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Abstract

A brief review of existing diagnostic methods allowing to determine the interface position and velocity during the
solidification of liquid metals and semiconductors is first presented. We then show that a recently proposed electronic
design can be used to measure the electrical resistance of the sample with a very high accuracy: the peak to peak noise
on the signal is significantly lower than 1 pQ. In the tin-based system used in our investigations, this amounts to a
resolution in terms of solid-liquid interface position of the order of a few micrometers. The experimental results show
that our resistance measurement technique allows to identify the thermal lag of the furnace in the initial solidification
stage, as well as a transfer function between actual and imposed interface fluctuations. © 2002 Elsevier Science Ltd. All

rights reserved.

1. Introduction

In the field of material sciences, it is now well ac-
cepted that the implementation of in situ diagnostics
maximises the scientific return of the experiments, by
providing useful informations on the growth conditions.
More specifically, one of the key issues in the directional
solidification problem is the measurement of the po-
sition and velocity of the growth interface. In trans-
parent materials, direct observation of the solid-liquid
front is possible by optical means. The morphology and
the velocity of the growth front can thus be accurately
characterised, see e.g. [1,2]. Unfortunately, application
oriented materials such as semiconductors and metals
are opaque to natural light, and optical techniques
cannot be applied directly. Transparent models, such as
succinonitrile or pivalic acid, can to some extent be
representative of the properties of liquid metals, but a
perfect adequation is of course impossible.

An interesting alternative allowing the implementa-
tion of optical diagnostics in opaque materials is the use
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of a transparent facility. In this field, interesting results
were obtained by Alkemper et al. [3] on aluminium al-
loys directionally solidified within an aerogel furnace.
Aerogels are transparent materials of extremely low
thermal conductivity 0.02 W/m K, made of nanometer
size silica spheres, that can be used as crucible. The
authors were able to determine on line the brightness —
or equivalently the temperature — of the sample sur-
face from a CCD camera. This allowed to valuably
monitor the thermal field and the growth velocities of
the alloys.

A natural extension of optical techniques in opaque
materials is the use of X-rays. As the absorption coef-
ficient in a given material is proportional to its mass
density, a solid-liquid interface can thus be visualised.
Image magnifications of up to 800 were achieved by the
development of new technologies [4], but the adaptation
of standard non-destructive testing facilities may be
sufficient in some cases [5]. However, the limitations of
X-ray optics are such that the technique is not as ac-
curate as natural light methods. Nevertheless, in the case
of gallium, a change of density upon melting of only 3%
was found to be sufficient to obtain valuable informa-
tions regarding interface shape [5].

Another interesting possibility is the use of ultrasonic
vibrations: it was shown that the motion of the growth
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Nomenclature
a sample radius (m)
Cp sample heat capacity (J/kg K)

e heat transfer barrier thickness (m)
f1,/f»  cut-off frequencies of the second-order low
pass filter (Hz)

G furnace temperature gradient (K/m)

h heat transfer coefficient (W/m? K)

H non-dimensional heat transfer coefficient

I input current or resistance measurement (A)
J non-dimensional adiabatic zone thickness

K thermal conductivity (W/m K)

L length of temperature gradient zone (m)

Lt pulling length (m)

ri,ra  potentiometer resistances (Q)

R sample resistance (Q)

S sample cross-section (m?)

Ty, Tc temperature in hot and cold zones (K)

Ty melting temperature (K)

V(t) actual interface velocity (m/s)

14 prescribed pulling velocity (m/s)
w non-dimensional latent heat
Greek symbols

o sample thermal diffusivity (m?/s)
@ furnace cooling rate (J/s)

p sample density (kg/m?)

PE sample resistivity (mQ)

T furnace thermal lag (s)

AH solidification latent heat (J/kg)
ATy solidification kinetic undercooling (K)
Subscripts

C cold zone

H hot zone

L liquid phase

S solid phase

front could be tracked through the implementation of an
emission/detection system based on a piezo-ceramic
transducer [6]. Indeed, as the acoustic impedances of the
solid and liquid phases differ, an ultrasonic pulse will be
reflected at the interface. The resolution is of the order
of 15 um, and the beauty of the ultrasound technique is
that it can be used on both electrically conducting and
electrically insulating materials.

Last but not least, interesting informations re-
garding interface position and or velocity can be ob-
tained based on the fact that most materials exhibit a
significant change in resistivity upon melting. This is
specially true for semiconductors, since some of them
(for instance Si, Ge, GaSb and InSb) become metallic
in the liquid phase. Variations of the solid fraction
and of the overall resistance of the sample can thus be
correlated. For instance, a resistance technique was
used to follow experimentally the variations of the
liquid fraction within the mushy zone in aqueous so-
lutions of sodium nitrate [7]. Similarly, in single phase
growth of metals and alloys, the variations of the
overall resistance of the sample can be used to mon-
itor the motion of the solid-liquid interface.

Our purpose in this work is to show that a dif-
ferential resistance measurement technique can be
implemented to yield the interface position with an
accuracy of a few micrometers in metallic alloys,
which represents a significant improvement with re-
spect to all the diagnostic techniques previously men-
tioned. We shall see that it becomes possible to follow
the motion of the solid-liquid interface during the
early stages of solidification and to identify a transfer
function between actual and imposed interface fluctu-

ations. Such data is interesting from a process control
standpoint, but it can also be used as benchmark to
validate numerical simulations of the heat transfer
phenomena within the furnace. We shall first in Sec-
tion 2 recall the basis of the differential resistance
measurement technique, presented in detail in an
earlier paper [8], as well as some background on fur-
nace characteristics. The presentation of the exper-
imental results will be carried out in Sections 3 and 4
will be devoted to a discussion of the heat transfer
phenomena within the furnace based in part on ex-
isting numerical models.

2. Background
2.1. Differential measurement technique

Our experimental arrangement is an original
Bridgman type furnace pictured in Fig. 1. It features
two solid-liquid interfaces, one allowed to move for
solidification and melting, the other maintained at a
fixed position to be used as reference. This configu-
ration has been developed in our laboratory in the
frame of the Mephisto microgravity programme, see
e.g. [9]. The classical measurement technique is
straightforward. A stabilised current of typical inten-
sity Im and pulsation o, respectively, ranging typically
from 10 to 100 mA and 100 to 1000 rad/s goes
through the sample. The overall resistance R of the
sample can be measured using a standard four probes
technique. Assuming the system to be radially homo-
geneous, R can be expressed as:
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Fig. 1. General measurement design.

R= /ApE(z)dz /S. (1)

The points A4 and B represent the extrema points along
the current path, taken here to be in the z-direction, pg
and S standing, respectively, for the sample electrical
resistivity and cross-section. From an accuracy stand-
point, such an integrating technique is clearly a limita-
tion. Let us take for instance a metallic alloy of global
resistance 20 mQ; a typical 10~* accuracy measurement
then allows to obtain the true value with an error of less
than 2 pQ. Now the resistance variations due to actual
interface motion in the Bridgman zone may be much
lower, say of the order of 1 mQ. We thus find that the
relative accuracy on this variation is only of 2 x 1073,
The idea of the differential measurement technique is to
directly access this 1 mQ variation, so that, keeping the
same 10~* accuracy, it becomes possible to limit the
uncertainty to 0.1 pQ.

The key step is to realise a differential measurement
between the two halves of the sample. As shown in
Fig. 2, an electrode is inserted in the liquid zone to allow
access to the partial emfs V1 and V2, V1 representing
the resistance that evolves with the motion of the in-
terface and V2 the reference resistance corresponding to
the fixed interface. A differential transformer can then be
used to extract the emf V5, given as

Vo = a(V1—V2), )

where o being a proportionality constant depending on
the transformer. The maximum sensitivity, allowing to
detect the smallest resistance variation, will be obtained
for initially perfectly symmetrical samples, V'l = V2. As
this condition may not be easily met in practice — one
may clearly be interested in carrying out measurements
at various locations in the Bridgman zone - it is
interesting to introduce a control parameter. Our choice
was to add one potentiometer in series with the induc-
tances at the transformer primary, and to connect the
measurement electrode to the cursor of the potentiom-

] -

@

Fig. 2. Differential measurement technique: principle.

eter since it can be shown that the potentiometer resis-
tances r1 and r2 can be used to set V5 to zero [8]. The
overall sketch of the measurement technique is sum-
marised in Fig. 3, where the various symbols appearing
respectively represent: V5 the emf measured at the sec-
ondary, Lg the inductance at the secondary, Ms the
coupling between primary and secondary, L1 and L2 the
inductances on both sides of the electrode at the pri-
mary, 1 and 72 the potentiometer resistances on both
sides of the electrode at the primary, V1 and V2 (resp.
R1 and R2) the emfs (resp. the sample resistances) on
both sides of the electrode at the primary.

The design was tested with a short circuited output to
characterise its noise spectral density. Typical values for
the various impedances were L1 =L2 =50 mH.
A spectral analyser HP 35670A was used for the
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Fig. 3. Differential measurement technique featuring control
resistances.
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Fig. 4. Characterisation of the low temperature spectral noise
density.

measurements. The curve shown in Fig. 4, taken for an
input current / = 20 mA, clearly exhibits a plateau at
about 20 nQ/Hz, extending towards very low frequen-
cies (0.001 Hz). Such a feature is clearly interesting for
directional solidification experiments, since the relevant
frequencies for the heat and mass transport processes
are generally very small, of the order of 0.1 Hz or less
[10]. With such a measurement accuracy, equivalent
peak-to-peak variations in the (0-1 Hz) bandwidth
should thus be less than 0.1 pQ. Even in good conduc-
tors such as metals where the measurement sensitivity is
limited, this amounts to an uncertainty in terms of in-
terface position in the micrometer range [8]. It should be
noted that a fivefold increase of the input current to
I =100 mA will result in a fivefold decrease of the noise
power spectral density, but that higher values of I may
be associated with perturbing Joule effects.

2.2. Furnace characteristics

In the Bridgman technique where solidification or
fusion is initiated by a relative displacement of the
sample and the thermal field of the furnace, the solid—
liquid interface does not react immediately. Two factors
can explain the difference between the actual interface
velocity and its prescribed value. First, some time is
necessary for the temperature information to proceed
longitudinally and radially from the furnace to the
sample via the containment crucible and/or various
thermal barriers. In the case of conduction limited
transport, an often realistic assumption in the case of
metallic materials, characteristic time scales for these
processes can usually be written as L?/«, L and o, re-
spectively, representing the relevant length and the me-
dium heat diffusivity. However, even if the information
transmission is very fast, actual and prescribed interface
velocities will not necessarily be equal: indeed, the
cooling rate ¢ is necessarily limited. One can build for
such a mechanism a characteristic kinetics time scale

given as AQ/, AQ being the heat amount that needs to
be extracted. We shall come back in some detail on both
mechanisms in the discussion of Section 4. In any case,
from an empirical standpoint, the initial interface ve-
locity transient following a sudden impulse can often
described as (see e.g. [11-13]):

V() = W[l —exp(—t/7)], 3)

where V' and Vj, respectively, represent the actual and
prescribed growth velocities, t standing for the thermal
lag time of the furnace. Integrating the above expression
from the start of the pulling phase at X =0 and ¢t =0,
we get

X(t) = Vot = Vo[l — exp(—t/7)]. 4)

The difference between actual and prescribed interface
positions increases exponentially over a time scale t
from zero to Fyt. Similarly, at the end of the pulling
phase, assuming that the same thermal lag period is
necessary for the interface to stop, the actual interface
velocity is given as

V(t) = Vyexp(—t/7). ()

Allowing for a change of co-ordinate origins, X = 0 and
t =0 now representing the end of the pulling phase,
integration of Eq. (8) from X = 0 and ¢ = 0 yields

X(t) = Vo[l — exp(—t/7)]. (6)

After a long enough stabilisation period, X = V7, and it
can be seen that the interface catches up for the recoil of
the initial transient.

The validity of this simple model, which assumes the
relative interface and furnace thermal profiles to be the
same at various locations in the solidification zone
when the steady-state is reached, can be tested using
our differential resistance measurement. Similarly, our
diagnostic technique allows to discuss the response of a
given furnace to periodic fluctuations of the growth
conditions in terms of heat transfer kinetics between
furnace, containment crucible and metallic sample. It is
the purpose of the experimental work we shall now
present to identify a globally coherent model of the
furnace behaviour.

3. Experimental results
3.1. Procedure

As mentioned earlier, our experiments were carried
out in a double gradient Bridgman furnace, allowing for
the existence of a reference fixed interface. The tem-
perature gradients are imposed by means of a sodium
heat pipe on the hot end and a water cooled heat ex-
tractor on the cold end. The hot and cold zones are
separated by a 3 mm thick adiabatic region. Solidifica-
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tion and melting are induced by an imposed motion of
this thermal unit, the sample containing crucible being
maintained at a fixed position. The heat flow can be
assumed to be one-dimensional in the interface region,
whereas the isotherms are certainly significantly curved
near the input of the hot and cold ends. The starting
material was 6 N grade tin, the samples were 4 mm in
diameter and circa 1 m long; they were contained in a 2
mm thick silica glass crucible. An important problem
that needed to be addressed concerns the uniformity of
the liquid vein diameter. Indeed, the tolerances neces-
sary to fit the solid state feed in the crucible at room
temperature were found to result in an incomplete filling
in the liquid region during the experiment. In order to
avoid free surfaces and to guarantee an uniform cross-
section path for the electrical current, the crucible has an
open end in the middle, which serves as a reservoir of
raw material.

All the experiments presented in the frame of this
work were carried out with the same maximum (furnace)
temperature of Ty = 500 °C, the temperature in the cold
zone being of the order of Tc =20 °C, leading to a
temperature gradient on the liquid side of the interface
of circa 200 K/cm. Pulling velocities for solidification
and fusion were varied from 0.6 to 20 mm/min. As for
the translation length Lr, it is in principle only limited by
the geometrical dimension of the setup. However, at
high L, the average sample temperature is modified,
which renders the interpretation of the resistance signals
more difficult. In practice, we kept Lt between 20 and
100 mm, most experimental results being obtained at 40
and 50 mm.

Our choice of tin as working material is not based on
the facility of diagnostic implementation, since the sen-
sitivity of the measurement is limited due to the high
electrical conductivity of the material. It thus appeared
all the more interesting to show that our resistance di-
agnostic could provide useful information on the heat
transfer phenomena within the furnace even in chal-
lenging conditions. Another key issue with tin is to find
an electrode stable enough to withstand operation on a
long period. Preliminary tests using graphite or tungsten
as electrode material were not fully successful. Fortu-
nately, rhenium was found to be totally inert with liquid
tin, and no drift was observed on the resistance signal
for a time span of more than one month. It should be
kept in mind that an adaptation of our measurement
technique to higher temperature liquid metals or semi-
conductors depends on the possibility to find a stable
enough electrode, which may be quite difficult in some
cases.

3.2. Indicial response

In this series of experiments, solidification and fusion
stages were carried out, a stage being defined as the

succession of a translation and a stabilisation period.
The procedure for conversion of resistance to position is
as follows: after a prescribed furnace translation Ly, we
wait long enough for a steady-state to be reached, and
scale both the resistance and position signals from their
maximum-minimum difference. We thus obtain a pro-
portionality relationship between resistance and position
variations of the form

Az = EAR. (7

As shown in [8], the proportionality constant & can be
approximately related to the liquid and solid state re-
sistivities of the material, as well as to the sample cross-
section. In any case, this procedure allows to compare
the experimental results with the predictions of Egs. (4)
and (6). A typical raw experimental result is shown in
Fig. 5, the length and prescribed velocity of this solidi-
fication stage being respectively, 40 mm and 10 mm/min;
as expected, the furnace position initially increases lin-
early with time, whereas a lag in terms of interface po-
sition, as deduced from the resistance measurement, is
clearly apparent. Taking the difference between the re-
sistance and position signals, we find that the system
behaves exponentially as predicted by Eq. (4), with a
thermal lag constant of 30 s. Similarly, at the end of the
pulling phase, the return to steady-state conditions is
also exponential, as predicted by Eq. (6), and the same
thermal lag constant 7 = 30 s allows to perfectly fit the
experimental data.

More details regarding this solidification stage are
apparent in Fig. 6, where the same result is presented on
a larger scale. An interesting feature is that the resistance
values are not exactly the same at the beginning and at
the end of the solidification/stabilisation stage. As the
overall sample temperature is slightly modified due to
the interface motion, such a feature is not unreasonable:
as a matter of fact, the overall resistance is slightly lower
at the end of the stage since the solid is a better con-
ductor than the liquid. Also apparent in Fig. 6 is the
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Fig. 5. Respective furnace and interface positions, along with
their difference, as a function of time.
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Fig. 6. Resistance signal in the initial and steady-state regimes,
followed by a stabilisation period.

remarkable stability of the resistance signal after the
stabilisation period, with peak-to-peak noise values be-
low 0.2 pQ.

Summarising all our results, we found the exponen-
tial behaviour predicted from Egs. (4) and (6) to be
observed in all stages. Moreover, for a given stage, we
found that the thermal lag constants of the translation
(solidification or fusion) and the stabilisation were in-
deed equal, the maximum difference never exceeding one
second. Generally, the thermal lags of the fusion stages
were somewhat lower, say between 24 and 27 s than
their solidification stage counterparts, that could always
be well fitted with T = 30 s. Possible reasons accounting
for such a difference will be discussed below.

3.3. Periodic excitation
In this series of experiments, the effect of imposed

small amplitude (typically 1 mm) periodic motion of
the furnace was characterised. Representative signals for

Rdiff. (uOhms)

6.0.

2.5
0.0
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-5.0
-71.5
-10.0:
-12.5
-15.0:
-17.5

20.0 T T T T T T T T T d
200 300 400 500 600 700 800 900 1000 1100 1200

(a) time (s)

furnace position and resistance signals are shown in Fig.
7. It can be again remarked that the peak-to-peak noise
on the resistance signal is again very small, allowing an
accurate processing of the experimental information.
Both the amplitude and phase shift of interface motion
were found to be independent of the amplitude of fur-
nace motion. Such a result, associated to the behaviour
of the system subject to sudden variations of the growth
rate, led us to present the relation between input and
output (furnace and interface motion) in the form of a
linear filter. The frequency range investigated extended
from 1.6 x 10~* to 0.125 Hz. Below 10~ Hz, furnace
motion is slow enough for the interface to follow the
imposed variations. The amplitude of the resistance
signal is constant and the phase shift very close to zero.
A significant behaviour change is observed in the fre-
quency range 6 x 1073 Hz, which corresponds to a
characteristic time scale in the 24-30 s span, as identified
from the indicial response experiments.

Upon subsequent increase of the frequency of the
applied variations, the amplitude of the resistance signal
keeps on decreasing, and the phase shift takes values
below 90°. This indicates that the system is not a simple
first-order low pass filter, as might have been deduced
from indicial response experiments, but that higher cut-
off frequencies are necessarily present. Indeed, the curve
shown in Fig. 8(a) clearly shows that the amplitude of
the experimental resistance data can be very well fitted
using a second-order low pass filter of cut-off frequencies
1 =5.9x 1073 Hz and f, = 0.2 Hz. The lowest cut-off
frequency fi = 5.9 x 1073 Hz, corresponding to a time
scale © =27 s, was taken as imposed for the sake of
consistency with the indicial response experiments, but
/> was taken as a free parameter to be fitted from the
experiments. The agreement is not so good regarding
phase shifts (see Fig. 8(b)), but the second-order low

Rdiff. (uOhms)

6.0.

2.5
0.0
-2.5
-5.0
<15
-10.0
-12.5
-15.0
-17.5

T T T T T T T T T T T T T

-20.0 T N
200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600

(b) time (s)

Fig. 7. Typical furnace and resistance signals in periodic excitation experiments. The frequency of the imposed furnace motion is 8.2

mHz (a) and 20 mHz (b).



J.P. Garandet, C. Salvi | International Journal of Heat and Mass Transfer 45 (2002) 1045-1054

Second order filter

o
»

-5 Atheory TTTTT]
® measurement

Gain (dB)

-20

i
I

-30
(a) 1.00E-04

1.00E-03 1.00E-02 1.00E-01 1.00E+00

Frequency (Hz)

1051

>0
> &
. 3

L Atheory
A ® measurement

Phase shift (°)

-100

-150
1.00E-04

(b)

1.00E-03 1.00E-02 1.00E-01 1.00E+00

Frequency (Hz)

Fig. 8. Comparison in terms of amplitude (a) and phase shift (b) of the experimental results with the predictions from a second-order
low pass filter of cut-off frequencies f; = 5.9 x 1073 Hz and f, = 0.2 Hz.

pass filter representation still provides a satisfying rep-
resentation of the data.

4. Discussion

A first conclusion of the indicial response experi-
ments is that the identified thermal lag constant depends
only weakly on the starting point, length, direction and
pulling velocity of the various stages. Such a finding
indicates that the thermal field in our thermal unit is
fairly reproducible from one experiment to another. In
general terms, one should keep in mind that the heat
transfer phenomena in the furnace a priori depend on
the relative location of the sample and heating/cooling
subsystems with respect to the sample. The relative
uniformity of 7 in our experiments is a tribute to the
adequate conception of the experimental device.

An interpretation of our indicial response solidifica-
tion experiments can be based on the numerical results
of Fu and Wilcox [11]. In these simulations, heat ex-
change from the sample to its surroundings is modelled
through hot zone and cold zone transfer coefficients, the
temperatures of these hot and cold zones being inputs of
the problem. The temperature gradient is only estab-
lished in a short adiabatic region, such as is the case in
our experimental configuration. The formulation is only
one-dimensional, but so is the output of our resistance
diagnostic that represents an average over the sample
cross-section. A number of test cases were simulated,
with varying growth velocities, heat transfer coefficients
in the hot and cold zones, length of adiabatic region and
latent heat were carried out. The time lag between fur-
nace isotherms and interface motion was found to be
adequately accounted for by an expression of the form:

(®)

where p;, C,, a, respectively, represent the liquid phase
mass density, the heat capacity and the radius of the
sample, 2 standing for the geometric mean of the hot
and cold zones heat transfer coefficients. As for #, it is an

T= pLCpa/&yh

empirical expression relating the growth parameters,
coming from a fit of the numerical results, given as:

n = 3.55exp[—(1.12W"Y% 4+ 0.077J + 1.69JH

+0.018JW)). 9)
The non-dimensional parameters W, J and H appearing
in the above expression are defined as follows:

o W =AH/Cy(Tu — Ic), AH being the latent heat of
solidification;

e J=1,/a, I, being the length of the adiabatic zone;

e H =ha/K, K. being the liquid phase thermal con-
ductivity of the sample.

The difficulty in applying such a model lies in the esti-

mation of the heat transfer coefficients. In our exper-

imental device, various thermal barriers between the
sample and the furnace can be identified:

1. Between the outer surface of the sample and the inner
surface of the crucible. The gap necessary to fit the
sample within the crucible before the experiments is
about 0.1 mm thick. It only exists in the cold zone,
where it is filled with 200 mbar Argon. The liquid is
assumed to completely fill the crucible in the hot zone
(see Section 3.1).

2. Across the 2 mm thick silica glass crucible.

3. Between the outer surface of the crucible and the in-
ner surface of the furnace. The gap necessary to move
the furnace along the sample—crucible system is about
0.2 mm thick. It exists in both the hot and cold zones,
and is filled with atmospheric air.

It should be stated that these gap thicknesses should be

taken as estimates, and we are definitely not in a position

to account for the roughness of the surfaces [14]. Nev-
ertheless, to the first-order, the cold and hot zones’ heat
transfer coefficients can be taken as:

l/hC = eArgon/KArgon + eSilica/KSilica + eAir/KAin
1/hy = esilica/Ksitica + €air/Kair-
Plugging in physical constants taken from the Hand-

books, Kargon(20 °C)=0.018 W/m K, Ky(20 °C)=
0.026 W/m K, Kxx(500 °C) = 0.056 W/m K [15],
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Ksmca(ZO OC): 1.5 W/m K, Kgmca(SOO OC):2 W/m K
[16], we get hc =~ 70 W/m2 K, hy ~ 220 W/m2 K,
h = (hchy)'? ~ 120 W/m” K and H ~ 0.008. The other
non-dimensional parameters appearing in eq. (9) are the
normalized adiabatic zone thickness J = 1.5 and latent
heat, which can be estimated from AH = 6 x 10* J/kg,
Cp =250 J/kg K [17] to be W = 0.5. Using these values
in Eq. (9), we find # = 1.4. The last parameter necessary
for the derivation of 7 in Eq. (8) is the liquid phase mass
density that we took equal to p; ~ 7000 kg/m3 [17]. We
finally obtain 7 =~ 21 s, a value that compares favourably
with the experimental observations. Indeed, looking for
a better agreement would be illusory in our opinion in
view of the numerous simplifying assumptions of the
model. Besides, from an experimental standpoint, we are
not in a position to accurately characterize the rough-
ness of the surfaces in contact, that could be an im-
portant feature to be checked [14] if we were looking for
more accurate results.

It should be mentioned that there exist other nu-
merical models of the heat transfer phenomena during
initial transients in Bridgman solidification (see e.g.
[18,19]). However, their applicability to our experimen-
tal configuration and growth conditions is questionable.
For instance, in [18], the temperature gradient is estab-
lished all along the sample and is thus not restricted, as
in our furnace, to a short adiabatic zone. Another
shortcoming of the simulations of [18] — at least re-
garding the interpretation of our experimental data — is
that the latent heat generated at the growth front is very
large. Heat conservation at the solidification interface
can be written as

KSGS = KLGL + pSAHV, (12)

where Ks, Gs, K1, G, respectively, represent the thermal
conductivities and the temperature gradients in the solid
and liquid phases, V' standing for the instantaneous
growth velocity. In our experimental conditions, psAHV
is only a small fraction (20% at the most) of the con-
duction fluxes, a situation typical of metals. On the other
hand, in [18], the simulations pertain to cases where
psAHV is at least twice as high as Kj Gy, a situation
relevant for poorly conducting materials such as semi-
conductors and weak thermal gradients. Consequently,
the estimation of the decay time proposed in [18],
namely

TZPSAHls/ZKsGs, (13)

where /5 represents the length of the solid at the begin-
ning of growth, cannot be expected to be valid for the
analysis of our results. Apart from these physical con-
siderations, the numerical constant estimated from Eq.
(9) is not in agreement with our data: estimating /s as
Is = (Tm — Tc)/Gs and plugging in our growth con-
ditions (Ty — Tc) ~ 200 K, Gs ~ 10* K/m and material

parameters ps ~ p, ~ 7000 kg/m’, AH ~ 6 x 10* J/kg,
Ks ~ 60 W/m K [17], we get T~ 7 s a value too small
compared with our observations.

The applicability of the simulations of [19] to our
experimental conditions was a priori more promising,
since the ratios of the latent heat contribution to the
diffusive flux are of the same order of magnitude.
However, the underlying hypothesis in [19] is that there
are no lateral heat exchanges between the sample—cru-
cible system and the furnace environment, solidification
being induced by a programmed cooling, a situation
quite different from our experimental configuration. The
delay in interface motion was identified in [19] with the
kinetics of heat transfer along the sample, © ~ [/a, [
being the length of the established temperature gradient
and o the thermal diffusivity of the sample, taken equal
in the solid and liquid phases in [19]. The numerical
application to our experimental configuration, taking
I =I5+ [ ~0.03 m and an average thermal diffusivity
o~ 3 x 1075 m?/s, would yield t =~ 30 s, in very close
agreement with our experimental data. However, our
opinion is that such an agreement should be considered
as coincidental in view of the large differences between
the numerical model and the experimental system.

We did not find in the literature papers dealing with
the simulation of the transient heat transfer in melting
configuration, so that no definite conclusion regarding
the difference in terms of thermal lags between solidifi-
cation and melting stages can be drawn. However, the
model of [11] can again be invoked to propose a tenta-
tive explanation. Indeed, solidification requires that
more heat is extracted from the cold zone, whereas
fusion requires more heat to be transmitted from the hot
zone. Even though the final results are summarized in
[11] with an average heat transfer coefficient between the
hot and cold zones, it can be thought that cold (resp.
hot) zone heat transfer will have a stronger influence on
the process kinetics in solidification (resp. fusion) cycles.
As the heat transfer coefficient is smaller in the cold zone
than in the hot zone (mostly due to the lower thermal
conductivity of the surrounding gases), it follows that
the thermal lag time can be expected to be higher for
solidification stages, as observed in practice.

Another mechanism can also be invoked to explain
the observed difference: the driving force necessary for
the solidification to proceed can in principle induce a
significant delay in the process. In a pure metal like tin
solidifying with a non-faceted interface, the kinetic
undercooling is expected to be proportional to the
growth velocity

ATy = yWy (14)

the proportionality constant y being of order of mag-
nitude 10* when expressed in K s/m. This kinetic
undercooling translates in a time lag on the interface
motion that can be expressed as:
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At = ATy/(Gsh) = 7/ Gs, (15)

where Gs stands for the temperature gradient on the
solid side of the interface. Plugging in our measured
value Gs = 10* K/m, we find that the kinetic underco-
oling could account for a time lag in the second range. It
is thus a likely mechanism to be invoked to explain, at a
given pulling velocity ¥j, the higher time lags observed in
solidification stages, since no kinetic undercooling is
expected in the fusion process. However, a quantitative
assessment would require the proportionality coefficient
7 to be accurately known, which is unfortunately not the
case. As a matter of fact, there is no consensus in the
literature regarding the growth mode (dislocation as-
sisted vs continuous) at low undercoolings [20], and the
relationship between AT and ¥} could be more complex
than what has been stated in Eq. (14). In any case, even
though it may be an important variable of the problem,
kinetic undercooling is probably not sufficient to explain
the observed difference between solidification and fusion
stages.

Regarding our periodic furnace oscillations exper-
iments, we did not find simulation results available in
the literature for comparison. One of the reasons may be
the absence of reference experimental data that can be
used to validate the models: classical measurement
techniques, such as inserting a thermocouple within the
sample, are clearly too perturbative. It is only from in
situ measurements, such as our resistance diagnostic,
that a clean information can be obtained. All that can be
stated in this paper is that the experimental results could
be adequately accounted for in the form of a second-
order low pass filter, both in terms of amplitude and
phase shift. An apparent paradox is thus that the indicial
response of the system points towards first-order be-
haviour, whereas the harmonic excitation procedure led
to the identification of two cut-off frequencies.

However, one should keep in mind that, in indicial
response experiments, the higher cut-off frequency is
expected to influence the signal only in the very begin-
ning of the growth process. On a time scale of a few =,
the time resolution is not high enough for such details to
be apparent. Nevertheless, it is satisfying the lower cut-
off frequency is consistent with the thermal lag time as
defined in Eq. (3), since the heat transfer phenomena
between the sample and its surroundings are essentially
the same. As for the higher cut-off frequency, it could
perhaps be related to radial diffusive heat transfer
kinetics across the sample. All that can be said at this
point is that dedicated numerical simulations would be
necessary to draw a definite conclusion.

Another problem still unclear concerns the high
frequency behaviour of our thermal system, as the
existence of still higher cut-off frequencies cannot be
excluded. In practice however, it is the lowest cut-off
frequency that governs the kinetics of the heat transfer

processes and as such is the most important for so-
lidification. Similarly, the linearity assumption re-
garding the transport phenomena within the furnace is
certainly questionable from a theoretical standpoint,
but our data show that a linear representation is ad-
equate in experimental practice. To sum up things,
ours is a case where simplistic empirical approaches
are probably sufficient, even though the reality is
clearly more complex.

5. Concluding remarks

Our purpose in this work was to show that an high
accuracy resistance measurement technique allows to
obtain valuable informations on heat transfer phenom-
ena in solidification. We found that even in high tem-
perature furnaces the method can be used to track the
growth interface position with an accuracy of a few
micrometers. Our approach in this work has been mostly
empirical, but our data could also be used to validate a
thorough numerical modelling of the heat transfer
phenomena in the furnace.

Indicial response experiments, where the solid-liquid
interface has to react to a sudden variation of the pulling
rate, demonstrated that the response of the system was
exponential, the characteristic furnace lag time being of
the order of 27 s. An interpretation of the transient
kinetics of the solidification process was proposed, based
on the simulation results of Fu and Wilcox [11] that
pertain to a growth configuration close to ours. In our
experimental device, the process kinetics are likely to be
limited by the various thermal barriers between the
sample and the furnace, rather than by latent heat ex-
traction.

The effect of periodic variations of the furnace po-
sition was found to be adequately accounted for in the
form of a second-order low pass linear filter in the
Fourier space. The smallest cut-off frequency of this
filter is in very good correspondence with the lag time
identified from the indicial response experiments. This
means that even though simple first-order models are
not physically correct, they may be fruitfully used in a
variety of cases. However, the prediction of the amount
of solute segregation resulting from fluctuating interface
velocities [21] requires the full transfer function to be
accounted for.

Future lines of work include the application of the
technique to other solidification problems, such as the
detection of gaseous species in the liquid phase. From a
technical standpoint, the adaptation of the measurement
technique to standard, single gradient, furnace con-
figuration is currently under way with support from the
European Space Agency and the Centre National
d’Etudes Spatiales.
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