Measurement of the Soret coefficient in liquid Al-Ag alloys using X-ray radiography
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Thermodiffusion designates a diffusive motion of particles driven by a temperature gradient. In
liquid alloys this effect can influence the concentration distribution during directional solidification
and change the homogeneity of grown crystals. Using X-ray radiography (XRR), thermodiffusion in
liquid Al-Ag has been measured, with compositions ranging from AlgoAgao to AlsoAgso. The Soret
coefficient is determined to be (0.9 4 0.3) x 1073 K™!, where the silver atoms diffuse to the cold
end of the sample. Thanks to the time-resolved information from in situ XRR, the interdiffusion
coefficient could simultaneously be measured, and is in good agreement with previous interdiffusion
measurements in this concentration range. The measured Soret coefficient is compared to the values
predicted by the current theoretical models, which are found to be off by at least a factor of two.

I. INTRODUCTION

Thermodiffusion, also called the Soret effect, is the
separation of the components of a mixture toward the
hot/cold regions in a nonuniform temperature distribu-
tion [1]. The effect is observed to influence all kinds of
matter, from gases, liquids, to solids [2].

In recent years thermodiffusion has been studied in or-
ganic solutions which is needed for the understanding of
natural hydrocarbon reservoirs. To obtain reliable ex-
perimental data several research groups decided to inves-
tigate selected sample systems with different methods.
In comparing the results, a benchmark for these binary
organic solutions was successfully obtained [3]. Measure-
ments of thermodiffusion are easily disturbed by convec-
tion [41]. To avoid gravity-induced convection, several
thermodiffusion experiments in organic mixtures have
been conducted in microgravity aboard the International
Space Station (ISS) [5, 0].

In metals, the effect has been employed for nuclear en-
richment and crystal growth, it is relevant for solders and
manufacturing of integrated circuits, and has recently
been shown to be of use in creating metallic nanowires [7—

].

There exist several theoretical models attempting to
predict binary thermodiffusion, but there is still no com-
prehensive model able to predict the Soret coefficient for
a wider range of systems, as recently shown by Hoang and
Galliero [13]. The authors of such models often voice the
need for more experimental data [14-17], which is very
scarce in the case of metallic melts. The same holds for
modeling thermodiffusion using computational simula-
tions, where the dynamics of thermodiffusion in the sim-
ulations (dependence of thermodiffusion on mixture size
ratio, dependence of Soret coefficient on concentration,
etc.) should be compared with measurements [18, 19].

Here, we study thermodiffusion in the liquid alloy Al-
Ag as a function of composition using a newly devel-
oped experimental setup. The addition of silver to sev-
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eral aluminium alloys heightens the strength and hard-
enability [20]. Almost all previous publications on liquid
alloys are on binary systems where the atomic mass ratio
of the two components is around two or less, like Bi—
Pb, Al-Cu, and Ag—Te [14, 21, 22]. The only exceptions
so far are measurements on carbon and trace amounts
in a solvent [23-25]. The experimental data so far indi-
cate that the Soret coefficient is generally dependent on
the relative molecular weights of the species in the mix-
ture [1]. Measuring the thermodiffusion in liquid Al-Ag
for different concentrations therefore provides a new in-
sight into the dynamics of thermodiffusion in an atomic
fluid with a high mass ratio.

In previous experimental works on binary alloys, closed
containers with columns of the liquid where used which
were submitted to a thermal gradient for a certain
amount of time then quickly cooled and finally analyzed
in the solid state [22, 25, 26]. To avoid changes of the
concentration gradient during solidification, some experi-
ments instead used a shear cell technique, where the sam-
ple is split up in segments after the annealing time while
still in the liquid state [27, 28]. A drawback of both
these methods is that possible bubbles in the melt can-
not be detected. The presence of bubbles may lead to
Marangoni convection, which can disturb diffusion mea-
surements [29, 30]. Furthermore it is interesting to note
that in the case of interdiffusion measurements, such bub-
bles have been shown to increase the apparent interdif-
fusion coefficient by a factor of two [31]. Recently, in
situ X-ray radiography has been shown to allow time-
and space-resolved measurements of thermodiffusion in
liquid alloys, where bubbles or free surfaces can be di-
rectly detected during the experiment [32]. Using this
time-resolved method it is even possible to determine the
interdiffusion coefficient and the Soret coefficient simul-
taneously. The high mass ratio between Al and Ag proves
useful as this also leads to a high contrast between the
two components in the X-ray spectrum.

Using Al-Ag, the liquidus temperature of the eutectic
system at 839K is relatively low [33]. Also, the inter-
diffusion coefficient for the system has been previously
established by Engelhardt et al. [34], which provides a
reference for validation of the interdiffusion coefficient
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measured here. Finally, several thermodynamic proper-
ties of Al-Ag melts have been studied before which makes
it possible to test models for thermodiffusion.

II. THEORY

In a binary mixture, the mass diffusion flux J is driven
by the interdiffusion from a concentration gradient Ve,
and the thermodiffusion from a temperature gradient
VT, given by the equation [35]

J=—pDVc—pDrcy(1—co) VT. (1)

Here, p is the density, D the interdiffusion coefficient, Dy
the thermodiffusion coefficient, and ¢y the concentration
of one of the two species. After the thermal gradient has
been applied and the steady state has been reached (i.e.,
J = 0), the interdiffusion and thermodiffusion processes
reach an equilibrium defined by

Ve = —&Co (1 —¢p) VT, (2)

D

where the ratio between the thermodiffusion and interdif-
fusion coefficients is called the Soret coefficient St = %1
For a one-dimensional sample in a linear temperature
gradient, the total concentration difference across the
sample from the total temperature difference AT be-
comes

ACOO = —STC() (1 — CO) AT (3)

after reaching equilibrium.

Equations describing the transient concentration dif-
ference as a function of time have been developed in the
case of an instantaneously applied temperature gradient
AT [36-38]. Following the derivations by Costeseque
et al. [37] and Mialdun and Shevtsova [38], the total
concentration difference across the sample over time ¢
is given by the infinite sum

© 2k+1)2t/0
Ac(t) = Acso Z o+’ ) (4)

k=0

where 0 = 7rL2—2D is the characteristic time, and L is the
sample length.

III. METHOD
A. Experimental setup

The pure elements (aluminium: abcer GmbH 99.999 %,
silver: Alfa Aesar Premion Silver shot 99.99 %) were al-
loyed in an arc melting furnace under a high purity argon
atmosphere.

The prepared Al-Ag alloys were suction-cast into rods
of approximately 1.2 mm thickness and subsequently cut

FIG. 1. Exploded view of the sample cell, showing (A) the
crucible with (B) samples and (C) pistons, as well as (D) the
heat plates, where (E) the heating wire is placed. Between the
heating wire and crucible are (F) two extra BN plates with
(G) molybdenum wire as separator. The sample cell is held
together by (H) the niobium frame. The plates, wires and
frame in front of the crucible, as well as the crucible parts
themselves, are cut in the figure to reveal the pistons and
samples. The BN plates between the crucible and the heating
wires are also cut in the figure to reveal the meandering course
of the heating wire.

to a length of 12.2 mm. The samples were then placed in-
side 1.3 mm wide and 12.5 mm deep borings in the boron
nitride (BN) sample cell, where they were melted and
analyzed under X-ray illumination. The liquid samples
were compressed by BN pistons to limit the presence of
bubbles during the filling of the capillary by the liquid.
The lengths of the molten samples ranged from 9.5 mm
to 11.5 mm after compression.

The temperature is measured at the endpoints of the
samples, 12.5mm from each other, by two sheathed
type K thermocouples with an outer diameter of 1 mm.

The entire sample cell measures 58 mm X 40 mm X
24 mm, and contains the samples inside the BN crucible,
with the BN pistons. On both sides of the BN crucible,
BN plates are placed as separators followed by BN plates
with molybdenum heating wires, and a niobium frame
for mechanical stability. An exploded view of the sample
cell is shown in Fig. 1.

It has previously been shown that the inclination of
the samples in the experimental setup can have a large
effect on the measured Soret coefficient due to gravity
induced convection [1]. Therefore, a great amount of
care is taken to ensure that the samples are as vertical as
possible to reduce this disturbance, in addition to using a
setup where the cold side was at the bottom, minimizing
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FIG. 2. XRR image of the sample cell, with its four samples,
heating wires, and the two thermocouples. The faint white
horizontal lines originate from gaps between different parts

of the X-ray detector. This image is purposefully darker to
render visible thermocouples and heating wires.

convective mixing.

The sample cell is thermally insulated by 3cm of
graphite foam, and placed in a water cooled aluminium
container in a vacuum chamber.

For X-ray imaging we used a micro-focus X-ray source
(XT9160-TED, Viscom AG, Hannover, Germany) which
was operated at 100kV and 120 pA, and a CdTe detector
with a 100 pm pixel size (XC-Thor series, Direct Conver-
sion AB, Danderyd, Sweden). With the sample cell lo-
cated between the source and detector, the resulting im-
ages have a resolution of 20 pixels per millimetre across
the sample. The images were filtered by flat-field correc-
tion with reference gray images.

B. Experimental procedure

After melting the samples by heating to 1023 K, X-ray
images with an exposure time of 1250 ms were recorded
at 15s intervals, one of which can be seen in Fig. 2. Af-
ter homogenization for about two hours in an isothermal
state, a temperature gradient of around 10K cm™! was
established by switching off the heater at the bottom of
the samples.

Two types of sample cells were prepared using four
Al-Ag samples each. The first containing two 25 at.% sil-
ver (AlzsAgos) samples, one 20 at.% (AlggAgag), and one
30at.% (Al;gAgso). The second containing two AlsgAgsg

samples, one Als5Agys, and one AlysAgss [39]. In each
case, the last two samples are used as references for deter-
mining the relation between transmitted X-ray intensity
and sample concentration.

The density varies across the sample with temperature
due to thermal expansion, affecting the transmittance
of X-rays. In the case of a small density change, the X-
ray transmittance is inversely proportional to the density
p. Then, the transmitted beam intensity difference AT
across the sample caused by the temperature difference
alone is given by

Al ~ IPZAT, (5)
PL

with the average transmitted X-ray intensity through
the sample being I. The temperature-dependent den-
sity of the liquid alloy is here given by the linear relation
pL+pr (T — T1,), where Ty, is the liquidus temperature of
the alloy, pr, is the density at the liquidus temperature,
and pr is the change of density per kelvin, using the ma-
terial parameters from Brillo et al. [10]. This has to be
subtracted from the X-ray images, so that the density
change is not falsely interpreted as atom migration. This
subtraction is done in all data presented in this work.

The data analysis consists of the following steps:
the temperatures are recorded alongside the images.
Through software analysis, the pixel ranges containing
the samples are determined, and the gray values are
extracted and averaged over the width of the sample.
The aforementioned density gradient adjustment is per-
formed, the concentration gradient is measured, and the
Soret and interdiffusion coefficients are extracted using
equations (3) and (4).

IV. RESULTS
A. Soret coefficient

Fig. 3 shows the concentration difference for an
Aly5Agos sample over time with the hot end fixed at
1023 K. Using the concentration gradient data from
the non-isothermal equilibrium phase (highlighted on the
right in the aforementioned figure) together with the last
data of the isothermal phase (highlighted on the left in
the aforementioned figure), the Soret coefficient can be
calculated directly using Eq. (3).

These experiments were repeated a minimum of five
times with each sample cell, allowed by the non-
invasiveness of XRR. The averaged Soret coefficient for
each composition is presented in Fig. 4. The Soret coef-
ficients show a slight increase for the lowest silver con-
centration, i.e. AlggAgoy. But this increase is within
the standard deviation of the measured Soret coefficients
of all the AlggAgso samples, and therefore not statisti-
cally significant. We thus conjecture that the Soret co-
efficient is independent of the concentration in the mea-
sured range from AlggAgog to AlsgAgsg. Weighting for
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FIG. 3. Concentration separation Ac(t) for a sample of

Al75Agss, with the temperature measurements at the upper
and lower part of the sample shown above. The vertical line
indicates when the temperature gradient was initiated. The
exponential curve is the fit of Eq. (4) to the experimental data
after the temperature gradient had stabilized. The colors in-
dicate the basis for the averaged data used in calculation of
the Soret coefficient.
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FIG. 4. Soret coefficients accumulated from all experiments,
measured at a mean temperature of 1018 K and with tempera-
ture differences of around 10 K. Error bars show one standard
deviation for the Soret coefficient for each concentration. The
dashed line shows the weighted mean of all our measurements.
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FIG. 5. Interdiffusion coefficients accumulated from all ex-
periments, measured at a mean temperature of 1018 K. Error
bars for this work show one standard deviation for the inter-
diffusion coefficient for each concentration. The orange dia-
monds show the data with uncertainty from Engelhardt et al.
[34], who measured the interdiffusion coefficients using the
long capillary method at a temperature of 983 K. The dashed
line shows the weighted mean of all our measurements.

the different uncertainties for each alloy, the averaged
Soret coefficient over the entire measured concentration
range is found to be (0.9 +0.3) x 1073 K~

B. Interdiffusion coefficient

As the time evolution of the concentration reaching to-
wards equilibrium is available, it is possible to do a least-
squares fit of the function describing the time evolution
of the concentration given in Eq. (4). From this opti-
mization, the interdiffusion coefficient was calculated.

The interdiffusion coefficient of all experiments is
shown in Fig. 5, where they are compared with the mea-
surements of Engelhardt et al. [34]. Due to lower contrast
across the darker samples of Als5Agys and AlsgAgsg, the
interdiffusion coefficient for these samples has greater un-
certainty than for samples of lower silver concentrations.

V. DISCUSSION
A. Comparison with results from the literature

To the best of our knowledge, there is no previous
data on the Soret coefficient for the liquid Al-Ag sys-
tem. There was however a thermomigration experiment
on solid Al-Ag with up to 2at.% silver performed by
McKee and Stark [11], measuring a Soret coefficient of
—2.0 x 1073 K~ for a single crystal of AlggAgy with the
hot end at 923 K, just beneath the liquidus temperature,
with silver migrating to the hot end. So our measured



Soret coefficient for the liquid alloy has opposite sign,
and half the absolute value of the measurements in the
solid alloy. By comparison, previous measurements on
trace amounts of antimony in silver yielded a Soret co-
efficient five times higher in the solid state than in the
liquid state, with antimony going to the hot side in both
cases [24, 12]. Tt has been shown that the measured Soret
coeflicient is highly dependent on the crystallinity of the
solid sample: in the case of solid Al-Cu, the direction
of the measured thermodiffusion even reverted with dif-
ferent grain sizes [43]. Any conclusions on the relation
between the Soret coefficient in the liquid and solid states
of the same alloy are therefore not advisable.

Our measured Soret coefficient is similar to previous
investigations on liquid alloys of Ag—Te by Williams and
Philbrook [22], on Al-Ni by Sondermann et al. [32], and
on Al-Cu by Bhat [21, 26], where the denser element
diffused towards the cold side in all cases. The Soret
coefficient reported in this work is also within the same
order of magnitude as systems of liquid alkali metal al-
loys, liquid salts, glass melts, and even several organic
compounds [25, 44-16].

The interdiffusion coefficient reported in this work co-
incides with the Al-Ag measurements of Engelhardt et al.
[34], who, using the long capillary method at a temper-
ature of 983 K, reported a constant interdiffusion coeffi-
cient of (4.14£0.4) x 1072 m? s~ for silver concentrations
ranging from 20.4 at.% to 42.5 at.%. This agreement fur-
ther corroborates the measured Soret coefficient itself,
as the observed thermodiffusive process evolves at the
rate predicted by Eq. (4). The match with the previ-
ously published interdiffusion coefficient indicates that
the convection in our experiments was negligible.

Eq. (4) assumes an instantaneously achieved tempera-
ture gradient. Though this is in practice impossible, the
time required to reach 90 % of the targeted temperature
gradient in our setup is around 3 minutes, much shorter
than the characteristic time for the thermodiffusive pro-
cess, which is around 40 minutes, calculated from the
interdiffusion coefficient and the sample length. There-
fore it is assumed that the equation can be applied to
describe the time dependence of the concentration gradi-
ent in this setup.

While X-ray radiography allows for in situ measure-
ments, which enables the measurement of interdiffusion
coefficients, the small relative difference in concentra-
tion results in low contrast, and therefore is a limit-
ing factor to the available precision of the measure-
ments. For the experiments with AlysAgss, the total gray
value change across the sample is around 15 gray values,
meaning a contrast resolution of around 0.01 at.%. This
gives an uncertainty in the measured Soret coefficient of
0.1 x 1073K~! in the ideal case. This uncertainty is
even larger for the Al;9Agso measurements, where the
increased absorption of X-rays reduces the contrast by a
factor of two, and therefore increases the minimum possi-
ble uncertainty in the Soret coefficient by the same factor.

It should however be noted that the temperature dif-

ference in these experiments, which was around 10K, is
much smaller than many previous works on thermodiffu-
sion in liquid alloys, which use temperature differences of-
ten much larger than 100K [21, 27, 28, 47]. This reduced
temperature difference reduces the heat to be dissipated
from the experimental setup, making it more suitable for
situations where heat dissipation is a limiting factor, such
as on orbital platforms. Additionally, a high temperature
difference between the two ends of the sample gives sig-
nificantly different interdiffusion coefficients across the
sample, and therefore impede the measurement and fol-
lowing comparison of the interdiffusion coefficient. This
problem is therefore avoided with a smaller temperature
difference.

B. Comparison with predictive models from the
literature

Several analytical models for predicting the Soret coef-
ficient in a binary system have been proposed. A model
developed specifically for predicting the Soret coefficient
in binary liquid alloys was published by Eslamian et al.
[17]. They modeled the system as an interaction between
thermophysical and electronic contributions, resulting in
the equation

(\)/is — Efis — (2’150 — 2051) ClFT

, 6
CQT% ( )

Sp =

where in our case index 0 denotes silver and 1 denotes
aluminium. The component specific parameters are for
component i: EY is the activation energy of viscous flow,
z; the valence of ions, &; the thermoelectric power, ¢; the
mole fraction, and pu; the chemical potential. Lastly, T is
the mean temperature and F' is Faraday’s constant. For
the calculation of the derivative of the chemical potential,
we use the excess Gibbs energy Gy from Witusiewicz
et al. [33] together with the relations for the chemical
potential and activity coefficient ~;,

wi = RT (In¢; + ln~;) (7)

and [18]

1 0Gg
hl’}/i— ﬁ (GE—F(l—Cz) (?CZ) 5 (8)

where R is the molar gas constant. Using values for
& from Makradi et al. [19] and Marwaha and Cusack
[50], and EY' from Assael et al. [51, 52], the model in
Eq. (6) predicts a Soret coefficient of 0.45 x 1073 K~1
for Al75Agos at a mean temperature of 1018 K over the
sample, which is half of our measured value. There is
however a considerable uncertainty in the value for the
activation energy of viscous flow, and in the derivative of
the chemical potential, where the corresponding double
derivative of Gg amplifies any error in the optimization
made to obtain the parameters for Gg.



TABLE 1. The measured Soret coefficient for the different
concentrations, together with the coefficients predicted by the
models discussed in this work. All values are given in units of

1073 K~!. Both the measurements and the calculations had
a mean temperature of 1018 K.

Measured Eq. (6) Eq. (9)
Al7sAgos 0.9+0.3 0.45 0.11
A150Ag50 0.9+04 0.21 0.04

It should be noted that Eq. (6) is not symmetrical, thus
breaking with the very fundamental relationship of the
definition of the Soret coefficient in Eq. (3), that Sp; =
—ST7g in binary mixtures.

Jafar-Salehi et al. [53] developed a new model simi-
lar to the model given by Eq. (6), the difference being
that the term co‘g—’;‘; is developed into a function of mole
fraction, density, and temperature. Since the new model
was developed assuming a dilute mixture, it will not be
applied here.

Finally, Hoang and Galliero [13] in a publication where
they simulated thermodiffusion in a Lennard-Jones fluid
found that the predictive model by Shukla and Firooz-

abadi [15] was “the most reasonable” [13] (but still not
particularly accurate) model available for fluids. It is
given as
u_ o (-W) (0% +al)
Sp =1 o 4 . (9)
T3 (coVo+aVi) el g

Here, the new component specific parameters are for
component i: V; the partial molar volume, U; the partial
molar internal energy, and 7; = E*P/EY" where E;*"
is the energy of vaporization. For fluids, U; is close to
the partial molar enthalpy [54], so we again use the ex-
cess Gibbs energy from Witusiewicz et al. [33], and the
fact that the partial molar enthalpy AH; is related to the
activity coefficient through [18]

AH; = —RT? (aln%> . (10)

For V;, we assume that it is equal to the molar mass
divided by density, and obtain those values from Assael
et al. [51, 52]. We use the energies of vaporization from

Yaws and Satyro [55]. We then obtain a predicted Soret
coefficient of 0.11 x 1073 K~!, which differs by an order
of magnitude from our measurements.

For both models, the predicted Soret coefficients for all
different concentrations are shown in Table I.

Both models discussed here predicted the same sign
for the Soret coefficient of liquid Al-Ag alloys as found
in our experiments, i.e., correctly predicted the direction
of thermodiffusion for the two components in the alloy.
But the numerical values were off by at least a factor of 2
with respect to our measured values, and also the strong
concentration dependence predicted by the models was
not observed. This shows that there is still need for a
theory to describe thermodiffusion even in binary atomic
liquids.

VI. CONCLUSION

The Soret and interdiffusion coefficients of Al-Ag
were experimentally determined using a newly developed
setup in combination with X-ray radiography. The an-
alyzed samples had silver concentrations ranging from
20 at.% to 50 at.%, and were measured with the hot end
at 1023 K and at a temperature difference of around 10 K.
A Soret coefficient of (0.9 £0.3) x 1073 K~! was deter-
mined, which is of the same order of magnitude as pre-
vious measurements on similar binary systems. Using
experimental data from the literature, models to predict
the Soret coefficient were tested. The closest model is off
by a factor of 2 with respect to our measured values. The
method of X-ray radiography for in situ measurements
also allows the measurement of the interdiffusion coeffi-
cient, which was found to be in accordance with previous
interdiffusion measurements on the Al-Ag system, thus
indicating that the convection was negligible. Further-
more, using X-ray radiography allows several samples to
be analyzed simultaneously as well as several times in
succession, with relative ease.
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