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Abstract

Significant effects of electric currents on mass transport in liquid metals have been
observed for long, but the origin of the corresponding driving forces remains unclear in the
literature. Without current, two driving forces induce mass transport in liquid metals. (i) A
chemical force, coming from concentration gradients. In that case, mass transport occurs by
diffusion. (ii) A physical force, resulting from density gradients thermally and/or chemically
induced. Here, mass transport occurs by thermal and/or solutal convection. Under electric
currents, these driving forces are modified, either by electrostatic or magnetic forces, the
corresponding mechanisms being referred to as electroconvection and magnetoconvection,
respectively. However, these mechanisms cannot easily be distinguished from each other,
leading to confusion in literature. Here, it has been shown that, in the liquid Sn-Zn system,
the driving force induced by 500-1000 A/cm? electric current densities is magnetic rather
than electrostatic, the mechanism being therefore magnetoconvection.
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The influence of electric currents on metallurgical phenomena have been the subject of
numerous studies since the discovery of electromigration in 1861 by Gerardin [1, 2]. The
effect of =10 A/cm? electric currents on mass transport is particularly striking in liquid
metals, where increase by factors of 10 and above in diffusion coefficients have been
observed [3]. To account for this phenomena, different approaches were proposed. Because
the mass transport phenomena in liquid may have different origins, on which the current
can add different contributions, it is probably necessary to make here a short summary of
the various induced phenomena, which will later be analyzed in more details. Consider first
the mass transport mechanisms in liquids without the action of an electric current. In one
hand, when mass transport occurs under chemical forces coming from concentration
gradients, diffusion following Fick’s law is induced. But because the system is liquid, mass
transport can also occur under the action of physical forces resulting from density gradients
in the liquid, either thermally or chemically induced, giving rise to thermal and solutal
convection, respectively. With the action of an electric current, additional contributions can



be superimposed to these driving forces. First, electrostatic forces can be induced by the
electric field (electron wind effect). If these forces modify the diffusion processes without
inducing convection, they are classically referred to as electromigration forces. On the
contrary, if they activate convection, they are called electroconvection forces. But magnetic
forces can also be generated due to motion of the liquid in a magnetic field, giving rise to
Lorentz forces. In that case, the corresponding effect can be called magnetoconvection.

Pioneering but also recent works consider only electrostatic forces, generated by
current densities of the order of = 10°-10° A/cm? [3-6]. Among them, some studies consider
that these forces generate electromigration [5], other propose the activation of
electroconvection [3, 4]. Moreover, because poorly understood convection processes were
involved, the action of “unknown” mechanisms has also been proposed [7]. However, recent
works on liquid metal batteries have accurately described magnetoconvection processes
under the action of the magnetic force, in the case of current densities of the order
100 mA/cm? [8-10]. In these studies, the possible action of the electrostatic force is not
discussed, even in the extensive review of Kelley et Weier [9]. Moreover, under current
densities of the order of = 10%-10° A/cm?, the driving force controlling mass transport in
liguid metals remains unclear. Notably, its order of magnitude is unknown.

Therefore, a method has been employed here to decouple the different contributions of
mass transport in liquid metals submitted to = 10%-10% A/cm?’ electric currents, in order to
determine the corresponding driving forces. In the absence of electric current, in the case of
a solid metallic solute dissolving in a liquid metal, the flux of solutes in a concentration
gradient following the classical Fick’s law gives a concentration profile following the
expression [11]:

C(x) = Cop + (C; — Cay) - [1 - Erf(x/Z /D.(t + t’))] [1]

with C(x): concentration at distance x of the source of solutes, C;: concentration at the
interface between the source of solutes and the liquid, Co: concentration at infinity, D;:
solute diffusion coefficient in the liquid, t: duration of the isothermal plateau, and t': time
during which Sn is in the liquid state in the heating and cooling steps (= 1 min in total).

Still without current, thermally and/or chemically induced convection activates stirring
of the liquid, and modifies strongly the diffusion profiles given by Equ. [1]. Examples of
theoretical solute concentration maps under the action of convective processes can be
found in the work of Personnettaz et al. [12], showing that the concentration of the solute
does not follow the classical Fick’s law. Convection can first be activated by thermal
gradients, which create density gradients in the liquid. The results presented in our study
show that the experimental setup used effectively eliminated this contribution, which will
therefore not be taken into account. But convection can also be caused by concentration
gradients coming from the dissolution of a solid into a liquid (solutal convection), which

generates Archimedes’ forces per unit volume E{ [13]:



Fi=(pi — pw)d [2]

with p;: density of the liquid at the solid-liquid interface, ps: density of the liquid at infinity,
and g: gravity vector.

In the presence of an electric current, two driving forces are generated, as stated above.
First, the force induced by the electron wind, resulting from ballistic momentum transfer
from the electrons to the moving ions in the liquid, which is added to the force created by an

electric field on charged ions. Therefore, an effective electrostatic force per metallic ion E
can be derived, as follows [11]:

fe=2Z"lelE (3]
with |e|: electron charge, E: electric field created by the electrical resistance of the liquid
following the Ohm’s law, and Z*: effective charge, which takes into account the ballistic and
(purely) electrostatic contributions. This force generates either electromigration (if mass
transport rate is modified without activation of convection) or electroconvection (if mass
transport is modified by activation of convection).

The second driving force is the Lorentz force per metallic ion ﬁ which is created by the

magnetic field §, generated by the current flowing through the liquid capillary, on the ion of
charge g moving at velocity v:

fi=q-BAB [4]
This force generates convection, and thus magnetoconvection mechanisms.

Therefore, in the following, these driving forces have been evaluated quantitatively,
through mass transport experiments of Zn dissolving into liquid Sn under current densities of
~ 500-1000 A/cm®.

For this purpose, diffusion experiments in the liquid Sn-Zn sytem under electric current
were carried out, as follows. Capillary reservoirs containing liquid Sn closed in one extremity
by solid Zn (Fig. 1) were employed. This allowed Zn to dissolve either on top (Fig. 1a) or at
the bottom (Fig. 1b) of the liquid Sn capillaries, to activate solutal convection, or, on the
contrary, to avoid it (the Zn-rich Sn liquid being of lower density than pure liquid Sn,
convection provoked by the Archimedes’ force is activated when Zn is in lower position).
Capillaries of 0.55 mm in radius were thus drilled in stainless steel reservoirs 8 mm in
diameter and 1 cm long, over a depth of 7+ 1 mm (the capillaries were thus closed at one
end, see Fig. 1). Stainless steel was selected for its very low reactivity with both Zn and Sn at
the temperature of the experiments (250°C). In the capillaries, Sn wires (99.99+%,
Goodfellow) 0.5 mm in radius and 8 mm long were introduced, and Zn discs (99.999%,
Goodfellow) were put in contact with the reservoirs to close the capillaries.
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Figure 1. Schematic drawings of the two configurations of the experiments. (a) Without
solutal convection, and (b) with solutal convection.

To apply an electric current, a spark plasma sintering (SPS) apparatus (Dr. Sinter 2080
equipment, located at PNF2-CNRS, Toulouse) has been employed, following a procedure
previously developed [14]. Two configurations were employed (Fig. 2). In both
configurations, graphite molds with 8.4 mm inner diameter were employed. 50 MPa uniaxial
pressure was applied on the Zn discs through graphite or Cu electrodes. Consequently, the
open ends of the capillaries were hermetically closed by the Zn discs, thus insuring sealing.
Moreover, the Zn disks could be plastically deformed, which allowed small amounts of solid
Zn to enter into the capillaries, thus accommodating slight losses of liquid Sn. In the
configuration shown in Fig. 2a, the capillaries were insulated from the current delivered by
the SPS by use of a PEEK polymer foil 0.2 mm thick (resisting to temperatures above 300°C)
surrounding the reservoirs. However, graphite foils (papyex) 0.2 mm thick were positioned
on the upper and lower ends of the graphite electrodes, to insure Joule heating at 250°C of
the graphite molds by conduction of the SPS current. In the configuration of Fig. 2b, the
graphite punches were replaced by Cu electrodes, and a PEEK foil was positioned around the
reservoirs and Cu electrodes, to force all the current of the SPS to cross the reservoirs.
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Figure 2. Schematic drawings of the SPS experiments. (a) Experiments without current. (b)
experiments with 500-1000 A/cm? currents.

Figure 3 gives examples of current density and temperature profiles during the SPS
experiments. Temperature was measured within = 1°C by a thermocouple (TC) at 1 mm from
the capillaries thanks to holes drilled in the reservoirs (see Fig. 2), and accurately monitored
by a PID controller according to the following pattern: heating at 112.5°C/min for 2 minutes,
heating at 25°C for 1 min, maintaining at 250°C for 1 to 10 minutes, cooling at 50°C/min for 2
minutes, and rapid quenching (in less than 30 seconds) of the graphite molds into water.
This procedure was followed with care, because it has been shown that the temperature
cycle, and particularly the cooling step, had significant impact on the measured diffusion
kinetics in solid-state experiments [14].

The heating current delivered by the SPS was direct (no inversion of polarity), and
composed of repetitions of 12 pulses of 3 ms durations separated by 6 ms of dead time.
However, efficient values of this signal were recorded by the amperemeter attached to the
SPS. Fig. 3 shows that the current density evolved during the constant temperature step,
from about 900 A/cm? to about 700 A/cm? in the example shown. Therefore, mean current
densities were calculated from integration of the profiles during the constant temperature
step at 250°C, giving a value of 782 A/cm? in this example. Moreover, these average current
densities exhibited values spreading between 500 A/cm® and 1000 A/cm’® among the
experiments. This is attributed to high sensitivity of the current density to contact
resistances in the SPS setup [14]. The positive electrode of the SPS was that situated at the
bottom, meaning that the electrons moved from up to down.
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Figure 3. Typical current and temperature profiles during an electroconvection experiment at
250°C for 5 min of holding time (Zn up configuration). Mean current density: 782 A/cm’.

After the diffusion experiments in the SPS, to analyze the concentration profiles, the
capillary reservoirs were cut longitudinally, and microstructurally characterized by scanning
electron microscopy (SEM) and energy dispersive X-ray analysis (EDX), using procedures
detailed in the Supplementary materials. Thus, Fig. 4 shows the influence of
electroconvection without contribution of solutal convection, the Zn-rich liquid floating on
top of the pure Sn liquid. Without current, Zn (in yellow, Fig. 4a) diffuses over distances
ranging from about 3 mm to 6 mm for 1 min. to 10 min. of diffusion time. In these cases, the
concentration profiles follow the classical Erf functions given by Equ. [1], with a usual
diffusion coefficient value [15] (Fig. 4c). Therefore, no convection processes, for example
thermal convection, were activated in these experiments. On the contrary, when a current
of 782 A/cm? is applied, the mass transport of Zn in liquid Sn is profoundly modified (Fig. 4b),
leading to an almost homogeneous concentration in the capillary reservoir (Fig. 4c).
Therefore, the electric current strongly activates the diffusion processes, either by
electrostatic or magnetic forces.
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Figure 4. SEM-EDX chemical characterizations of Zn in upper position diffusing into liquid Sn
at 250°C, after solidification and cross-section metallographic preparation of capillaries. (a-b)
Chemical maps of Zn (in yellow) after 5 minutes of diffusion, showing that the mass transport
occurs over much longer distances with current than without current. (c) SEM-EDX linescans
along the length of the capillaries (x coordinate, in mm, origin at the Zn-Sn interface),
showing that the Zn concentration profiles without current (0 A/cm?, in blue, 1 to 10 minutes
of diffusion duration) follow classical diffusion kinetics in Erf functions (black lines), with a
diffusion coefficient typical of liquids (diffusion coefficient of Zn in liquid Sn at 250°C: D, = 4-
5x10° m?/s [15]). This shows that thermal convection is not activated in this case. On the
contrary, the strong modification of the profile shape in presence of a current (782 Afem?, in
red) evidences activation of convection in the liquid by the electric current.

In the presence of solutal convection (Zn in bottom position), the concentration maps
(not shown) in all cases resembled those given in Fig. 4b, meaning that the capillary
reservoirs were completely filled with Zn, whether with and without current. This means
that solutal convection alone (without current) leads to similar activation of mass transport
than solutal convection plus contribution of the current. This effect has been more precisely
guantified by measuring the total amount of Zn dissolved in the capillary reservoirs (Table 1),
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data from which the contributions of solutal convection and of convection under electric
current have been deduced (Table 2). It can be seen that the effects of convection under
electric current (whether with or without solutal convection) and solutal convection
(whether with or without convection under electric current) are to increase on average the
dissolution rates by factors = 1.5 and = 2.9 respectively. This clearly indicates that the
contribution of convection under electric current to mass transport is of the same order of
magnitude as solutal convection, or slightly lower in the present case.

Table 1. Amounts of dissolved Zn in liquid Sn determined by EDX (see Supplementary
materials), during mass transport experiments without and with electric current (conditions
for all the experiments: 250°C, 5 min).

Zn up Zn up Zn down Zn down

Configuration
8 0A/cm?® | 782 A/cm? | 0A/cm® | 540 A/cm?®

Average Zn concentration
. L 3.0 4.6 8.8 13.2
in the capillaries (at. %)

Table 2. Ratios of the average concentrations of dissolved Zn measured in the different
configurations.

Ratio of the
average Zn
concentrations

Contribution of convection under electric current
Without solutal convection: (Zn up — 782 A/cm?) / (Zn up — 0 A/cm?) 1.53

With solutal convection: (Zn down — 540 A/cm?) / (Zn down — 0 A/cm?) 1.50

Contribution of solutal convection
Without current: (Zn down — 0 A/cm?) / (Zn up — 0 A/cm?) 2.93

With current: (Zn down — 540 A/cm?) / (Zn up — 782 A/cm?) 2.87

In summary, the experimental results show that the contributions of the current and of
solutal convection on mass transport are of the same orders of magnitude. This can be
analyzed by evaluating quantitatively the solutal, electrostatic and magnetic forces given by
the Equ. [2-4] (see quantitative analysis of these forces in the Supplementary materials). For
the solutal convection, a force of 590 N/m3 is found, whereas for the electrostatic and

8



magnetic forces under 1000 A/cm? current density, values of 1.1x10° N/m?® and 460 N/m?
are obtained, respectively. Consequently, the magnetic and solutal forces are in the same
range, and below the electrostatic force by orders of magnitude.

Considering these evaluations, it could be concluded that the dominating driving force
for mass transport in liquid metals under = 10%-10% A/cm? current densities would
indisputably be the electrostatic force, which is above the solutal and magnetic forces by
about 8 orders of magnitude. However, the electrostatic force being parallel to the electric
field and therefore to the axis of the capillary, the liquid metal exerts a force on the closed
ends of the capillary. According to Newton's third law, the ends of the capillaries exert then
a reaction force opposing the electrostatic force, so that the resulting force is zero.
Therefore, the net force (electrostatic force + reaction force) exerted on the liquid as a
whole is null. On the contrary, as also described in the Supplementary materials section, the
magnetic forces induce poloidal motion of the liquid around the toroidal lines of the
magnetic field [9, 10]. In this case, the liquid is free to move along closed poloidal paths,
without opposition by reaction forces. Therefore, motion of the liquid can be activated
under much lower driving forces, of the order of the solutal force (about 500 N/m3), which is
also the typical order of magnitude of the magnetic force. Note that, under low current
densities (= 0.1 A/cm?), this is the magnetic force which is considered, rather than the
electrostatic force [8-10, 16]. The present work shows that this is also the case under current
densities of = 10%-10° A/cm?.

Therefore, this study shows that, in liquid metals under ~10%-10° A/cm2 current
densities in thin capillaries (= 1 mm in diameter) limiting convection, mass transport is
controlled by the magnetic force. As a result, in most situations of electrotransport in liquid
metals (from 0.1 A/cm? [8, 10, 16] to 10%-10° A/cm? [3-5, 17] current densities, convection
being controlled by capillaries [3-5, 17], or not controlled as in liquid metal batteries [8-10]),
it is the magnetic contribution through Lorentz forces that must be taken into account,
rather than the electrostatic contribution typically considered in classical [3-5, 17] and
recent [6] works.
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