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a b s t r a c t

An experimental investigation on the disturbing influence of the solutal Marangoni convection during
diffusion measurements is presented. We used the systems Sn–Bi, Pb–Ag and Sn–In with decreasing
differences in surface tension. For all systems we measured surface tension and – under varying free
surface conditions – diffusion coefficients. We succeeded in measuring diffusion coefficients on the
ground under nearly non-free surface conditions. The results are compared with the results of the
FOTON M2-satellite mission with similar lg-experiments. We show that temperatures from around
400 �C to about 800 �C and the degree of free surfaces influences strongly the measured value for
the diffusion coefficient.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The quality of crystals depends strongly on the uniform trans-
port of matter through the nutrition phase to the growth front.
The diffusion is one part of these transports which is in any case
present in such systems. Therefore exact knowledge of the capabil-
ity of the diffusional transport is essential for the crystal growth
process as well as for any solidification process of high quality
materials.

Diffusion measurements in liquids are difficult to perform on
earth due to possible additional convective transports, especially
for metallic and semiconductor melts which normally show low
Prandtl-numbers. Convective contributions lead to the measure-
ment of a higher effective diffusion coefficient rather than the real
one. So reported data of diffusion coefficients may scatter about
some orders of magnitude for example in the Ga–As system [1].
The shear cell method has been proved to be very well suited to
measure diffusion coefficients in III–V and II–VI semiconductor
melts and metals as well [1–3]. This is due to the fact that segrega-
tion and volume expansion effects do not affect the results gained
with this technique. Convectional contributions have been shown
ll rights reserved.
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to be small and can be eliminated by special techniques. Neverthe-
less the scattering of the measured data in numerous experiments
also with this technique is still higher than the statistical error of
about 5% for a single experiment and ranges from about 10% up
to nearly one order of magnitude, depending on the investigated
system (cf. [4]). This shows that the experiments may be disturbed
by convective transports.

Even in the case of an almost isothermal environment and a sta-
ble density configuration (the heavier component is situated on the
bottom of the vertical arranged one-dimensional diffusion-couple)
there is still a remarkable scattering of data. This scattering of data
was mainly attributed to buoyancy driven convection and almost
no attention was given to solutal Marangoni convection even in
the case of microgravity experiments [5,6]. The first mention about
the possible influence of the Marangoni convection on a diffusion
experiment has been done by Frohberg et al. [7]. They explained
the failure of the first liquid diffusion experiments in space in the
seventies by a ‘‘Residual Marangoni Effect” (RME). The occurrence
of the full ‘‘Marangoni Effect” was believed to be prevented by solid
oxide layers but it is still possible to develop the so called RME on
cracks of oxide layers. Müller et al. [4] have found later an evidence
of the occurrence of solutal Marangoni convection in shear cell
experiments done both under laboratory conditions and under
microgravity if intentional free surfaces are present. The latter
could not be evaluated in the planned manner due to a malfunction
of the thermal controlling of the AGAT furnace during the FOTON
12 mission.
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In the meantime the shear cell developed at TU Berlin [8] was
further improved to a versatile tool for diffusion measurements
which allows a great variety of experimental arrangements. Inter-
diffusion experiments could be performed either as diffusion from
a thick layer into a ‘semi infinite’ space of a (here pure) component
(‘‘TLD”) or as typical ‘‘interdiffusion-couple” experiments (sym-
metrical diffusion between two practically semi-infinite spaces
‘‘SID”) in which about one half of the sample length is filled with
an alloy and the other contains a pure component. Due to the fact
that most of the metals and semiconductors do not wet the graph-
ite surface of the capillary it is possible to change the fraction of
free surfaces by means of specific surface treatments of the capil-
lary walls and the variation of the pressure onto the liquid column.

The solutal Marangoni convection was estimated to have the
potential to create an additional transport much higher than the
diffusion [7]. But the lack of free surfaces either due to the as-
sumed full contact of the liquid with the capillary wall or due
to the occurrence of solid oxide layers on the surfaces of the li-
quid was believed to suppress such additional transports quanti-
tatively up to the above cited work. Hence much more research
seems to be necessary to know more about the occurrence of the
Marangoni convection and the possibility to reveal and avoid
such unknown contributions at the measurement of diffusion
coefficients.

So we decided to use three systems which on the one hand
could be filled into the shear cell arrangement by means of drawn
wires and on the other hand show variations both in density and
surface tension. Such systems are in order of increasing difference
in density and surface tension: Sn0.90In0.10 versus pure Sn,
Pb0.95Ag0.05 versus pure Pb, and Sn0.985Bi0.015 versus pure Sn. The
surface tension was measured at the University of Karlsruhe for
all three systems by means of the sessile drop method [9,10].
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Fig. 1. Diffusion experiment with the FOTON shear cell. A 1 g-experiment is illustrated
capillary radius, d = 2R.
The density as a function of the composition is only well known
for the system Sn–In [11]. For Pb–Ag there are literature data only
for higher temperatures [12] which show the tendency of the alloy
being denser. For Sn–Bi there are two publications [13,14] in which
different densities for Sn-rich alloys are reported. As reliable quan-
titative density data at the adequate temperatures for the two sys-
tems were not available we used the shear cell itself with the
unstable configuration (the heavier component is situated on the
top of the vertical arranged one-dimensional diffusion-couple) to
conclude from the concentration profile on the density.

For comparison we performed diffusion measurements with
different amounts of free surface both under 1 g and under lg con-
ditions during the Foton M2 Mission:

(a) in capillaries with a high pressure (40 kPa at TU Berlin and
25 kPa at University of Karlsruhe) on the liquid column in
order to avoid free surfaces,

(b) with reduced pressure (12.5 kPa, University of Karlsruhe) to
extend the free surfaces stemming from menisci and the sur-
face roughness of the graphite wall and

(c) with reduced pressure (as b)) and artificially created ‘‘addi-
tional” free surfaces by slits in the capillary wall.
2. Experimental

2.1. Diffusion measurements

The shear cell used for the ground experiments was the same as
that specially developed at TU Berlin for the mission FOTON M2
(and M1) [8,16]. A Foton shear cell consists of 20 graphite discs
of 3 mm thickness; each with 4 capillaries of 1.5 mm diameter.
Fig. 1 shows a principal sketch of the used system. During heating
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as an example. pL, pU are lower and upper pressures (pL = pU = p under lg), R the
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Fig. 2. Diffusion profiles obtained in the system Sn–Bi by a symmetrical interdif-
fusion experiment (SID, T = 300 �C, diffusion time = 12600 s, squares) and by a thick
layer diffusion experiment (TLD, T = 300 �C, diffusion time = 28,800 s, circles), with
Sn–Bi on the bottom, the stable arrangement. g represents the gravitation vector.
The full black line shows the initial concentration step for the symmetrical
interdiffusion. The dashed black line shows the initial concentration step for the
thick layer diffusion.
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Fig. 3. Concentration profile from stable (squares) and unstable (circles) arrange-
ments for Sn–In at 400 �C; the initial concentration step for the unstable
arrangement (full line) is also included. g represents the gravitation vector.
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up the diffusion samples remain separated and can homogenize
(cf. Fig. 1a, b). The start of diffusion (cf. Fig. 1c) and the end (cf.
Fig. 1d) is well defined and segregation is strictly limited to the
separated parts of the capillary during cooling down (cf. Fig. 1e
and f). We made efforts to get a high degree of operation reliability
and of minimisation of the shear convection and of free surfaces.
The Foton shear cell is designed for flexible set-ups. Every second
disc of the shear cell can be used as the intermediate disc, which
connects the two different parts of the diffusion partners at the
beginning of diffusion. Thus we can arrange the discs for any type
of diffusion experiment, e.g. such that a thick layer experiment
(TLD) can be performed or a symmetric interdiffusion experiment
between the two parts of the diffusion couple (SID). The complete
operation and shearing sequence is demonstrated in [15]. The
switching between the stable or unstable density layering can be
done just by turning the cell arrangement upside-down. Thus the
diffusion direction of the diffusing component can be set parallel
or antiparallel to the g-vector. The experimental procedure in the
present 1 g experiments was the same as for the lg experiments
in the AGAT furnace (also developed at TU Berlin) in the FOTON
M2 mission. The Foton shear cell was installed in a vacuum cham-
ber with the same dimensions as in the AGAT furnace. The temper-
atures were measured by thermo-couples at three points along the
axis of the cell (close to both ends of the capillary and the middle
position) so that the axial temperature gradient can be checked,
being smaller than 1 K/cm.

After the diffusion experiment, the alloys in the capillaries were
pushed out of the disc, weighed and then dissolved in nitric acid in
the case of Pb or aqua regia in the case of Sn, respectively. The
amount of the diffusing metal (Ag, In and Bi) was determined by
Flame AAS. Preliminary measurements had shown that the light
absorption of these gaseous metal atoms was slightly influenced
by the acid concentration. So we adjusted identical acid concentra-
tions in the sample solutions and the working solutions used for
calibration to avoid these chemical interferences. The accuracy of
the method was tested with alloys of about the same composition
as in our diffusion samples and was about 0.5% for Ag and 3% for In
and Bi, respectively.

In all cases of the thick layer diffusion (TLD) the measured data
c(x,t) were fitted with the thick layer solution of the diffusion
equation:

cðx; tÞ ¼ c1

2
erf

hþ x
2

ffiffiffiffiffiffiffiffiffiffiffi
DtDiff

p
 !

þ erf
h� x

2
ffiffiffiffiffiffiffiffiffiffiffi
DtDiff

p
 ! !

where x is the distance from the end of the alloy part (Fig. 2),
D is the diffusion coefficient and t = tDiff is the measured diffu-
sion time. The fitting parameters were h (initial thickness of
the thick layer), c1 (final maximum concentration) and the
product DtDiff. 2DtDiff can be interpreted as the measured mean
square diffusion depth. Fitting was done using least squares
with no weight for all concentrations above the lower working
limit of the AAS.

The fitting of the measured symmetrical interdiffusion (SID)
data were done with the function (see [16])

cðx; tÞ ¼ c0 þ c1

2
þ c1 � c0

2
� erf

x� x0

2
ffiffiffiffiffiffiffiffiffiffiffi
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p
 !

Here x is the distance from the original interface between the
two parts of the diffusion couple (Fig. 3) and x0 is accounting for
a possible shift of the diffusion centre due to the filling process
at the insertion of the intermediate disc. c0 and c1 describe the ini-
tial concentration step. c0, x0 and DtDiff are the fitting parameters.

All data analysis is done under the assumption of a practically
concentration independent diffusion coefficient (all experimental
data proved this assumption to be valid in the investigated systems
cf. Table 1). The influence of the shearing process and others on the
diffusion coefficients has been corrected according to [17].
2.2. Surface tension measurements

The measurement of the surface tension has been done at Uni-
versity of Karlsruhe using the sessile drop method [9]. A quartz
tube closed at both ends with vacuum tight flanges containing
quartz windows is situated in a furnace for temperatures up to
about 800 �C. A syringe is mounted within this argon flushed
chamber and allows to fill up a crucible from the bottom with
drops of liquid metal. The contour of the drop above the crucible
is viewed against a lighted background by an electronic camera
through the quartz windows. Its contour is transferred to the com-
puter and the surface tension is evaluated using the Laplace–Young
equation in a standard procedure [10].

The vacuum level achieved inside the furnace is the same as in
our diffusion experiments. The oxidation of the surface is not
avoidable under these circumstances but it should be similar to



Table 1
Reference data for the measured systems.

System Type of experiment T (�C) D (10�5cm2/s) D
DD ð%Þ Experiments No. versus capillary No. Source

SnBi1.5–Sn TLDa 300 2.35 2.5 TU Berlin-1 g [8]
SnBi3–Sn TLD 300 2.41 2.3 TU Berlin-1 g [8]
SnBi3–Sn SIDb 300 2.31 3.4 1/4 TH Karlsruhe-1 g
SnBi3–Sn TLD 300 2.4 4.4 1/4 TH Karlsruhe-1 g
SnBi1.5–Sn SID 300 2.36 4.2 3/9 TH Karlsruhe-1 g
SnBi1.5–Sn SID 300 2.4 10g lg [22,26]
SnBi0.5–Sn SID 300 2.21c 5 Magnet.field [23]
SnBi3–Sn TLD 400 3.09d 2.3 TU Berlin-1 g [8]
SnBi1.5–Sn SID 400 3.14 5.2 3/7 TH Karlsruhe-1 g
SnBi1.5–Sn SID 400 3.22d 10g lg [22,26]
SnBi0.5–Sn SID 400 2.99c 5 Magnetfield [23]
SnIn10–Sn TLD 400 3.73 3.0 TU Berlin-1 g [8]
SnIn10–Sn SID 400 3.60 2.7 3/8 TH Karlsruhe-1 g
SnIn1–Sn SID 400 3.58e 10g lg [22,26]
SnIn1–Sn SID 400 3.78e 4 Magnetfield [23]
PbAg5–Pb TLD 450 2.93f 2.3 TU Berlin-1 g [16]
PbAg5–Pb SID 450 2.73 3.5 3/9 TH Karlsruhe-1 g [16]

a Thick layer diffusion.
b Symmetrical interdiffusion.
c Extrapolated by D = A T1.84 cm2/s, T = T (K) [8], from D = 2.04�10�5 cm2/s at 275 �C (548 K) [23].
d Extrapolated by D = A T1.84 cm2/s, T = T (K) [8], from D = 2.4�10�5 cm2/s at 301 �C (574 K) [22,26].
e Extrapolated by D = A T1.92 cm2/s, T = T (K) [8], from D = 2.6�10�5 cm2/s at 301 �C (574 K) [22,23,26].
f D = 1.367 � 10�11 T2.215 cm2/s, T = T (K) [16].
g Sum of maximum errors (no standard deviation) [23].
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the degree reached in the diffusion experiments. A fresh produced
metallic drop needs some hours to reach a stationary state of its
contour. Values of the surface tension are only measured in that
state.

The measurement of the surface tension from the contour of a
sessile drop needs the knowledge of the density as well. The liter-
ature data for the system Pb–Ag are given only for higher temper-
atures than we used in our experiments [12]. In the case of Sn–Bi
there are two reported values [13,14] So we had to evaluate the
density by own measurements. The surface tension is an important
input into the solutal Marangoni number:

MaS ¼
dr
dc Dc
� �

h
Dt

with r the surface tension, Dc the concentration difference
along h, the characteristic length, D the diffusion coefficient, and
t the kinematic viscosity. The strength of the solutal Marangoni
convection is proportional to the value of the solutal Marangoni
number at constant temperature.

3. Results

3.1. Reference values for diffusion

First of all we made for all systems experiments with high pres-
sure on the liquid column in the stable density arrangement. The
temperature range reached from 300 �C to 450 �C. We did experi-
ments in different laboratories (TU Berlin with a pressure esti-
mated to about 40 kPa and University of Karlsruhe with a
pressure estimated to about 25 kPa) and with different arrange-
ments (thick layer diffusion TLD and symmetrical interdiffusion
SID). Fig. 2 shows concentration profiles of two shear cell experi-
ments for the system Sn0.985Bi0.015 versus pure Sn with TLD and
SID arrangement, respectively. Details for the system
Pb0.95Ag0.05–Pb are given in [16]. All possible (low) reference data
together with the results for the system Sn0.9In0.1–Sn are compiled
in Table 1. From that compilation it can be seen that for the system
Sn–Bi the values obtained under microgravity and under high mag-
netic fields, which are believed to serve as reference values, are
reached even under laboratory conditions with a deviation and a
scattering lower than 5%. In [16] we reported that the 1g-values
for the system Pb–Ag are remarkable lower than reported values
gained from microgravity experiments [24]. Therefore we take
the lowest values (1g) given in Table 1 for that system as reference
values.
3.2. Surface tension

3.2.1. Measurements of the alloys density
At the University of Karlsruhe we used the shear cell itself at

300–400 �C in the unstable arrangement to get semi-quantitative
data about the density of Sn–Bi and Pb–Ag alloys. The influence
of the unstable arrangement with the heavier component in the
upper half of the diffusion-couple on the resulting diffusion pro-
files has been reported in [16]. The symmetric interdiffusion, SID,
was proven to be very sensitive to differentiate between the sta-
ble and the unstable arrangement in particular for very little dif-
ferences in the specific weight of the original parts of the
diffusion couple. Fig. 3 shows two concentration profiles of
experiments with stable and unstable arrangement, respectively,
for the system Sn–In. Stable and unstable arrangements were
used in different capillaries during the same run. This type of
measurements have been done for three concentration steps of
In in Sn (5, 10 and 20 at%). The same measurements have been
done for concentration steps of 2, 5 and 10 at% in the Pb–Ag
system.

If we treat the profiles of Sn–In and Pb–Ag in the unstable
arrangement as if they would have been produced by pure diffu-
sion we can estimate an effective diffusion coefficient D*. This coef-
ficient may be conventionally described as the sum of the
undisturbed diffusion coefficient D and an additional transport
Dadd, due to the unstable layering. For simplicity we suppose here
that this additional transport is only a function of the two alloy
densities, neglecting differences in viscosity, diffusion or any other
convective influences. This relation was measured for the system
Sn–In where we used the density data of [11]. Using this as calibra-
tion curve for Dadd with respect to the density difference Dq, we
correlated each Dadd value in the Pb–Ag system with a correspond-
ing Dq. So we have deduced Dq = 0.021 g/cm3 between Pb and 5
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at% Ag in Pb which is in a very good agreement with the results re-
ported for higher temperatures [12].

While the systems Sn–In and Pb–Ag showed for the unstable
arrangements increasing Dadd in the developed concentration pro-
file with increasing density difference (similar to Fig. 3), the system
Sn–Bi reacted even for an initial concentration step of 1 at% in the
unstable arrangement with somewhat like an overturn of the con-
centration step with subsequent diffusion. Therefore we can only
say that Dq for Sn–Bi must be remarkable higher in that case than
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Table 2
Marangoni numbers and the density difference for the investigated systems and
concentration steps.

System Dc (at%) T (�C) ð@r@cÞ � Dc (mN/m) MaS (106) Dq (g/cm3)

Sn–Bi 1.43 400 6.00 2.06 0.079
600 7.00 2.08
800 10.00 2.77

Pb–Ag 5 450 5.00 1.32 0.023
600 10.00 1.94
800 14.00 2.56

Sn–In 10 400 0.50 0.15 0.016
600 1.18 0.32
800 0.80 0.15

Table 3
Reference diffusion coefficients and the increase in diffusion coefficient values due to
considered reference value of the diffusion coefficient. DHP was measured under a pressure
in the SID arrangement.

System T (�C) D1g
Reference (10�5cm2/s) DHP

D1g
Reference

Sn–In 400 3.72a 0.95
600 5.90a 1.00
800 8.62b 1.24

Pb–Ag 450 2.73a 1.07
635 4.87a 1.04
800 7.06b 1.56

Sn–Bi 400 3.09a 0.96
600 5.12a 1.00
800 7.66b 1.95

a Measured under a pressure of both 25 and 40 kPa. No dependence on the experime
b Measured under a pressure of 40 kPa and with TLD experimental arrangement.
for the other two systems. As the data of [14] fulfil that condition
better than those of [13] we used these values for the density.

3.2.2. Measurements of surface tension
3.2.2.1. Surface tension of Sn–Bi. Fig. 4 shows the surface tension in
the system Sn–Bi at 400 �C as function of the composition. We cal-
culated a surface tension variation of 4 mN/(m�at%) by means of a
linear interpolation between 0 and 4 at% Bi in Sn. Table 2 contains
the calculated MaS.

3.2.2.2. Surface tension of Sn–In. The same measurements have
been done for the system Sn–In at 400 �C. The surface tension val-
ues for pure Sn and pure In are very close to each other. We did not
observe any remarkable change of the measured surface tension by
varying the amount of In in Sn. If we fit the values by a linear
regression we obtain a surface tension variation of 0.05 mN/
(m�at%) which seems to be an upper limit. The corresponding
MaS is shown in Table 2 as well.

3.2.2.3. Surface tension of Pb–Ag. Using the density difference men-
tioned before, we measured a surface tension variation of 1 mN/
(m�at%) between pure Pb and 5 at% Ag in Pb at 450 �C. The calcu-
lated MaS is presented in Table 2 as well.

The same hierarchy of the solutal Marangoni numbers has been
confirmed by surface tension and diffusion measurements at 600
and 800 �C, respectively (see Table 2) for the three above men-
tioned systems. The diffusion coefficients needed for the calcula-
tion of the MaS at each temperature are the corresponding
D1g

Reference from Tables 1 and 3. All these data show that the strength
of the solutal Marangoni convection for each investigated system
does not change significantly with temperature.

Measurements of the diffusion coefficient using the shear cell
on earth have to be done using the stable layering arrangement
with the heavier component lying beneath the lighter one while
the shear cell axis is parallel to the gravitation vector. Such a sta-
bilising solute gradient during the diffusion process could reduce
the convection related transport.

The clear result of the surface tension and density measure-
ments is that there is an increase of the solutal Marangoni num-
ber and the density difference as well between the diffusion
partners when going from Sn–In to Pb–Ag and to Sn–Bi (see Table
2).

3.3. Diffusion in capillaries with additional free surfaces

Provided with values for the diffusion coefficient, which we be-
lieve to be reference values due to the reasons mentioned above,
we varied at University of Karlsruhe a lot of experimental param-
eters and investigated their influence on the measured diffusion
the solutal Marangoni convection from 1 g measurements. D1g
Reference represents the

of 25 kPa, DLP and DLPS under a pressure of 12.5 kPa in unslitted and slitted capillaries,

DLP

D1g
Reference

DLPS

D1g
Reference

1.02 No results due to a diffusion barrier that has obviously arisen
1.12 1.23
2.14 3.68

0.93 1.00
1.33 1.54
2.44 3.24

0.89 0.99
1.52 1.56
3.63 7.25

ntal arrangement (SID or TLD) has been shown.
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Fig. 5. (a–c) Ratio between the diffusion coefficients measured under 1 g (black
squares) and lg (open circles) conditions in capillaries with high pressure (25 kPa)
and low pressure (12.5 kPa) on the melt and the corresponding reference values of
the diffusion coefficient cf. Table 3. The available amount on free surfaces increases
from ‘‘high pressure” to ‘‘low pressure and slitted”. The full line corresponds to the
reference diffusion coefficient. The dotted lines show the maximum scattering of
1 g results.
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coefficients. For each investigated system diffusion experiments
have been performed simultaneously in a capillary with high pres-
sure (about 25 kPa) on the melt, a capillary with low pressure
(about 12.5 kPa) on the melt and finally a capillary with low pres-
sure together with additional free surfaces, which were introduced
by slits sawed into the capillary wall of 4 discs around the initial
concentration step. Each slit is 0.1 mm wide and 1 mm deep. The
amount of additional free surfaces introduced by six slits repre-
sents about 13% from the entire surface of the capillary wall in
the active diffusion zone.

We performed identical experiments under 1 g and lg at tem-
peratures of 400 �C (Sn–Bi and Sn–In systems) and 450 �C (Pb–Ag
system) to separate the effects due to buoyancy from that ones
generated by solutal Marangoni convection. Additionally experi-
ments at higher temperatures of 600 (Sn–Bi, Sn–In), 635 (Pb–Ag)
and 800 �C (all investigated systems) were carried out on the
ground. Measurements at higher temperatures were not possible
under lg because of limited time and energy economics during
the space flight.

The results obtained at University of Karlsruhe for a tempera-
ture of 400 �C for the systems containing Sn and 450 �C for Pb–
Ag are given in Fig. 5a–c. According to our surface tension mea-
surements we calculated solutal Marangoni numbers 0.15�106 for
Sn–In, 1.3 � 106 for Pb–Ag, and 2 � 106 for Sn–Bi, respectively.
The high Marangoni numbers of the latter two systems indicate
that here Marangoni convection should initiate a strong additional
transport which is not observed for 1 g experiments. There is a
slight increase under lg, being larger for Sn–Bi with slits. Our
new measurements on FOTON M2 lay in all cases over the ground
measurements and some over previous values measured in space.
The slightly enhanced values measured under lg conditions during
the FOTON M2 mission in the case of Sn–In and Pb–Ag are not
much above the error due to normal scattering of our experiments.
For the system Sn–Bi these values are clearly beyond that error.
The lower values on earth may be due to density stabilization.

The measurements at lower temperature have been followed by
similar ground experiments at higher temperatures of about 600 �C
and 800 �C. The results of the diffusion experiments under differ-
ent pressures on the melt (which means a different amount of
available free surfaces) and with slits are shown in Fig. 6a–c. We
have measured a significant increase in the value of the diffusion
coefficient with increasing free surfaces for a temperature of
800 �C, even in the case of Sn–In. Much lower diffusion coefficients
were measured under a high pressure of about 40 kPa on the melt
using a TLD arrangement at TU Berlin than with a pressure of
25 kPa on the melt and the SID arrangement at University of Kar-
lsruhe. TLD introduces lower concentration gradients compared
to SID, which means lower level of contamination of the diffusion
coefficient by solutal Marangoni convection.

That’s why the group of Berlin focused on experiments with
high pressure on the melt (estimated pressure of 40 kPa) and
TLD arrangement. The results from their experiments have been ta-
ken as reference D1g

Reference at higher temperatures, since no other
data about a reference diffusion coefficient measured under the
same conditions over the investigated concentration and tempera-
ture range has been available at the moment and the TU Berlin
method has been shown the ability to reproduce lg values in other
cases. The goal at University of Karlsruhe was to investigate the
influence of the solutal Marangoni convection by decreasing the
pressure on the melt from an estimated starting pressure of 25–
12.5 kPa and adding different amounts of free surfaces. The lower
starting pressure compared to the 40 kPa at TU Berlin results in a
stronger scattering and higher diffusion coefficients at these tem-
peratures. The enhancement of the diffusion coefficient under the
described experimental conditions with respect to D1g

Reference are
summarised in Table 3 for the investigated temperature range.
4. Discussion

If we consider the results of our measurements (Fig. 6) over the
whole temperature range we can state that the dramatic effects are
to be seen at elevated temperatures comparable to those measured
in [4]. We have to find explanations for the relatively high stability
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Fig. 6. (a–c) Ratio between the diffusion coefficients measured under 1 g conditions
in capillaries with high pressure (25 kPa) and low pressure (12.5 kPa) on the melt
and the corresponding reference values of the diffusion coefficient cf. Table 3. The
available amount on free surfaces increases from ‘‘high pressure” to ‘‘low pressure
and slitted”.
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of the low temperature experiments against additional transports
and the nature of the fairly low stability of the high temperature
experiments.

The buoyancy driven convection due to radial gradients and the
damping effect of the stable layering are effects which operate
within the volume of the liquid column. In the temperature range
from 400 �C to 800 �C the radial temperature field does not change
significantly according to our experience. Therefore buoyancy
should not be mainly responsible for the increasing instability.
The relatively small contribution of the stable layering may be seen
from the fact that an increase of the diffusion coefficient in the case
of Sn–Bi at 400 �C measured in space of about 25% (Fig. 5c) may be
damped away. But much higher contributions of convection as for
the temperatures at 600 and 800 �C could not be avoided. Further a
decrease of viscosity or other material properties inherent in the
volume of the liquid cannot explain the experimental finding of
the significant increase with temperature of the additional trans-
ports and their dependence on the amount of free surfaces.

The solutal Marangoni convection depends on the changing of
the surface tension within the concentration gradient which for a
concentration step is fairly high within an initially very narrow re-
gion. If really free surfaces are present on the liquid, this difference
in surface tension leads to strong convection in the melt as esti-
mated for instance in [18]. The capillary wall shows micro pores
and scratches due to machining. The metallic liquid does not wet
graphite and if the pressure on the liquid column is lower than
the corresponding capillary pressure free surfaces remain. The
influence of the solutal Marangoni convection in a diffusion couple
changes with time due the changing of the concentration gradient
during the run of an experiment. The decreasing and broadening of
the concentration gradients is different for the both methods TLD
and SID, respectively, used during our project. Due to the limited
amount of diffusion species in the case of TLD the gradients slow
down much faster and are flattening stronger than in the case of
SID for which the concentration difference remains constant and
only the broadening is responsible for the flattening of the concen-
tration. By the way the different behaviour of the concentration
gradient is responsible for the different damping effect of the sta-
ble layering in both cases too. That the amount of the free surfaces
plays an essential role is to be seen from the result shown in all
three figures a–c of Fig. 6.

Due to the reduction of the pressure and the roughness of the cap-
illary wall we introduce free surfaces of an unknown amount which
are distributed over the whole wall. The artificial free surfaces due to
the slits around the initial concentration step represent a locally lim-
ited area. Without the artificial surfaces the Marangoni convection
acts within the concentration gradient similar as the diffusion itself.
So there is no possibility to distinguish between both contributions
by deviations from the ideal error function form of the concentration
profiles even if the diffusion coefficient is enhanced with a factor of
3.6 in the case of Sn–Bi at 800 �C. If in that case artificial free surfaces
(slits) are present the enhancement in the diffusion coefficient is
nearly a factor of eight and the concentration profile is deformed
around the initial concentration step.

The fact that the solutal Marangoni convection at temperatures of
about 400 �C does not work as efficient as at higher temperatures
may be explained by oxide layers existing on the liquid surface, be-
cause earlier estimations have shown, that a really free surface
would create a much stronger Marangoni convection, increasing
our measured Dadd by more than a factor of 1000 [7]. Naturally, the
processing of the feed material (wire drawing and filling handling)
is done in normal atmosphere. So oxide layers on the surface of the
liquid develop. This is to be seen on the surface of the reservoirs after
the experiment. From other experiments on the chemical behaviour
of metal oxides on graphite surfaces [19] or influence of oxygen on
the oxidation of graphite [20] it is known that the reduction of some
metal oxides like for instance SnO2 starts at temperatures of about
600 �C upwards. Hence the inert behaviour against additional trans-
ports at lower temperatures seems to be due to the prevention of
nearly all Marangoni convection through an effective oxide layer. A
residual Marangoni effect may be additionally damped by density
stabilization. At higher temperatures that damping effect is reduced
by the reduction of the oxide layers through the graphite of the cap-
illary walls of the shear cell and perhaps also by the dissolution of the
oxides in the liquid metal [21]. One of the central problems is that
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there is no quantitative information on the degree of oxidation or
solubility. Therefore it can only be stated that the potential of the sol-
utal Marangoni convection under the existence of so-called ‘‘free”
but partly oxidized surfaces is really able to create additional veloc-
ities inside the liquid volume much greater then the velocity due to
diffusion.

With which perfection solutal Marangoni convection may be
suppressed is still not exactly proven. The experiments at TU Berlin
concentrated on the prevention of Marangoni convection by the
use of the maximum available pressure on the liquid column of
about 40 kPa. At University of Karlsruhe have been used a high
pressure of about 25 kPa. For the system Sn–Bi at 800 �C we get
in Berlin the lowest values for the diffusion coefficient but still
with a scattering of about ±5%, which is higher than the expected
inaccuracy due to the chemical analysis. Our experiments nearly
reach the Berlin values but with a much higher scattering of about
±20%. Remarkable is that a system like Sn–In which has a low
Marangoni number compared to the other two systems shows a
great influence of the free surfaces, which could be due to the very
low density stabilization. Perhaps also inhomogeneities in the
oxide coverage of the free surfaces during the reduction process
are important, since the surface tension is very sensitive with re-
spect to the oxide coverage of the melt [25].

5. Conclusions

The solutal Marangoni convection has been shown to have a
great disturbing potential in the measurements of diffusion coeffi-
cients for the used three systems. Under unfavourable conditions
the material transport due to Marangoni convection may reach
eight times that one by diffusion alone. On the other hand we have
found two possibilities to suppress these additional transports.
First a pressure high enough to avoid free surfaces allows no sur-
face tension driven convection. Second the systems we used show
a strong affinity to oxygen. At lower temperatures these oxygen
layers reduce the influence of Marangoni convection with high effi-
ciency as well. Hence at low temperatures pressures of some kPa
together with a buoyancy stabilization are sufficient to measure
pure diffusion under laboratory conditions. At temperatures higher
than about 600 �C the thickness of the oxide layer is reduced and a
pressure of at least 40 kP has to be applied on the liquid column to
barely suppress the Marangoni effect. With the knowledge of these
results diffusion coefficients measured in earlier experiments
should be critically re-evaluated.
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