectic concentration (alloy) wt.% 57
Liquidus slope (alloy) K

(% wt)�1
�1.62

Solute diffusion coefficient (pure tin) m2 s�1 1.8 � 10�9
t ¼ 1000 s :

231:19 232:45 233:06 233; 58 233; 39

231:88 233:31 233:75 233:84 233:93

232:34 233:96 234:49 234:36 234:27

232:91 234:33 234:84 234:75 234:55

233:21 234:76 234:19 234:92 234:67

2
6666664

3
7777775

ðB:2Þ

t ¼ 1250 s :

227:92 230:42 231:43 232:30 231:91

228:85 231:89 232:75 232:93 232:93

229:40 232:83 233:95 233:94 233:71

229:94 233:15 234; 51 234:62 234:33

229:74 233:16 233:49 234:84 234:67

2
6666664

3
7777775

ðB:3Þ

t ¼ 1750 s :

221:34 225:79 228:06 229:68 229:28

222:61 227:68 229:99 231:05 231:18

223:24 228:18 231:02 232:37 232:38

223:55 227:93 230:95 232:67 233:03

222:96 227:65 229:38 232:51 233:30

2
6666664

3
7777775

ðB:4Þ
Appendix C. Instantaneous temperature matrices for the tin–

bismuth case

The recorded values of the instantaneous temperatures
are given in the following matrices. Two cooling rates are
considered. The temperature matrices are illustrated in
Figs. 8 and 9.

Temperature distribution for 2 K min�1

t ¼ 1750 s :

210:68 211:25 212:76 213:59 213:76

208:78 210:12 211:94 212:45 213:07

207:08 208:95 211:00 211:71 212:35

205:99 208:08 210; 26 211:22 211:63

205:35 207:60 211:36 210:87 211:32

2
6666664

3
7777775

ðC:1Þ
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t ¼ 2500 s :

195:06 197:06 200:58 204:08 206:18

193:87 195:83 199:08 202:59 205:15

192:55 194:65 198:01 201:41 204:09

190:69 193:53 197:37 200:66 202; 24

189:04 192:87 199:97 199:97 201; 87

2
6666664

3
7777775

ðC:2Þ

Temperature distribution for 5 K min�1

t ¼ 640 s :

211:44 213:50 215:02 215:38 215:39

208:87 212:42 215:03 215:09 215:39

206:66 211:28 214:76 214:95 215:08

205:35 210:16 214:05 214:86 214:77

205:37 209:61 213:10 214:25 214:31

2
6666664

3
7777775

ðC:3Þ

t ¼ 840 s :

198:50 202:43 208:46 213:19 215:14

195:57 201:10 207:56 212:44 215:07

192:99 199:42 206:21 211:21 214:28

191:60 198:07 204:90 210:20 212:69

191:32 197:67 204:44 209:07 210:88

2
6666664

3
7777775

ðC:4Þ
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