PERGAMON

International Journal of Heat and Mass Transfer 44 (2001) 3345-3357

International Journal of

l'IEAT and MASS
TRANSFER

www.elsevier.com/locate/ijhmt

Measurement of solute diffusivities. Part II. Experimental
measurements in a convection-controlled shear cell. Interest of
a uniform magnetic field

V. Botton *, P. Lehmann, R. Bolcato, R. Moreau, R. Haettel

Lab EPM-MADYLAM, ENSHMG, BP 95, 38402 St Martin d’ Heres, France
Received 25 February 2000

Abstract

Measurements of impurity diffusion coefficients in liquid metals show an important scattering. As this coefficient is
very small, even weak convection significantly enhances mass transport and leads to an overestimate of the measured
coeflicient. We propose here a measurement method using the braking effect of a uniform magnetic field in liquid metals
and semiconductors. We used a shear cell, where both solutal and thermal convection are precisely controlled. Magnetic
fields up to 0.75 T were applied during diffusion experiments with the Sn—SnIn(1%at.) and Sn—SnBi(0.5%at.) couples.
The theoretical braking laws of convection were verified and values consistent with previous microgravity experiments
were found. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction: the misfortunes of impurity diffusion
coefficient measurements

The knowledge of the impurity diffusion coefficient in
liquid metals and semiconductors is of high interest for
metallurgists and crystal growers, since this parameter
governs several phenomena such as segregation in
crystals or microstructures in casting (primary spacing,
dendrite tip radius,...) [1]. Moreover, from a more
fundamental point of view, the value of this coefficient —
actually its dependence on temperature — gives some
crucial information about the atomic structure of liquid
metals. Thus, a large amount of measurements have
been performed during the last century. The principle of
such measurements is rather simple and has not basically
changed since the end of the 19th century: two liquid
metallic alloys of different compositions are put into
contact at a given time and one lets diffusion proceed
during a long enough period of time to allow a fairly
good measurement of the concentration profile. A fit of
the concentration profile measured after a chosen
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duration with a theoretical prediction gives the value of
the impurity diffusion coefficient [2].

However, the value of this transport coefficient is still
badly known [3]. This is due to its very low value, about
10~ m? s7!, which makes the experiments extremely
sensitive to convective transport. Even a very low con-
vective velocity (about 0.1 pm/s) is enough to change
diffusive transport into convecto-diffusive transport,
thus enhancing the transport and artificially increasing
the measured value. This convection has mainly two
origins. First, the two liquids put into contact have
different densities; the density variation within the mix-
ing zone yields (under normal gravity) solutal buoyancy
forces. Secondly, any experiment with liquid metals is
performed at so high temperatures (from 300°C to
2000°C) that it is very difficult to achieve a uniform
temperature along a typically 20 cm long experiment.
Even temperature differences on the order of 0.1°C are
sufficient to force the experiment to fail. Several at-
tempts to reduce this natural convection have been
made. The most widely used technique is to perform
vertical experiments, in order to stabilise the flow: the
heaviest liquid is at the bottom and sometimes a vertical
stabilising temperature gradient is applied. However,
because of the vicinity of the thermal unit (furnace,
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cooling device,. . .), small horizontal temperature gradi-
ents are unavoidable and Alexander et al. [4] have nu-
merically shown that they may deeply modify the
measured value. Another possibility is to reduce the
diameter of the crucible in which the metal is contained,
as the convective velocity increases at the diameter to the
power fourth [5]. This approach has also shown its
limits: in capillary tubes of diameters smaller than 1 mm,
unexpected variations of the measured diffusion coeffi-
cient are observed. This has sometimes been interpreted
by the so-called “wall-effect” or ‘“‘second order Ma-
rangoni effect”, due to the atomic contact between the
liquid and the crucible [6]. However, it has been shown
that the typical extent of such phenomena would not be
greater than 50 A from the boundary [7]. The main
reason of this discrepancy may simply be the difficulty to
properly fill a 0.8 mm capillary tube with a liquid metal,
because of the problem of bad wetting and the presence
of oxides. As a matter of fact, these measurements ex-
hibit a strong scattering [3]. The measured values may
differ by over one order of magnitude depending on the
authors. Moreover, it is well known among experimen-
talists, that even when performing several times the same
experiment on the same device, the scattering may be
around 30%. Is this scattering due to uncontrolled
thermal convection, to vibrational convection, to
Marangoni convection due to defects of wetting in the
crucible, or to still another unknown phenomenon? This
point is still far from being understood.

Up to now, the best method to get rid of these con-
vective effects is to perform experiments in microgravity
where buoyancy forces become negligible. The values
measured in this environment are looked upon as the
most reliable. However, each experiment is expensive
both in time and money and reproducibility can hardly
be tested. In electrically conducting liquids, an alterna-
tive to microgravity is the use of a uniform magnetic
field. It is well known that a magnetic field may ef-
ficiently damp out any kind of convective motion and
the scaling laws of this damping are available [8]. But it
has been pointed out that the magnetic field might also
modify atomic mobility in the liquid metals. Experi-
ments performed by Youdelis et al. [9] seemed initially to
show such an effect. The observed effect could actually
be due to a simple damping of the flow and the authors
demonstrated themselves a couple of years later [10] that
the effect of a magnetic field on the atomic mobility
should be far weaker. Our purpose in this paper is to
present an attempt for measuring impurity diffusion
coefficients in a liquid metal using a uniform steady
magnetic field.

The first step to achieve such measurements is to
precisely estimate the influence of the fluid flow on the
measured diffusion coefficient and the braking effect of
the magnetic field. One of the main properties of mag-
netohydrodynamic (MHD) braking is that the flow is

never fully stopped, since the damping force is propor-
tional to the fluid velocity. The strategy is therefore to
perform experiments with different values of the mag-
netic field, to compare the measured apparent diffusion
coefficient with the predictions of a model based on
MHD damped convection flow, to validate this model,
and finally to derive a value for the real impurity diffu-
sion coefficient from the extrapolation to the case of an
infinite magnetic field. The theoretical model of the
MHD damped flow is therefore one of the key ingredi-
ents of this methodology, but it may be considered as
well known [8]. The other important ingredient, which is
a significant part of this paper, is the development of a
theoretical model for the influence of the fluid flow on
the apparent diffusion coefficient. Together, these in-
gredients result in a relationship between the apparent
diffusivity and the applied magnetic field. If this re-
lationship is systematically in good agreement with the
experimental data, we may conclude that we only have
braked residual convection and that no significant atomic
modification of diffusion motion has occurred. This
theoretical aspect is also discussed in part I of this paper
in the case of solutal convection [11]. Here, in Section 2
of this paper, we essentially recall the basic physical
phenomena and show some analytical and numerical
solutions in the case of combined thermal and solutal
convection which occur most frequently in the experi-
ments.

The second step is an assessment of these relation-
ships based on the comparison of our predictions with a
“convection-controlled” diffusion experiment. Previous
authors have tried to minimise convection as much as
possible, but with no real control on it. Here, on the
contrary, some thermal or solutal convection is created,
strong enough (but still very weak) to mask any other
residual motion (vibrational convection, Marangoni
convection, etc.), and precisely controlled. The magnetic
field can then be applied and the braking effect checked.
As a matter of fact, the magnetic field does ignore the
origin of the flow and the damping is proportional to the
velocity whatever the driving mechanism. Then the hi-
erarchy between different components of the actual flow
is maintained in the presence of the magnetic field: the
imposed component of the convective flow remains
dominant over the others even when it is braked. This
makes a great difference with previous experiments,
either in microgravity (only the buoyant flow is damped
out, but not vibrational or Marangoni flow) or on
ground in vertical capillary tubes stably stratified. As
convection can now be accurately controlled, it becomes
possible to state if the scattering mentioned previously is
due to convection or not.

In Sections 3 and 4 of this paper, we present the
experimental device and the results obtained on two
different diffusion couples. They are then compared to
the theoretical predictions and conclusions are drawn on
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the potentialities of this methodology for diffusivity
measurements.

2. Influence of thermo-solutal convection on the apparent
diffusion coefficient

2.1. Studied configuration and basic averaged equations

The diffusion experiment is modelled by an infinitely
long horizontal capillary tube of diameter H, submitted
to a constant axial temperature gradient 07 /0x = AT/L
and to a vertical uniform magnetic field of induction B,
as illustrated in Fig. 1. This type of buoyancy-driven
MHD flow has been studied in details by Garandet et al.
[12], Alboussiere et al. [8] and Davoust et al. [13]. The
initial concentration profile is a step of height ACy, and
when the experiment is stopped, the variations of con-
centration are smoothly distributed along an axial
length 2L. The aim of this approach is to describe the
shape of this axial profile (and its evolution in time)
under the effect of diffusion along with MHD-damped
thermo-solutal convection. The basic idea of this study
is to describe mass transfer in the capillary tube by a 1D
diffusion equation for the cross-section-averaged con-
centration. Thus, the purpose of the theoretical calcu-
lations is to define locally an effective diffusion
coefficient which accounts for the convective enhance-
ment of the mixing process. As expected from the work
of Barat and Garandet [23], the ratio between the con-
vective and the diffusive mass transfer contributions
scales as Pe* = H?W?/D?, where W,H and D represent,
respectively, a typical velocity, the diameter of the ca-
pillary and the diffusion coefficient.

Taylor’s fundamental work [14] dealt with forced
convection in a capillary tube (Poiseuille profile). He
showed that the 1D diffusion model is valid at times
much longer than the radial diffusion characteristic time.
Maclean and Alboussiére [11], in part T of this paper,
express this time as H%/D and show, in the case of a
shear-cell experiment, that this is the only assumption

To 2L To+2AT

Fig. 1. Configuration of the EURIDICE experiments.

necessary to derive a 1D model. Under this assumption,
given a velocity field u(x, y,z,¢) with a no net flux con-
dition on the contour of the capillary, one can derive the
expected 1D diffusion equation. The (dimensional)
transport equation is indeed

dc

at—f—ch:DAc7 (1)

where the concentration c¢(x, y, z, ) can be split into two
parts: its average over the cross-section, co(x,?) =
(c(x,y,z,1)), plus its fluctuations in the section,
c1(x,y,z,t) = ¢ — ¢o. It is shown in part I that ¢y and ¢,
verify:

O0cp O )
E‘I‘a@z&Cl)—D@ (2)
and
a.
uxai‘xo:DASCh (3)

where Ag denotes the Laplacian operator in a cross-
section. Given the longitudinal component of the ve-
locity field, and the shape of the cross-section, one can
solve Eq. (3) to express ¢ as a function of u, and ¢,. Let
us denote Ag'(u,) the solution of Ag(f)=u, with
0f /on = 0 on the contour of the cross-section. Then Eq.
(2) becomes,

o2 o1 et te)) ) "

where the effective diffusion coefficient can be identified as

—1

Da =1~ s ), )

In the present case, we are mainly interested in nat-
ural convection, which occurs within a shear-cell or a
long-capillary experiment, and its damping by a mag-
netic field. The exact solution for an horizontal cavity
submitted to a steady longitudinal temperature gradient
and a vertical magnetic field can be found in [15]. In this
particular case, one can notice that a global effective
diffusion coefficient can be defined thanks to the
steadiness of the flow (because of the low Prandtl
number, the temperature gradient is negligibly modified
by weak convection). The bulk velocity is indeed of the
form u, = u(z)(Grr/Ha?), where z corresponds to the
magnetic field direction and Grr = (gfAT/LH*)/v? and
Ha = \/(c/pv)BH are, respectively, the Grashoff and
the Hartmann numbers. Here o,v and p represent the
electric conductivity, kinematic viscosity and density of
the fluid, respectively; f, and f, are its thermal and
solutal expansion coefficients (note that all the physical
properties of the fluid are assumed independent of the
composition, as we deal with dilute alloys). The effective
diffusivity is then provided by Eq. (5):
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2
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a

In the case of a shear-cell experiment, the initial con-
centration profile along the capillary is ideally a step
function; thus a strong solutal convection occurs at least
at the early stages of the experiment. The length on
which concentration gradients spread evolves with time,
thus the intensity of the flow is time-decreasing and no
steady state is reached before the complete homogen-
isation of the mixture. Actually, the longitudinal velocity
in the bulk can be written as:

Gl"s 600 (X, [)7 (7)

* Ha® ox

where Grs = (gfs4Cy/LH*)/v* stands for the (constant)
solutal Grashoff number. So the effective diffusion co-
efficient is space and time dependent and Deg(x,?) =
f(x,8)(Gr}/Ha*), where f is some function of space and
time. An analytical solution to the averaged concentra-
tion equation is provided in part I under the assumption
of strong solute buoyancy-driven convection (i.e. ne-
glecting both the axial molecular diffusion and thermal
convection) with a vertical magnetic field. Our purpose
is now to derive a general equation for combined solutal
and thermal convection together with diffusion, as in
any realistic experiment. An order of magnitude analysis
then allows us to characterise the different possible ex-
perimental situations.

u, = u(z)

2.2. Asymptotic cases, scaling analysis and some exper-
imental considerations

In order to solve Eq. (3), the first step is to express the
longitudinal velocity u(x,y,z,t) as a function of the av-
eraged concentration cy(x,#). We assume the magnetic
Reynolds number is very small, that inertia is much
smaller than the electromagnetic damping force in the
momentum equation (strong interaction parameter,
N =0B%l/pu>> 1), and that the flow is steady, which
holds after a time greater than the electromagnetic
characteristic braking time ¢B?/p ~ 107 s (see for ex-
ample [16]). The Hartmann number is high, and only the
bulk of the flow is first considered. That is to say both
boundary layers and recirculating zones are ignored (the
boundary layers contribution to the longitudinal mass
transfer will be taken into account later). At last, the
variation ¢;(x,y,z,¢) of the concentration within a sec-
tion is small compared to the averaged concentration
co(x, ). As shown by Maclean et al. [11], this assumption
always holds when ¢ > H?/D.

The Navier—Stokes equation and Ohm’s law are then

%Vp - %i X B+ [Br(T — Tur) + ol — cunllgz, (8)

(in the frame of the Boussinesq approximation) and

i=0(-V¢+uxB), 9)

where T.r and c,s are references temperature and con-
centration taken in the centre of the capillary, ¢ is the
electric potential and p is the pressure. The longitudinal
component of velocity is found through analogy with
the work of Cowley [17]. Its non-dimensional form is:
GVT G}"s 6C0

V&) =2 gt e ax

X,1)|Z, (10)
where Z=z/H, X =x/L, C=(c—cwr)/ACo,U = (H/V)u,
and t = (D/L*)t. This profile is obviously the superpo-
sition of the thermal convection and solutal convection
profiles. It is linear along the magnetic field lines. Eq. (4)
can be written in non-dimensional form (using H as
lateral length-scale and L as longitudinal length-scale
and denoting Sc the Schmidt number):

aC, 0 LG
= {(1 S (U4 U) 2 |. (11)

Considering a circular cross-section and the velocity
field given by Eq. (10), the averaged term writes:

AV = —— | =+ —= 2 12
(U5 U) 384 Ha2+Ha2 X (12)

7 {GrT Grs aco}2
It has been shown in Part I that, unless the Hartmann
number reached values of several hundreds, the mass
transfer through boundary layers and recirculations
within the cross-section strongly affects the 7/384 coef-
ficient in Eq. (12). We thus replace this value by an «(Ha)
coefficient calculated numerically (see Fig. 3, Part I).

The 1D diffusion equation for the cross-section
averaged concentration then writes:

aC, 0 aCy \’| 8C,

az_ax{l+(T+Sax)]ax}’ (13)
denoting T and S the groups: T = /a(GriSc/Ha?) and
S = \/o(GrsSc/Ha*). These parameters T and S rep-
resent the relative intensity of thermal and solutal con-
vection compared to molecular diffusion. They are time
independent. For 7 =0 (no temperature gradient) one
recovers the equation studied in part I. Notice that T is
always positive while S can be positive if its contribution
enhances the effect of thermal convection and negative if
it opposes them. Care has to be taken that this last
group, S, has been built using the longitudinal length-
scale (L) at the end of the experiment. The actual order
of magnitude of the solutal convective contribution is
SACy/A(r), where A(t) is the non-dimensional distance
over which the variations of concentration spread at
time 7. As already noticed, this order of magnitude may
be very high for small values of 7. At last, let us recall
that the two parameters S and 7 account for the elec-
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tromagnetic braking of the flow in Ha~2. Part I describes
the temporal evolution of the concentration profile, for
t> H?/D, as a two phase process. The first phase is
characterised by the domination of the solute buoyancy-
driven convection; during this period, the (1 + 7?) term
can be neglected in Eq. (13), which becomes:

0y _,20Co <aco>2.

o T oaxr\ox (14)
The mixing length A follows a t!/* evolution: 4 ~
§'271/4 Thus Eq. (14) is solved analytically in part I
(expression 27, part I) providing a solution denoted here
as the Maclean—Alboussiere function. The second phase
(where (1 + T?) becomes predominant) is a constant
effective diffusivity phase: neglecting the solutal terms in
Eq. (13), one recovers:

aC, el

2
3 (1+T)6X2.

(15)

The temporal evolution is now of the form: 4 ~
(1+ 7%)'7Y/2_ and the well-known analytical solution is:

X
Cy = 1/2erf(2\/ﬁ>‘ (16)

In the isothermal case, the date of the transition between
these two phases was evaluated as 7y ~ S? [11]. Keeping
the thermal convection term in Eq. (13), a straightfor-
ward manipulation shows that the transition is reached
at time o ~ §2/(1 4 T2).

From an experimental point of view, the measure-
ment of the molecular diffusivity is easier when the
second phase is reached. In such conditions, the effective
diffusion coefficient is indeed constant in space and time;
it writes D = (1 + 7?)D and the correction term de-
creases as B~* with the applied field. However, during
the first solute-buoyancy driven phase, if we still analyse
the concentration profile at time 7,, of the experiment as
the product of a diffusive evolution, the apparent
(global) coefficient is obtained by writing: 4 =
(Dapprm)l/z, with 4 ~ S"2¢//4 Thus Dypp = 47/t ~
St12, for ©, < 9. The apparent diffusion coefficient
follows then a B~? law and is time-dependent. The date
of the transition 7y ~ §2/(1 + I'%)* between the B2 and
the B~* regimes depends on the considered couple, on
the temperature gradient and on the magnetic field. For
a given couple and a fixed temperature gradient, the
function ty(Ha) exhibits a maximum Tom.x = [Grs/ 2GrT]2
for Ha=+/aGrrSc (this corresponds to T'=1). This
function is shown in Fig. 2 for SnIn(1%at.) and
SnBi(0.5%at.), the couples which were tested exper-
imentally. The vertical axis is graduated in non-dimen-
sional time but an order of magnitude in hours is
indicated. Although 7¢u.yx is of a few hours in the case of
SnIn(1%), it is realistically not reachable in an exper-

1E+1 q

=1500 h,

1E+0

1E-1

z15h T, for SnBi(0,5%)

1E-2

<

1E-3

\«i\

1, for Snin(1%)

1E-4
I

1E-5

1E-6 T T T T T T ™ ™ 1
0,00 2000 40,0 60,00 80,00 100,00 120,00 140,00 160,00 180,00
our experiments Ha

Fig. 2. Date of transition between the dominant buoyancy-
driven convection phase and the ‘constant effective diffusivity’
phase.

iment with SnBi under moderate magnetic field
(Ha < 100), considering an experiment duration about
40 h. In principle, it would always be possible to reach
the B~ regime by increasing the temperature gradient
(i.e. decreasing tomax ). However, in practise, variations of
the diffusion coefficient with temperature would not be
negligible along the capillary. Thus, a B~* evolution can
be expected with the Sn—Snln couple while a B~2 beha-
viour is observed on the Sn—SnBi couple in the present
study.

3. The experimental device: a convection-controlled diffu-
sion experiment

To perform our convection-controlled experiments,
we used the now classical shear-cell technique [2,3] with
some improvements to give a better control on the ex-
periment (Fig. 3). The 210 mm long capillary tube is
made up of 35 segments of inner diameter 2 mm. At the
beginning, the cell’s segments are aligned vertically and
the two different alloys are melted in the reservoirs at the
top of the experiment (diameter 6 mm, length 60 mm) as
shown in Fig. 3(a), liquid A alternating with liquid B. It
is thus possible to process four capillaries simul-
taneously. The upper segment is then moved to open the
reservoirs and the capillaries are filled (Fig. 3(b)) under
vacuum. After filling, the whole experiment is put under
a slight overpressure of argon gas. The upper segment
and the lower segment are then moved simultaneously to
isolate the capillaries from the reservoirs (Fig. 3(c)). We
thus trap two liquid elements at each end of the capil-
laries which will not contribute to the further diffusion
process. These two pieces enable us, at the end of the
experiment, to check that the composition of the initial
liquids was uniform. The capillaries are then put hori-
zontally in the magnet and half of the segments is turned
90°. Thus, liquid A comes in to contact with liquid B,
liquid B with liquid A, and diffusion proceeds (Fig. 3(d)).
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Fig. 3. Principle of our shear-cell: (a) melting; (b) filling; (c) isolation; (d) shearing; (e) contact.

At the end of the experiment, each segment is turned
against its neighbour, isolating a small liquid element.
The experiment is then cooled down and the composi-
tion of each piece of solid metal is determined by
chemical analysis. The interest of this technique com-
pared to the long capillary technique is that no
quenching is needed to stop the experiment. It thus
prevents segregation due to the solidification process
which would change the initial concentration profile.
Moreover, solid-state diffusion which could occur be-
tween the end of the experiment and chemical analysis is
also cancelled. Another problem which may occur in
shear cells is the misalignment of the segments consti-
tuting the capillary tubes, because of the mechanism
taking a 100 pm wear. To get rid of this problem, a
special pin (length 1000 mm, diameter 1.45 mm) is
pushed through a small hole along the cell (diameter 1.5
mm) at each step from filling to shearing. Moreover, we
have given a slight conicity (1% slope) to each segment
of the capillary in order to make the extraction of the
solid metal easier and to avoid breaking the pieces at
each experiment. This conicity also ensures that the

liquid metal surface in contact between two segments at
each time remains the same even if any misalignment
occurs.

Special attention must be given to the material of the
tubes when working under a magnetic field. Usually,
these are made up of graphite. But, because of thermo-
electric effects, when two electrically conducting media
are put together and if temperature or concentration
gradients exist, a local current density appears [18]. Then
the applied magnetic field creates a Lorentz force which
pumps a new convection movement instead of braking
it. This was observed by Mathiak et al. [19] who
measured an apparent diffusion coefficient increasing
with the applied field. In our experiment, the cells are
thus made of a machinable ceramic (902 by Cotron-
ics™). Because of the high friction coefficient of such a
ceramic, it is compulsory to put a lubricant on the faces
(Graphoil by Acheson™), in order to allow the shearing
at the end of the experiment.

The whole cell is implemented in a specially designed
furnace called experimental unit for research in diffusion
influence of convection estimation (EURIDICE). Our
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purpose is to accurately control the temperature gradi-
ents along the capillary tubes. The cell is thus put in a
graphite cylinder (Fig. 4) which is heated by three
heating elements. This cylinder is thermally insulated
outside by a super-insulating material (Microtherm™)
(thermal conductivity about 0.02 W/K/m). The first
heating element compensates radial losses and the two
other, at each end of the experiment, compensate axial
losses. Thus, by regulating carefully the temperature of
these three elements, it is possible to achieve a 0.1 K
temperature uniformity along the capillary at 300°C.
Temperatures are controlled by six thermocouples which
can be moved along the graphite cylinder. A thermo-
couple can also be passed through the hole dedicated to
the special pin mentioned above. At one end of the
graphite cylinder, a metal ring is connected with the
stainless steel outer envelope, to extract an axial heat
flux. By symmetrically decreasing the temperature of the
heating element at this end and increasing the tem-
perature of the element at the other end of the graphite
cylinder, an axial temperature gradient up to 200 K/m

Central element
(radial losses)

Isolation

=

Small heating elements
(axial losses)

Fig. 4. Schematic of the EURIDICE cell.
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(a) Position (m)

can be imposed. The whole experiment is insulated from
external temperature perturbations by a water circula-
tion around the external envelope. Temperature regu-
lation of the experiment is insured by six PID processors
(type 900 from Eurotherm™) implemented in a thermally
controlled box. One is dedicated to the control of the
ambient temperature in the box, one to the water cooled
copper box in which are implemented the cold junctions
of the thermocouples, one to water circulation around
the external envelope and the three last ones to the three
heating elements. We can thus expect a reliable control
of the temperature during the experiments. The whole
device is fixed on a vibration free support.

The alloys processed in the experiment are prepared
in a specially designed induction furnace. The melt is
prepared and vigorously stirred by induction and in-
jected in quartz crucibles (6 mm diameter, 1 m long)
where it is quenched. One rod is enough for five exper-
iments. Preparing large quantities allows to be more
precise on the concentration of the initial melt (which is
made by weighting). On the studied alloys, the remain-
ing scattering of the concentration in the initial melt lies
in the chemical analysis precision.

The magnetic field is created by an ordinary elec-
tromagnet. The field can reach a value of 0.75 T in a
10 x 10 x 40 cm?® volume. The values of the field in this
volume has been controlled and a uniformity of 0.7%
along the place where the capillaries are positioned has
been observed.

At the end of the experiment, the 35 metal pieces of
each capillary are analysed by inductively coupled
plasma (ICP). The diffusion coefficient is deduced by a
direct fit of the experimental data with an error function
with a software written using Matlab™. Fig. 5 shows a
typical experimental result. Several information help us
to control that the samples have been processed cor-
rectly. The ICP analysis technique yields a 3% scattering
on each measured concentration. It is thus checked that

x 10° Boltzmann-Matano test
6 S g T g — —T g g T g o an
= o
<
2
Qap
kS :
S3 + oo
S + o+ B F A +
g 2t ++ . ]
qQ |+ +
1t .
+
0 ; ; ; ;
0 0.2 0.4 0.6 0.8
(b) Concentration (% W)

Fig. 5. A typical experimental result for Sn—SnIn(1%at.): experimental points (crosses) are fitted with an error function (full line). Note
the rigourous erf-shape, though the measured coefficient is not the true diffusivity (2.6 x 10~ m?/s) because of convection.
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Table 1

Experimental conditions and results

Composition Mean temperature ~ Temperature Field — Duration  D,,, x 10° Least mean Offset  Initial
(°C) gradient (T) (s) (m?/s) squares (%) composition

(K/m) deviation (%) (%W)

Snln(1%at.) 275 68 0.23 129902 3.09 1.4 3.2 0.995
275 68 0.23 129902 2.8 1.2 0.29 1
275 68 0.23 129902 3.85 1.2 0.47 0.966
275 68 0.23 129902 3.66 0.94 1.2 0.94
275 68 0.27 129900 2.76 0.98 1.9 0.973
275 68 0.27 129900 33 0.95 1.1 0.978
275 68 0.343 129926 3 1.2 0.52 0.972
275 68 0.343 129926 2.71 0.88 0.25 0.983
275 173 0.3 129898 6.01 4.7 11 0.998
275 173 0.35 129907 4.31 0.97 1.2 0.97
275 173 0.4 129859 3.68 0.85 1.6 0.954
275 173 0.4 129859 3.77 0.99 1.1 0.958
275 173 0.5 129900 3.22 0.83 1.3 0.976
275 173 0.75 129875 2.69 1.3 1.6 0.981
275 173 0.3 129898 4.08 1.7
275 173 0.35 129907 3.54 1.2 2.4 0.966
275 173 0.4 129859 3.31 1 1.9 0.921
275 173 0.4 129859 3.19 1.2 1.9 0.952
275 173 0.5 129900 2.79 0.76 0.84 0.983
275 173 0.75 129875 2.7 1.2 2.4 0.978
250 68 0.25 26189 2.31 43 0.71 0.99
250 68 0.3 45038 3.07 2.4 2.1 1.08
250 68 0.4 92688 2.3 1.9 1 1.06
250 68 0.75 132912 22 3 1.9 1.07
250 68 0.25 26189 34 1.7 0.5 1.02
250 68 0.3 45038 2.53 2.7 3 1.08
250 68 0.4 26189 2.4 2 2.4 1.06
250 68 0.75 132912 2.34 1.9 0.66 1.08

SnBi(0.5%at.) 275 0 0.4 93564 7.27 23 0.36 0.975
275 0 0.4 93564 7.08 2.5 1.5 0.995
275 0 0.45 93685 6.23 2.1 0.15 0.982
275 0 0.45 93685 6.25 23 1.2 1
275 0 0.5 93642 5.52 2 0.68 0.954
275 0 0.5 93642 5.36 1.9 0.46 0.956
275 0 0.6 93614 4.31 2 0.98 0.972
275 0 0.6 93614 4.55 1.6 0.25 0.995
275 0 0.75 93590 3.53 1.3 1.9 0.979
275 0 0.75 93590 3.55 1.5 1.5 0.989
275 0 0.5 46800 7.11 2 0.49 0.991
275 0 0.5 46800 7.11 2.5 1.7 1.01
275 0 0.5 71491 5.93 23 1.2 0.975
275 0 0.5 71491 6.21 2.1 0.58 0.974

the standard deviation between the error function and
the results remains in this range. Moreover, the sym-
metry of the experimental data with respect to the
middle of the experiment is checked (still in the 3%
range). Any experiment which does not follow these
criterion is systematically rejected. At least, a Boltz-
mann-Matano [20] analysis is performed. Based on the
properties of the error function, it gives the value of the

diffusion coefficient at the point of the experiment where
the concentration is C:

1 ax [@
- — 1
2t aC /0 *dC, (17)
where x(C) being the inverted concentration profile.

Because of the chemical analysis scattering, the deriva-
tive 0x/0C is calculated by a second-order scheme di-

Deec, =
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rectly on the measurements. This allows to check if the
diffusion coefficient remains constant along the capil-
lary, for example in the case of diffusion between two
alloys showing a large concentration difference. In our
case, only the central part is relevant: at the ends of the
capillary, the slow variations of the concentration
coupled with the chemical analysis scattering does not
enable such an analysis (0x/0C becomes infinite). In the
central part of the capillary, the measured value is sup-
posed to remain almost constant which shows the ex-
periment has been performed correctly.

4. Experimental results: does a magnetic field modify
atomic transport?

We performed 28 experiments on the Sn—SnIn(1%at.)
couple and 14 experiments on the Sn-SnBi(0.5%at.)
couple. All the results are presented in Table 1. Each
couple shows a different behaviour concerning convec-
tive effects. In the case of Sn—SnIn(1%at.), the density
difference between the two melts is extremely low
(B, = 1072) (see Table 2). We can thus study the influ-
ence of thermal convection on the measurements and
two different temperature gradients (68 and 173 K m™")
have been applied along the capillary. These tempera-
ture gradients are weak enough so the variations of the
diffusion coefficient with temperature can be neglected.
We here expect to be in the B~* regime described pre-
viously. On the contrary, in the Sn—SnBi(0.5%at.) sys-
tem, solutal effects are one order of magnitude stronger
(B. = 0.3). Experiments were performed in the isother-
mal configuration in order to study the behaviour of the
measured diffusion coefficient with solutal convection
(B2 phase). In both cases, the applied magnetic field
ranged between 0.2 and 0.75 T.

The results obtained on the tin-indium system are
plotted on Fig. 6(a)-(c). At 250°C (average tempera-
ture), the asymptotic value is found to be
22x10° m?>s! and at 275°C, 2.6 x 1072 m? s~ .
Those values agree within the range of experimental
scattering with previous experiments performed by
Frohberg et al. [21] in microgravity on the tin—-indium
system. Because of the small diameter of the capillary,
the Hartmann number is about 55 at 0.75 T. The vari-
ations of the coefficient o from expression (13) must be
taken into account (see part I): we use the scale «(B)/B*
(the variations of o with the field are plotted in Part I,
Fig. 3 [11]). It appears clearly that the measured diffu-
sion coefficient decreases linearly with the magnetic field
as a(B)/B* on the x-axis. But, the experimental results
separate into two straight lines. This is due to residual
solutal effects. As mentioned previously (Section 3),
because of the filling system of the capillaries, two ca-
pillaries have the Indium rich side (which is lighter) on
the left-hand side while two capillaries have it on the

right-hand side. But the temperature gradient is always
applied in the same direction. So, in two capillaries,
solutal and thermal buoyancy forces oppose each other
(case S < 0 in expression (13)) while in the other, these
buoyancy forces have the same direction (case S > 0). In
the first case, the net transport by convection is reduced
and in the other it is enhanced. Thus, even if the first B—2
phase is very short in this experiments (about 3 h), it
leaves a memory on the final result. Eq. (13) was solved
numerically with a direct first-order explicit scheme and
is found to agree fairly well with experimental results
with both an applied temperature gradient of 68 and 173
K/m. The analytical expression without the solutal
contribution (Eq. (6)) lies between the two straight lines.
The predicted slope is 0.33 x 10~° USI with a tempera-
ture gradient of 68 K/m, the slopes found experimentally
are 0.24 x 107 and 0.73 x 10~° USI. With 173 K/m, the
theoretical prediction is 2.11 x 10~ USI and the ex-
perimental slopes are 2.07 x 10~° and 3.69 x 10~ USI.
It is thus clear that the only effect of the magnetic field is
to damp natural convection and no effect on atomic
transport can be detected in this range of field No evi-
dence for some Marangoni convection due to a bad
wetting of the liquid metal on the capillary has been
found. At least, the scattering of the different results
remains in a range of about 8%. Notice that all the re-
sults obtained on this device in this configuration are
plotted here, except those showing clearly a failure (due
to generally a bad mixing of the initial melt). From these
results, we claim that the 30% scattering observed by
other authors is due to uncontrolled convection in their
experimental devices.

In the case of the Sn—SnBi(0.5%at.) couple, because
of the higher solutal expansion coefficient, the experi-
mental profile should not be an error function any
more. However, the Maclean—-Alboussiere function de-
scribed in Part I is so close to an error function that we
performed the same fit as previously: no significant
deviation from the error function fit can be observed in
Fig. 7(a) (a direct fit with the real function does not give
a significantly lower deviation). But the result of the
Boltzmann—Matano analysis has here a parabolic aspect
(Fig. 7(b)), while it is quite flat in Fig. 5 with Tin-In-
dium. To provide a comparison with this result, we
performed this analysis on the theoretical function

Table 2
Numerical data
SnIn(1%at.) SnBi(0.5%at.)
o 21 %105 Q7' m™! 21%x10° Q' m™!
p 6.9 x 10° kg/m’ 6.9 x 10° kg/m’
v 23 x 1077 m?/s 2.3 x 1077 m?/s
B. 22 %1072 0.3
B, 1.03 x 1074 9.5 x 10758

#See Berthou and Tougas [22].
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Snin(1%at)

1.5

0 0.05

0.1 0.15 0.2

(c) alpha(Ha)B* (1/T%)

Fig. 6. Experimental results for Sn—SnIn(1%at.). Full lines: linear fits of experimental points (stars); dashed: 1D numerics; dash—
dotted: theoretical prediction with no solutal convection. (a) 275°C mean temperature, 173 K/m temperature gradient, linear fits are:
Dypp % 10° =2.59 4+ 3.69/B* and Dy, x 10° = 2.575 4 2.07a/B*; (b) 275°C mean temperature, 68 K/m temperature gradient, linear
fits are: Dypp x 10° = 2.62 4 0.730/B* and Dy, x 10° = 2.57 + 0.240/B*; (c) 250°C mean temperature, 68 K/m temperature gradient,
linear fits are: Dy, x 10° = 2.33 + 7.390/B* and Dy, x 10° = 2.30 + 1.08 «/B*.

(Fig. 7(c)). The same parabolic shape is found. It can
thus be stated that, even if the experimental result still
looks like an error function, it might actually follow the
Maclean—Alboussiere function. The results obtained on
the Sn—-SnBi(0.5%at.) are plotted on Fig. 8(a) as a
function of 1/B%. A good agreement with the theoretical
predictions is found again. No influence of the magnetic
field can neither be detected. However the field is not
high enough to sufficiently damp solutal convection
out: the asymptotic value of the measured diffusion
coefficient is not reached. An extrapolation made
with the results of numerical simulation of Eq. (13)
yields an impurity diffusion coefficient between 2.1 and
2.5%x10° m?s7'. No microgravity experiment is
available yet to allow comparisons. In Section 2, we
point out that in the case of solutal convection, the
measured diffusion coefficient also depends on the du-
ration of the experiment. We performed four experi-
ments with the same applied magnetic field, but with
different duration (see Fig. 8(b)). We found that the
measured diffusion coefficient follows a t=%* law, which
is very close to the predicted t~'/? law. This variation of

the measurement with time might perhaps also be one
of the reasons for experimental scattering in previous
diffusion experiments.

5. Conclusion: can the magnetic field be an alternative to
microgravity?

Up to now, the only reliable impurity diffusion co-
efficient measurements have been performed under
microgravity conditions to avoid buoyancy driven
convection. Our purpose was to show that it is possible
to make reliable ground-based experiments, using an
uniform magnetic field to damp the liquid metal flow.
The first step is to theoretically quantify the influence
of the fluid flow on the measured diffusion coefficient.
The effect of MHD braking can then be taken into
account. We have shown that two regimes should be
distinguished:

o When thermal convection is predominant, the evolu-

tion of the average concentration profile follows a

diffusive law with a modified (constant) diffusion co-
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Fig. 7. Typical result for the Sn—SnBi(0.5%at.) couple. (a) experimental points (crosses) fitted with an error function; (b) experimental
Boltzmann—-Matano test; (c) theoretical Boltzmann—Matano test on the Maclean—Alboussiére function.

efficient. This apparent diffusion coefficient decreases
as B~* with the applied magnetic field.

e When solutal convection is predominant, the appar-
ent diffusion coefficient depends on the duration of
the experiment and decreases as B~2. The concentra-
tion profile does no longer follow a diffusive law, but
still ‘looks like it’.

SnBi(0.5%at) - isothermal - Tmean=275°C

o N . fit of experimental points |
! . y=163+9.84x !

1 1
0 01 02 03 04 05 06 07
(a) alpha(Ha)*%/B? (1/T?)

To assess these theoretical considerations, a convec-
tion controlled shear cell was built. In this device, the
temperature profile is carefully controlled along the
capillaries as well as the position of the cell’s segments
during operation. Special attention is also given to the
composition of the initial melt to ensure reproducible

0.85 [ sl - -t

0.75

*

07 : : : :
465 47 475 48 48 49 495 5
(b) Int

Fig. 8. Experimental results for Sn—SnBi(0.5%at) at 275°C, isothermal: (a) measured diffusivities, varying the magnetic field, fixed
duration of experiments; (b) measured diffusivities, fixed field (0.5 T), varying duration of experiments.
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solutal convection. Different magnetic fields up to 0.75 T
were then applied.

The experiments were performed on the Sn—
SnIn(1%at.) diffusion couple with an applied tem-
perature gradient to check the braking of thermal
convection and on the Sn—SnBi(0.5%at.) couple in an
isothermal configuration to show the effect of solutal
convection. A good agreement (in the range of exper-
imental scattering i.e. 8%) is found with previous mi-
crogravity experiments on the Sn—Snln couple. All the
results agree with the theoretical damping laws for the
influence of the magnetic field on both couples with an
accuracy in the range of experimental scattering due to
chemical analysis. Thus, the important scattering re-
ported by previous authors in such measurements may
be due to uncontrolled convection. At least, no influ-
ence of the magnetic field on atomic transport is de-
tected: the only measurable effect of the field is the
damping of natural convection.

These first results show that the use of a magnetic
field to measure impurity diffusion coefficients is a
promising method, provided the initial convection
(thermal and solutal) is well controlled. The MHD
damping laws can then be checked: a deviation from
these laws would show an influence of the field on
atomic transport and only microgravity measurements
would then be possible. In the case of solutal convec-
tion which is encountered most often in such mea-
surements, a 0.75 T magnetic field is too low.
Calculations show that a field around 2.5 T would be
enough to measure most of the diffusion couples in
liquid metals (excepted very high density differences
coupled with a very low diffusion coefficient). Such a
field is high, but quite common nowadays (Mathiak
et al. [19] used a 10 T field). A new set of experiments
has to be performed in this range of high magnetic
fields and compared with other microgravity results. If
still no influence of the field is detected, this method
would then be a fast, reliable and cheap technique to
measure diffusion coefficients even in the case of tech-
nical multi-constituted alloys.
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