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Microsegregation in Peltier interface demarcation
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Abstract

Experimental results on solute microsegregation induced by Peltier interface demarcation (PID) technique during
directional solidi"cation of Bi}1wt% Sb alloys are presented. These data are compared with the results of numerical
simulation and the theory of PID is revisited. It is shown that the Peltier coe$cient previously determined using Peltier
pulsing has been underestimated. The quantity of interface cooling absorbed by limited Bi-growth kinetics is comparable
to that covered by solute depletion, and can even be dominant for very short pulses, so that the commonly made
assumption of local equilibrium at the solid}liquid interface (i.e. usual hypothesis of constant interface temperature
during pulse marking for pure systems) should be abandoned and the right dependence of interface temperature on
solidi"cation velocity be included in the model. Finally, two conditions to select systems capable of e$cient marking by
PID microsegregation are deduced and the e!ects of applied current in the "rst instants of electric pulse clari"ed. ( 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

During binary alloy solidi"cation from the melt,
the Mullins}Sekerka instability [1], drives the
breakdown of the planar solid}liquid (S}L) inter-
face and leads to the formation of nonplanar pat-
terns (cells, dendrites). Several recent theoretical
works [2}5] are focused on the initial transient of
growth, that follows the application of the pulling
rate, and its role in the building of cellular, or
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dendritic, arrays. In order to check the predictions
of these theoretical analyses, it is crucial to explore
the complete history of the pattern, from the
early stages of the experiment to the asymptotic
state.

The observation of the S}L interface is a major
problem in the study of crystal growth from the
melt. Only transparent systems allow easy in situ
observation under an optical microscope. For me-
tallic alloys and other opaque systems, the Peltier
interface demarcation technique (PID) is appealing
as the rapid freezing of the solidi"cation micro-
structure by the usual quenching method hardly
provides information on the evolution of the S}L
interface morphology. PID takes advantage of the
thermoelectric e!ects induced by a short-current
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pulse of high intensity passing through the direc-
tionally solidifying sample. Indeed, such a pulse
creates a perturbation of the S}L interface temper-
ature and velocity that is accompanied by a vari-
ation of solute concentration. A series of electric
pulses thus results in a series of solute-concentra-
tion variations which, after being revealed by
proper metallography, delineate the instantaneous
interface shape at successive times during growth
and enables one to follow the time evolution of the
S}L interface.

Several experimental and theoretical studies of
the e!ects of an electric current on solidi"cation or
crystal growth have been carried out over the years,
starting from the early works of Pfann and co-
workers [6,7], who argued that the Peltier coe$c-
ient of the crystal}melt interface can be determined
from the change in growth rate following the initia-
tion of thermoelectric cooling by reversing the DC
current. Since, several groups have contributed to
the improvement of the technique and/or the
deepening of the modelling [8}13]. It follows that
PID is capable of providing critical information on
time-dependent behaviours occurring in crystal
growth [14}16]. Besides, PID was proved adequate
to precisely investigate the birth and development
of morphological instability [17,18], whose analy-
sis was extended to include the in#uence of an
electric current [19}21]. Yet, PID has up to now
not been extensively used to study microstructure
formation in solidi"cation. Beyond the fact that
metallography is very time consuming, the major
reasons are probably that (i) detailed experimental
knowledge of the fundamental aspects of PID is
still lacking and (ii) marking by solute microsegre-
gation has appeared to be poor for metallic sys-
tems, that gives no clear outline of the growth front
on pictures. Indeed, it follows from practice that
PID is sharp only in the case of materials with high
thermoelectric coe$cients such as Ge}Ga and Bi-
based alloys or doped InSb.

Actually, the change of S}L interface temper-
ature resulting from PID consists of two parts as
for any material, and in particular for nonmetallic
materials for which attachment kinetics is rather
sluggish, the Gibbs}Thomson equation must in-
clude a kinetic term *¹

k
that measures the depar-

ture from thermodynamic equilibrium (see, e.g. Ref.

[22]). Then, the boundary condition for temper-
ature at a #at S}L interface reads
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is the interface temperature, ¹
M

the
pure-material melting temperature, m the liquidus
slope and C

L
the solute concentration in the liquid

at the interface. Eq. (1) is in strong contrast with
most papers on PID, in which the authors assume
local thermodynamic equilibrium at the solidi"-
cation front (i.e. constant interface temperature for
a pure material) and only consider the heat-#ux
balance at the S}L interface.

Assuming that boundary condition (1) remains
valid during the electric pulse (e.g. no solute trap-
ping), one is able to deduce at any time t during the
pulse the variation of interface temperature from its
unperturbed value
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where the subscript 0 refers to the switching on of
the electrical current, or, as it is the solute microseg-
ration in the solid that is critical in the technique:
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where n ("m/k, with k the solute segregation coef-
"cient) is the solidus slope and C

S
the solute con-

centration in the solid.
The "rst term on the r.h.s. of Eqs. 2a and 2b is the

basic ingredient of interface demarcation during
directional solidi"cation of a binary alloy, namely
a `sharpa variation in composition at the solidi"-
cation front during the electric pulse, sharp mean-
ing su$cient for obtaining precise delineation of
the shape of the S}L interface by metallography.
The second term expresses the kinetic e!ect, which
would be the only part remaining for a pure mate-
rial.

In this paper, our main purpose is to analyse by
a combined experimental and theoretical approach
the solute contribution during directional solidi"-
cation of a binary Bi}1wt% Sb alloy. Then, the
fundamental physical mechanisms ruling PID are
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Fig. 1. (a) Control system for Peltier interface demarcation. (b) Optical micrograph of a longitudinal section showing the typical
morphology of pulse marking striations. <"4.17lm/s and *t"4 s.

identi"ed and the conditions that an alloy system
should satisfy for optimum application of PID
clari"ed.

2. Microsegregation induced by current pulses

2.1. Experimental procedure

For the present investigation, we use the direc-
tional solidi"cation apparatus with a PID device
which was previously described in detail [12]. Two
heaters and a cooling zone can be translated over
the "xed sample. The sample is held vertically in
a quartz tube (8.5mm inner diameter, 49 cm long)
and solidi"cation proceeds from bottom to top, in
an Ar}5% H

2
ambient at a slight over-pressure of

1mmHg. The electronic control system for the PID
experiments is shown schematically in Fig. 1a. The
electric contact at the top of the sample is obtained
by using a 2 mm diameter molybdenum wire im-
mersed in the melt while the other electric contact is
the seed holder. For this study, the current density
I"60 A/cm2 and the current direction is from
solid to liquid, such that Peltier cooling results and
the solidi"cation front moves faster during the

pulse (for a description of the thermoelectric e!ects
during a DC-electric pulse, the reader is referred to
Refs. [10,12]).

In the experiments, a polycrystalline
bismuth}1wt% antimony sample, whose relevant
material parameters are given in Table 1, is solidi-
"ed in a liquid temperature gradient of 50K/cm at
di!erent pulling velocities. From back-re#ection
Laue diagrams, the growth direction after some
time of solidi"cation is found to be nearly parallel
to the bisectrix axis [1 1 21 ], which is long known to
be the preferred growth direction of pure Bi [23]
due to the marked anisotropy in thermal conduct-
ivity. This result is normal for Bi}Sb alloys, espe-
cially when the concentration is (10wt% Sb [24].

After solidi"cation, the observation of the S}L
interface morphology is made on longitudinal sec-
tions. After mechanical polishing, each section is
etched to reveal the interface demarcation stri-
ations which are "nally observed using Nomarski
interference}contrast microscopy as shown in
Fig. 1b.

Axial macrosegregation is obtained by chemical
analysis of thin slices cut all along the sample while
electron microprobe is used for radial macrosegre-
gation. As shown in Fig. 2a, except for initial and
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Table 1
Thermophysical properties of bismuth}antimony alloys

Property Symbol Value Units Ref.

Segregation coe$cient k 1.97
Liquidus slope m 6.8 K/wt%
Di!usion coe$cient of Sb in liquid Bi D

L
2.5]10~5 cm2/s [25]

Melting point of pure Bi ¹
M

544.4 K
Heat of fusion ¸ 530 J/cm3

Liquid thermal conductivity k
L

0.124 J/cmK s [10]
Solid thermal conductivity k

S
0.065 J/cmK s [10]

Liquid speci"c heat C
1L

1.46 J/cm3K [10]
Solid speci"c heat C

1S
1.46 J/cm3K [10]

Liquid electrical conductivity p
L

7.8]103 )~1 cm~1 [13]
Solid electrical conductivity p

S
3.8]103 )~1 cm~1 [13]

Peltier coe$cient P
SL

!0.03 V from [27] (see Section 2.2)
Liquid Thomson coe$cient q

L
!7.13]10~7 V/K [13]

Solid Thomson coe$cient q
S

4.35]10~5 V/K [13]

Fig. 2. Longitudinal (a) and radial (b) antimony macrosegrega-
tion in solid. <"4.17lm/s.

terminal transients, the antimony concentration is
quite constant along the grown sample which indi-
cates that, if any, bulk convection in the melt during
solidi"cation is quite negligible. Moreover, Fig. 2b
shows no sign of radial segregation, and thus of
#uid #ow con"ned to the vicinity of the S}L inter-
face, the saw-toothed oscillations being due to the
partially faceted cellular microstructures which are
present for this solidi"cation velocity. Conse-
quently, we can safely consider that the transport is
di!usive and the antimony weight fraction in the
solid at the interface is equal to the initial alloy
content, C

(
"1wt%, during steady-state growth.

This result is in agreement with Jamgotchian et al.
[25], who measured the solute pro"le in the solid
and liquid ahead of the solidi"cation front and
concluded that the heat and mass transport was
essentially di!usive during directional solidi"cation
of Bi}0.5wt% Sb.

2.2. Solute microsegregation and front velocity
induced by PID

For alloys, the very basis of PID technique is the
sharp change in solid composition due to the modi-
"cation of the solute concentration in the liquid at
the interface by an electric pulse, which is in contra-
distinction with pure substances for which the
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Fig. 3. Electron-probe analysis of antimony microsegregation induced in solid by PID for several pulse durations *t (a) 0.5 s, (b) 1 s,
(c) 2 s, (d) 4 s, (e) 6 s and (f) 10 s.

variation of the S}L interface temperature has to be
deduced from measurements with "xed ther-
mocouples [26]. Consequently, measurements of
the solute concentration along samples are carried
out, for a planar front and through several pulse
markings. The solute variation is measured with an
electron microprobe for experiments with identical
growth conditions (G"50K/cm, <"4.17lm/s)

and PID parameters (I"60A/cm2, current direc-
tion from solid to liquid) except the pulse duration
*t, that is varied from 0.25 to 10 s.

For each pulse, the series of pro"les in Fig. 3
clearly show a sharp decrease in the antimony
concentration, down to a minimum value. It should
be stressed that a jump is never observed at the
inception of these peaks. The end of each pulse is
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Fig. 4. Variation with pulse duration *t of (a) mean width of
PID striations and (b) mean additional velocity *< induced by
electric pulse. Dashed line in (a) corresponds to numerical simu-
lation using Brush et al.'s model with Bi kinetics (Eq. (7)), and
dot}dashed line to striation width"38.17*t (see Section 2.2).

marked by a rapid increase of the solute concentra-
tion that ultimately gently goes back to its steady-
state value. It is worth noticing that as *t is in-
creased some overshoot in antimony concentration
develops in the transient following the end of each
electric pulse. The two steep variations of antimony
concentration associated to the switching on and
switching o! of the electric current have to be
related to the two lines that bound each striation
when the current direction is from solid to liquid
(Fig. 1b). The "rst one, which appears white in the
photograph, corresponds to the pulse initiation at
which, due to Peltier cooling, an abrupt but con-
tinuous (i.e. not step-like) enhancement of interface
velocity occurs that results in a decrease of Sb
concentration in the adjacent liquid (partition coef-
"cient k'1). The second line, which is dark in the
picture, comes from the sharp decrease of interface
growth velocity at the end of the pulse.

The measurement of the distance between these
two lines (Fig. 4a) allows one to estimate the aver-
age additional velocity *< of the S}L interface due
to the thermoelectric e!ects of the electric pulse
(Fig. 4b). The line drawn in Fig. 4a suggests that *<
does not depend on the pulse duration until *t
becomes large enough for slowing down of growth
enhancement by Joule heating counteracting Pel-
tier cooling. Also, Fig. 4 already provides the "rst
indication that great care should be taken when, as
it has been repeatedly done, the measurement of
*< and the Peltier coe$cient P

SL
are directly con-

nected by using the heat balance at the S}L inter-
face

¸(<#*<)"k
S
G

S
!k

L
G

L
!P

SL
I (3)

under the assumption that the temperature gradi-
ents in solid and liquid G

S
and G

L
may be taken as

unchanged during the pulses, which gives

*<"!P
SL

I/¸. (4)

Eq. (4) gives *<"34lm/s for P
SL
"!0.03V,

that is the value calculated for pure Bi from the
Kelvin law

P
SL
"¹

M
(S

S
!S

L
) (5)

and measurements of the Seebeck coe$cients in
liquid and solid, S

L
+0 and S

S
"!0.53]

10~5V/K, respectively [27]. The corresponding

striation widths ("38.17*t), plotted in Fig. 4a, are
much larger than in experiments, that shows that
the usual approach of PID should su!er some
de"ciency.

3. Comparison with theory

The experimental results presented in Section 2
are now compared with numerical simulations
based on the model developed by Brush et al. [10]
for the directional solidi"cation of a planar S}L
interface in the presence of a time-dependent elec-
tric current, using the values in Table 1 for the
thermophysical properties of bismuth}antimony
alloys.
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Fig. 5. Numerical simulation with in"nitely fast growth kinetics
(*¹

k
"0 in Eqs. 2a and 2b) of (a) growth velocity <#*< and

(b) antimony microsegregation induced in solid by PID.
*¹"4 s. Simulation is stopped when electric current is
switched o! as backmelting then occurs. Full lines:
P

SL
"!0.03V * Dashed lines: P

SL
"!0.014V.

3.1. Predictions under the assumption of
thermodynamic equilibrium at the S}L interface

This case readily corresponds to Brush et al.'s
model which assumes that the attachment of atoms
at the growth front is in"nitely rapid. Fig. 5a shows
the variation of interface velocity with the corre-
sponding Sb microsegregation left in solid by an
electric pulse given in Fig. 5b. Our data on solute
microsegregation in the pulse complement previous
studies of PID on bismuth, that analysed the vari-

ation of the rate of the S}L interface [6,8]. There-
fore, in this section, two values are considered for
the Peltier coe$cient, P

SL
"!0.03V, i.e. the value

in Table 1, and P
SL
"!0.014V. Indeed, for the

sake of consistency the latter value should be rather
used when growth kinetics is assumed in"nitely fast
as it is the one obtained from the "t of Eq. (4) to the
magnitude *< of the initial velocity jump in experi-
ments on pure Bi, using the Peltier coe$cient as an
adjustable parameter (see, e.g., Ref. [8]).

In Fig. 5a, a jump in velocity is predicted as the
current is switched on. This jump is followed by
a very fast transient, that together make a peak,
after which the S}L interface velocity slowly
decreases. For the current density used in the ex-
periments, I"60A/cm2, calculations can be only
completed until the electric pulse is turned o!,
because at that time a velocity jump of !P

SL
I/¸

is predicted to occur that, even for short pulses,
induces melting. Besides, the model intrinsically
becomes no longer applicable as solute di!usion in
the solid is not taken into account. For
P

SL
"!0.014V, during a 4 s-pulse the average

growth enhancement, *<"5 lm/s is less than half
of what is measured in experiment, *<"13lm/s
(see Fig. 4b), as well as the amplitude of Sb micro-
segregation left in solid, !0.11wt% in Fig. 5b
compared to !0.28 wt% in Fig. 3d. For
P

SL
"!0.03V, the average growth enhancement

*<"17 lm/s, which is now only 30% more than
the experimental value, and the amplitude of Sb
microsegregation in the pulse, !0.25wt%, is close
to that given by electron microprobe analysis. Yet,
it is worth to realise that, in former studies, the
physically meaningful value, P

SL
"!0.03V,

would lead to a disagreement by a factor of about
2 for the steep increase in interface velocity at pulse
application, to which we have no access in experi-
ment.

A double conclusion follows from this compari-
son. First, the calculations without kinetics seem
very spurious at short times, when the very rapid
velocity transient just after the pulse is initiated
trying to compensate the instantaneous Peltier
cooling (!P

SL
I ) by latent heat release (¸*<), and

the neglect of solute di!usion in solid can be of no
help as solidi"cation alone takes place. Second, the
prediction of Sb microsegregation is good when the
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Fig. 6. Variation for bismuth of growth velocity with interface
undercooling. Undercooling is deduced from the measurement
of Seebeck voltage by Sixou et al. [28]. The "ts correspond to
the power law approximation Eq. (7) (full line) and the exponen-
tial law (dotted line).

Fig. 7. Numerical simulation with real bismuth kinetics (*¹
k

given by Eq. (7)) of (a) growth velocity<#*< and (b) antimony
microsegregation induced in solid by PID. *t"0.25, 0.5, 1, 2, 4,
5, 6, 8 and 10 s.

right Peltier coe$cient is used, which suggests that,
at least for dilute Bi}Sb alloys, the in#uence of
growth kinetics might not be critical all over the
electric pulse.

3.2. PID under limited interface kinetics

In order to know the total variation of the S}L
interface temperature induced by pulsing (Eqs. 2a
and 2b), the relationship between the kinetic under-
cooling *¹

k
and the growth velocity < is needed.

From measurements of Seebeck voltage E
S
, Sixou

et al. [28] obtained a kinetic law of exponential
type in the case of pure bismuth grown without
seeding, and concluded that Bi grows by two-di-
mensional nucleation and lateral spreading of
steps. The Seebeck voltage E

S
and kinetic under-

cooling *¹
k

are linked by

*¹
k
"E

S
/(S

S
!S

L
) (6)

so that the kinetic law can be obtained from the
data in Fig. 4 of Ref. [28]. For tractability in
the numerical code, the exponential kinetics is
in the following approximated by the power law
(Fig. 6):

<"68.1(*¹
k
)4.38 (7)

with < in lm/s and *¹
k

in K. It follows from
Fig. 6 that the di!erence between this power law
and the exponential law is very much negligible for
interface velocities above the pulling rate
(4.17lm/s), i.e. in the active part of PID by Sb
segregation (see e.g. Fig. 7). Besides, the di!erence
near <"0 remains slight.

For a binary alloy, a possible experimental way
to get *¹

k
is to directly measure the value of

interface temperature ¹
(

and concentration C
(

as
a function of interface velocity <. By using Eq. (1),
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Fig. 8. Variation with pulse duration *t of antimony concentra-
tion at: (a) maximum segregation in the pulse, C

SI,.
, and (b) at

maximum overshoot, C
SI,M

. (r): experiment, (L): numerical
simulation.

one would then be able to deduce *¹
k
as a function

of <. Using a directional solidi"cation set-up, one
might think of using the measurements of the S}L
interface temperature during melting and solidi"-
cation at the same velocity. Such an attempt is
bound to fail due to the strong asymmetry between
melting, in which the interface is largely rough, and
freezing, in which kinetic undercooling is several
orders of magnitude larger at low growth rates, as
evidenced for instance by Honeyman and Small for
a faceting material, salol, and a non-faceting one,
carbon tetrabromide [29].

Numerical simulations for Bi}1wt% Sb using
the Brush et al.'s model [10] with the boundary
condition giving interface temperature modi"ed to
include Eq. (7) for "nite kinetics are shown in Fig. 7.
Now, instead of jumping by the quantity !P

SL
I/¸

("34lm/s) when electric current is switched on,
the interface velocity rather rapidly increases only
to values of about 20lm/s (Fig. 7a), which means
that Peltier cooling is never totally transformed
into additional solidi"cation. For pulses longer
than 1 s the growth rate goes through a maximum
after which it slowly decreases due to Joule heating.
Moreover, sluggish kinetics of bismuth suppresses
backmelting when the current is switched o! so
that it becomes possible to compute antimony seg-
regation in solid before, during and after the electric
pulse (Fig. 7b). Microsegregation amplitude in-
creases with pulse duration *t till a maximum
a little before 4 s. After the pulse, Sb concentration
returns to its steady-state value with an overshoot.
After normalisation of the baselines in Fig. 3 to
C

SI
"1wt%, the evolution in experiments of the

value C
SI,.

at maximum Sb segregation in the
pulses, and of the value C

SI,M
at maximum over-

shoot shows quantitative agreement with numer-
ical results (Fig. 8), a small di!erence being
certainly within the error bar due to the uncertain-
ties in the thermophysical coe$cients. This agree-
ment is not fortuitous but reliable because
simulations are carried out on sound bases: (i) the
values of the thermoelectric coe$cients of bis-
muth given in Table 1 are coherent as obtained
in the same group [13], as well as the kinetic law
(Eq. (7)), (ii) all parameters in the theoretical
model are known so that there is no degree of
freedom for adjustment. Furthermore, the theoret-

ical width of markings also agrees well with experi-
ment (see Fig. 4a). Therefore, Brush et al.'s model
with kinetics can be taken as predictive, its pre-
cision being in practice mostly linked to that of
thermoelectric coe$cients and kinetic relationship.

From the kinetic law given by Eq. (7) and Fig. 7,
values of 0.23 and 0.22K are obtained for the
interface undercooling *¹

k
due to growth kinetics,

for the interface velocities at the end of the 0.25 and
4 s-pulses, respectively, that is of the same order of
magnitude than the values, 0.42 and 0.85K, of the
concomitant solutal undercoolings *¹

C
("!n

[(C
S
)
5
!(C

S
)
0
]). Besides, for very short pulses *¹

k
even gives the dominant contribution to the change
in S}L interface temperature (e.g. *¹

k
"0.143K

against *¹
C
"0.025K for a 0.01 s-pulse). There-

fore, the conclusion forces itself that one should
abandon the hypothesis of local equilibrium at the
S}L interface during an electric pulse and take into
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Fig. 9. Numerical simulation with kinetics rendered more slug-
gish than in bismuth by using the quadratic law <"k(*¹

k
)2.

(a) Growth velocity <#*<. (b) Antimony microsegregation
induced in solid by PID. *t"4 s. Kinetic coe$cient k"0.1,
1 and 10 l/sK2 (dot}dashed, dashed and solid curves, respec-
tively).

account kinetics in the analysis of PID, the shorter
the electric pulse the more mandatory the require-
ment. Moreover, for the Bi}Sb thermophysical
properties in Table 1, a kinetic law di!erent from
Eq. (7) may have a pronounced e!ect on solute
microsegregation in PID and thus actually domin-
ate marking characteristics for somewhat long
pulses as illustrated in Fig. 9 using a quadratic law
<"k(*¹

k
)2 with di!erent values of k, which indi-

cates that the agreement obtained in Section 3.1
without kinetics is very likely not a general feature
of PID.

For practical application, a compromise has to
be achieved. Indeed, there should be enough Sb
segregation for clear metallography, suggesting the
use of long pulses, together with thin striations
giving sharp outline of the interface morphology,
that instead suggests the application of short
pulses. Fig. 7b con"rms the conclusion drawn in
previous experimental analysis of PID on
Bi}1wt% Sb, namely that *t"0.5 s is the good
choice [12].

From the present study of PID on Bi}1wt% Sb
alloys, two conditions can be proposed to select
systems which are prone to e$cient PID. First,
high Peltier coe$cient P

SL
is a necessary condition,

which is well illustrated by the fact that PID has up
to now been reserved to semimetals and semicon-
ductors. Second, a #at solidus is very much favour-
able for sharp and visible interface marking by PID
striations, as a small change in interface temper-
ature then induces a large variation in solute con-
centration in solid.

3.3. Inception of interface demarcation in electric
pulse

For the solute "eld, as Fig. 7 shows that solidi"-
cation front velocity and Sb concentration in solid
are both continuous in the pulse, it directly results
from the interfacial solute balance that, in the ab-
sence of electromigration, the solute gradient at the
interface in the liquid is also continuous at the
switching on of electric current, as well as interface
temperature ¹

(
from Eqs. 2a and 2b.

Therefore, the main e!ect of the pulse applica-
tion is felt through the heat balance boundary
condition, which reads

k
S
G

S
!k

L
G

L
"¸< at tP0~, (8a)

k
S
(G

S
#*G

S
)!k

L
(G

L
#*G

L
)"¸<#P

SL
I

at tP0`, (8b)

so that

k
S
*G

S
!k

L
*G

L
"P

SL
I at tP0`. (8c)

The compensation in Eq. (8c) of Peltier cooling by
the modi"cation of G

S
and G

L
corresponds to the
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Fig. 10. Numerical simulation of (a) the evolution of the thermal
gradients, G

S
in solid (upper curve) and G

L
in liquid (lower

curve), and (b) the temperature pro"le in the melt: t"0.01 s
(upper curve), 0.02 s (middle), 0.1 s (lower). X"1.50 corresponds
to the position of the S}L interface; the temperature scale is
relative to the melting point of pure bismuth so that for steady
state growth at <"4.17 lm/s the interface temperature is
3.45K for in"nite kinetics and 2.92 for Bi kinetics (Eq. (7)).

"rst peaks in Fig. 10a that shows the evolution of
the temperature gradients in melt and solid. This
scenario is rigorously proved by the detailed theor-
etical analysis of the "rst moments of PID by
means of Laplace transform presented in a com-
panion paper [30]. It is worth noting that, at the
S}L interface, G

S
and G

L
then relax within a frac-

tion of a second, actually in less than a tenth of

a second (Fig. 10b), due to very fast transfer of
a major part of Peltier cooling into enhancement of
growth rate.

The major consequence of this analysis, that
should be strongly emphasised, is that the usual
assumption that the temperature gradients at the
crystal}melt interface may be taken as unchanged
during a pulse sequence, in which case from Eq. (8b)
there is an instantaneous jump in growth rate to
absorb Peltier cooling, is not valid. Actually, as
"nite attachment kinetics introduces inertia that
impedes velocity jump it is just the opposite that
holds when electric current is applied: only thermal
gradients are e!ected at pulse inception, and all
other "elds and gradients, and growth velocity, are
continuous, and adjust subsequently.

4. Conclusion

By a joint approach combining detailed experi-
mental analysis of solute microsegregation and nu-
merical simulation, the fundamental mechanisms
acting in PID during directional solidi"cation of
Bi}1wt% Sb alloy are evidenced. It is proved that
the usual assumption of thermodynamic equilib-
rium at the S}L can no longer be sustained, and
that it is mandatory to incorporate "nite kinetics in
theoretical modelling. For short pulses, this con-
straint is likely to be strong in practical application
of PID as the kinetic law should be appropriate to
the system under study, in particular because at-
tachment kinetics is generally not linear for systems
with high Peltier coe$cient.

Consequently, it remains conceivable to use ther-
moelectric e!ects, and thus PID, and "tting of
numerical simulation to determine atomic kinetics
of solidi"cation, as proposed by Schaefer and
Glicksman [31], which nevertheless presupposes
that all thermophysical coe$cients are known with
good precision, especially the Peltier coe$cient
P

SL
that can be obtained from the measurement of

thermoelectric power.
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