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The effect of direct current (DC) on the wetting behavior of Cu substrate by liquid Ga-25In-13Sn alloy at room temperature is
investigated using a sessile drop method. It is found that there is a critical value for current intensity, below which the decrease of
contact angle with increasing current intensity is approximately linear and above which contact angle tends to a stable value from
drop shape. Current polarity is a negligible factor in the observed trend. Additionally, the observed change in contact angles is
translated into the corresponding change in solid-liquid interfacial tension using the equation of state for liquid interfacial tensions.
The solid-liquid interfacial tension decreases under DC. DC-induced promotion of solute diffusion coefficient is likely to play an

important role in determining the wettability and solid-liquid interfacial tension under DC.

1. Introduction

During the solidification process of materials, the application
of electric current including direct current, alternating cur-
rent (AC), and electric current pulse (ECP) has developed
into a promising technique to modify the solidifying struc-
ture in the past decades due to their high efficiency and clean-
liness [1-3]. Consequently, much of the fundamental research
has been performed towards understanding the mechanism
behind the modification of the solidification structure by
electric current [4-7]. However, the exact modification
mechanism is not fully understood and it is still controversial.

To date, the main reasonable hypotheses proposed to
explain the modification of the solidification structure are
the increase in the solid-liquid interfacial tension [8], the
reduction in the nucleation activation energy [9], the sup-
pression of grain growth due to Joule heating [10], current
crowding due to the differing electrical conductivities of solid
and liquid [11], electromigration [12], and melt flow caused by
Lorentz force [13], but all these taken together do not provide
a consistent picture of the solidification structure evolution

under electric current. This is mainly due to the lack of con-
clusive evidence provided by theoretical and experimental
studies in support of the proposed hypotheses, especially in
the solid-liquid interfacial tension and its related wettability
of solid phase by liquid phase which play an important role
in determining the kinetics of crystal nucleation and growth
[14]. To better understand the intrinsic mechanism of applied
electric current to the solidification structure of alloys, a
knowledge of the correlation between current parameter
and the solid-liquid interfacial tension during solidification
process of alloys is required. However, very little experimental
investigations have been performed on this issue.

To our knowledge, although as yet no measuring method
is applicable for the solid-liquid interfacial tension when
DC passes through the solid-liquid interface, recent studies
on effect of an applied DC on the solid-liquid interfacial
reactions in metal-metal system have given an implication for
the determination of the solid-liquid interfacial tension and
the wettability. Xu et al. [15] found that the application of DC
could improve the wettability of molten Bi on Cu substrate
using a DC-coupled sessile drop method, and current polarity
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FIGURE 1: Schematic illustration of direct current-sessile drop apparatus.

did not give rise to significant difference on the wettability.
Here, it should be pointed out that there are some drawbacks
to their designed experiment. For example, the dissolution
of the Cu electrode in liquid Sn at the setting temperature
needs to be taken into account, and thus the wetting result
is blemished. Gu et al. [16, 17] solved the above problem by
selecting the graphite electrode to replace the Cu electrode. It
was observed that similar results were obtained for the wetta-
bility of molten Sn on Cu substrate or Fe substrate. Moreover,
the applied DC promoted the dissolution of the Cu substrate
in molten Sn which was enhanced with increasing current
intensity. It prevented the determination of solid-liquid inter-
facial tension from contact angles through Young’s equation.

The aim of the present work is to obtain quantitative
data on the wettability of Cu by molten alloy using a DC-
coupled sessile drop method and to compare the solid-liquid
interfacial tension under different current conditions. For the
work, Ga-25In-13Sn ternary near-eutectic alloy is chosen as
droplet at room temperature, because this alloy is liquid due
to its low melting point. In this situation, the dissolution of the
upper electrode in liquid alloy and the solid-liquid interfacial
reaction can be neglected. This makes it possible to reveal the
influence of DC on the solid-liquid interfacial tension and the
wettability for the explanation of the solidification structure
evolution under electric current. In addition, the potential
mechanism of DC on the change of solid-liquid interfacial
tension and wettability is also discussed in detail.

2. Experimental Procedure

The Ga-25In-13Sn (all percentages are wt-% unless otherwise
stated) ternary near-eutectic alloy was prepared using high-
purity metals of Ga (>99.999%), In (>99.99%), and Sn
(>99.99%) in a resistance furnace. After allowing time for
melt homogenization, the alloy was taken out and aspirated
into a microinjector. Pure Cu plates (>99.9%) in a size of

15 x 15 x 4 mm’ were used as substrates. They were mechan-
ically polished to a mirror surface with roughness of a few
nanometers using diamond pastes and then ultrasonically
cleaned in acetone. The measurements of contact angle and
surface tension under DC were performed using a DC-
coupled sessile drop apparatus, as schematically shown in
Figure 1. As can be seen, it was comprised of two main devices:
a high speed (frame rate = 200 Hz) contact angle instrument
(Powereach, China) and the electric transmission mission
device consisting of a DC power and a Cu wire of ® 1.8 mm
with a sharp-pointed head used as the upper electrode and
Cu substrate, on the side of which the Cu wire was held,
used as the bottom electrode. Cu substrate was put at the
bottom of quartz colorimetric utensil and horizontally placed
on the sample stage. Subsequently, liquid drop of Ga-In-Sn
alloy with a volume of 40 ul was injected on the Cu substrate
surface with microinjector. After that the upper electrode,
which replaced the position of microinjector, was fixed to the
motorized syringe assembly. The sample stage can move in
both horizontal and vertical direction to achieve a sufficient
contact of the upper electrode with liquid drop.

In DC-coupled sessile drop experiments, the sharp-
pointed upper electrode was initially moved down to be
inserted into the liquid drop. This moment was defined
as the starting time of the wettability (i.e, t = 0s), and
then let the liquid drop stand for 5 minutes without DC.
After that, DC of 1A with a predetermined polarity was
continuously applied for 5 minutes at room temperature,
and then the 2D projection of 3D drop was recorded by a
high speed framing camera. Repeating the above operations,
each time current intensity added 1 A until current intensity
increased to 11 A. Due to the existence of relaxation time
for the steady-state contact angle, the wetting experiment
without DC was performed at room temperature and image
was taken by the camera every 5 minutes, one which lasted
until 65 minutes. Contact angles were calculated from the
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FIGURE 2: Measurement of contact angle using image-processing techniques.

captured images using drop shape analysis. First the drop
profile and the surface of Cu substrate were extracted using
image-processing techniques, and then the intersection of the
baseline with the tangent was obtained. The different steps in
the processing technique are presented in Figure 2.

3. Results and Discussion

In order to conveniently describe current polarity, the direc-
tion of DC is defined as a positive one with the Cu substrate
connected to the cathode, while the corresponding negative
DC is one with the Cu substrate connected to the anode.
Typical liquid drop shapes of Ga-In-Sn alloy on Cu sub-
strate under different conditions are illustrated in Figure 3.
Figures 3(a)-3(c) represent the metal drop spreading on Cu
substrate at different time without DC; the corresponding
drop contours are overlapped in Figure 3(d). It can be seen
that wetting degree of Cu substrate by Ga-In-Sn alloy drop
is poor and does not vary with time in the absence of DC.
It suggests that metal drop spreading on Cu substrate forms
the quasi-equilibrium shape within 5 minutes. Since the
spreading rate was accelerated by DC according to [15, 16],
the time required to form the approximate equilibrium shape
during application of DC should be less than 5 minutes. In
the present experiment, the duration of DC is 5 minutes in
order to ensure sufficient spreading of Ga-In-Sn alloy on Cu
substrate. Effect of positive DC on the wetting behavior of
liquid drop of Ga-In-Sn alloy on Cu substrate is depicted in
Figures 3(e)-3(h), while the corresponding results under the
condition of a negative DC are shown in Figures 3(i)-3(1). The
wettability is still poor when DC is applied regardless of cur-
rent polarity. However, the application of DC of +6 A deforms
the drop shape compared with that without DC, and there is
no increase in the deformation of drop when current intensity
increases to +11 A, as shown in Figure 3(h). Similar deforma-
tion of drop is obtained upon DC reversal (Figure 3(1)).
Since wettability is usually characterized by contact angle
of liquid on solid surface in three-phase equilibrium, contact
angle measurements are necessary to profoundly understand
effect of DC on the wettability of Cu substrate by Ga-In-Sn
alloy melt. The plot of contact angle as a function of current
intensity at room temperature is shown in Figure 4. As a
result, DC reduces the contact angle regardless of current
polarity. The decrease of contact angle with increasing current

intensity is approximately linear when the applied DC is not
more than 6 A in current intensity, and there is a critical
value for current intensity, above which contact angle remains
almost constant. Moreover, current polarity seems to have no
significant effect on contact angle.

According to Young’s equation (1), the contact angle
of liquid drop on solid surface is determined by the force
balance between the interfacial tensions at the solid-liquid-
gas interface:

Yig €OS 0= Ysg = Vs> ¢))

where 0 is the Young contact angle, y, is the liquid-gas
surface tension, y,, is the solid-gas surface tension, and y,, is
the solid-liquid interfacial tension. It should be pointed out
that (1) is only applicable to thermodynamically meaningful
contact angles [18]. In that case, it suggests that the observed
decrease in contact angles is a manifestation of the effect of
DC on interfacial tensions. It is very probable that the solid-
gas surface tension is unaffected by DC due to the lack of
mobility of atom of the solid. Therefore, it is believed that
the observed decrease in contact angles is a consequence of
a change in liquid-gas and solid-liquid interfacial tensions.

Taking the solid-gas surface tension as a constant, effect of
DC on contact angle can be translated into the corresponding
effects in terms of the liquid-gas and solid-liquid interfacial
tensions using the equation of state [19]:

Vi = 2’VSg
's (Vl + sin20 + cose),

 Ysg (\/1 + sin?0 - cos 0)
Yo = (\/1 + sin%0 + cos 6)

Equation (2) describes the dependence of liquid-gas and
solid-liquid interfacial tensions on contact angle, respectively.
They can be employed to qualitatively estimate the change
of liquid-gas and solid-liquid interfacial tensions under DC
compared with those without DC. Figure 5 shows variation of
the calculated solid-liquid and liquid-gas interfacial tensions
ratio with current intensity and polarity. Obviously, with
increasing current density, the ratio of calculated solid-liquid
interfacial tension (y5) under DC to that (y,) in the absence
of DC decreases at first and tends to a constant when
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FIGURE 3: Typical liquid Ga-In-Sn drop shapes on Cu substrate under different conditions. Without DC after different standing time of (a)
5min, (b) 35 min, and (c) 65 min, the three aforementioned drop shapes are amplified and overlapped in Figure (d). With positive DC (e)
0A, (f) 6 A, and (g) 11 A, the three aforementioned drop shapes are amplified and overlapped in Figure (h). With negative DC (i) 0 A, (j) 6 A,
and (k) 11 A, the three aforementioned drop shapes are amplified and overlapped in Figure (1).

current intensity exceeds 6 A regardless of current polarity
(Figure 5(a)). Similar tendency is observed for the ratio of
calculated liquid-gas interfacial tension (yfg) under DC to that
(Ngo) in the absence of DC. It indicates that the observed
change in contact angle is a consequence of the decrease in
the liquid-gas and solid-liquid interfacial tensions.

Since the measurement of contact angle is performed
using a DC-coupled sessile drop method at room temper-
ature, the mass transfer and interfacial action at the triple-
phase region are negligible. In this case, Young’s equation and
its extended formulas are applicable to determinate liquid-gas
and solid-liquid interfacial tensions from contact angle in the
present study. As indicated above, the observed decrease in

contact angle results from the decrease of liquid interfacial
tensions. The potential mechanism causing the above change
in liquid interfacial tensions refers to a series of current effects
such as Joule heating, electromigration, electric potential
energy, and convection caused by Lorentz force. Therefore,
the contributions of these effects to liquid interfacial tensions
should be seriously considered.

When electric current passes through a conductor, Gibbs
free energy increases by adding an extra term (8G,) at the
same temperature [20, 21]. It is speculated that solute atoms
in alloys will be excited to a higher energy state under DC
and affect the solute diffusion process. An explanation to the
influence of DC on the diffusion activation energy (Q) of
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FIGURE 4: Contact angle versus current intensity and polarity.

solute is schematically illustrated in Figure 6(a). Generally,
the diffusion activation energy, sometimes called the diffu-
sion barrier, is defined as the minimum energy required to
start atom migration. Position 1 and position 2 represent
the initial location and target location of atom migration,
respectively. In the absence of DC, the diftusion barrier (AG)
is given by AG = G, - G,. The diftusion barrier (AG,)
decreases under DC due to the contribution of an extra term
(6G,). It suggests that DC reduces the diffusion activation
energy of solute and then increases its diffusion coeflicient
(D) at the same temperature in terms of the relationship
between D, Q, and absolute temperature (T') [22]. Similarly,
Zhao and coworkers have found that the calculated diffusion
coefficient for solid Ni in liquid Al increases with increasing
current density under DC and approaches a relatively stable
value at a certain critical current density, regardless of current
polarity [23]. It is concluded that DC plays an important role
in promoting the diffusion process of metal atoms.

Additionally, it should be noted that the physical param-
eters of liquid alloys, liquid-gas interfacial tension (yi4), vis-
cosity (#), and solute diffusion coefficient (D) are intensively
correlative. Therefore, the relationship between yy4, 77, and D
can be given with some empirical models [22]:

_ 16 M

D= kT ’
6mrry

(3)

where M is the absolute atomic mass, k is the Boltzmann
constant, and r is the characteristic radius of solute atom.
According to (3), the liquid-gas interfacial tension is inversely
proportional to the solute diffusion coefficient, implying that
the DC-induced promotion of solute diffusion coefficient
obviously decreases the liquid-gas interfacial tension of liquid
Ga-In-Sn alloy regardless of current polarity, which is in
agreement with the calculated results. As indicated above,

the changing trends for solid-liquid and liquid-gas interfacial
tensions are similar regarding current intensity dependence.
Thus, it is likely that the reduction of diffusion activation
energy is the main factor for the reduction in contact angle
and solid-liquid interfacial tension under DC.

Since previous studies have proved that Joule heating,
electromigration, and convection caused by Lorentz force
play significant roles in determining the dissolutive wet-
ting process of molten metal on solid substrate at higher
temperature [15, 16], it is worth studying how to affect the
wettability of Cu by liquid Ga-In-Sn alloy and its related
solid-liquid interfacial tension at room temperature by the
above-mentioned current effects. Here, current density as an
important parameter in assessing current effects is essen-
tial to be determined and its average values are estimated
as 10-110 Acm™ in our experiment. In prior work it was
observed that effect of Joule heating effect on temperature
was negligible for Sn-Bi alloy under DC of 50 Acm™. The
change of temperature (AT) under DC is proportional to
current density squared (j*) and electrical resistivity of
materials (p,, approximately 7.0 x 10~ Q-m for Sn-Bi alloy
at 500 K [24] and 2.9 x 1077 Q-m for Ga-In-Sn alloy at room
temperature [25]) [26]. As a consequence, the obvious change
of temperature occurs only when current density exceeds
about 120 Acm™ in this study. Thus, effect of Joule heating
in liquid drop on the wettability should be negligible with
the present DC range of 1-11 A. Generally, current densities of
the order of 10> Acm ™ are required to produce a substantial
electromigration, which enhances with increasing current
density [12]. Composition fluctuation at the solid-liquid
interface as the direct expression of electromigration [4] will
affect the solid-liquid interfacial tension and depends on
current polarity. Therefore, the difference of the solid-liquid
interfacial tension occurs upon DC reversal and increases
with increasing current density, which is inconsistent with
our experimental results. It suggests that the contribution of
electromigration is not expected to be significant to decrease
the solid-liquid interfacial tension. As has been reported
before, Lorentz force caused by the interaction between the
applied DC and its own induced magnetic field gives rise to
significant convection in liquid phase [23]. In our case, flow
field in the drop, which is similar to that reported in [27],
provides a driving force for composition homogenization and
weakens composition fluctuation at the solid-liquid interface
due to electromigration. According to drop shape, the liquid
near the upper electrode has a higher current density, which
is estimated as 40-440 Acm™>. Tt implies that temperature
gradient as a result of differences in Joule heating associated
with differences in cross-sectional area of drop should be
considered when current intensity of the applied DC exceeds
3 A, which can lead to Marangoni convection in drop, as
schematically shown in Figure 6(b). Note that there is no
significant difference between the direction of Marangoni
convection and that of convection induced by Lorentz force.
Marangoni convection also plays a role in restraining compo-
sition fluctuation at the solid-liquid interface. Suppression of
electromigration by convection explains the fact that there is
no distinction in the wettability upon DC reversal.
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FIGURE 6: (a) Schematic explanation for the effect of DC on the diffusion activation energy. (b) Schematic of Marangoni convection in the

Ga-In-Sn/Cu system under DC.

4. Conclusions

We have investigated the wetting behavior of Ga-In-Sn alloy
melt on Cu substrate and solid-liquid interfacial tension
under DC at room temperature. The application of DC has
a pronounced effect on the wettability. There is a critical
value for current intensity, below which the steady-state
contact angle decreases with increasing current intensity
and above which contact angle remains almost constant. In
addition, the direction of DC does not play a role in the

observed effects under the same current intensity. Using the
equation of state that describes the dependence of solid-liquid
interfacial tension on contact angle, the change of solid-liquid
interfacial tension under DC can be qualitatively determined.
The application of DC leads to significant reduction of solid-
liquid interfacial tension. It is speculated that the reduction
of contact angle and its corresponding solid-liquid interfacial
tension is mainly attributed to the promotion of solute
diffusion coefficient under DC. Moreover, Joule heating,
Marangoni convection induced by nonuniform distribution
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of temperature filed, electromigration, and convection caused
by Lorentz force do not have a noticeable effect.
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