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A NUMERICAL STUDY OF JOULE HEATING EFFECT IN ELECTRODEPOSITION PROCESS-CASE

OF COPPER ELECTRODEPOSITION
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Abstract: The electrochemical process in the presence of heat dissipation effect (Joule heating effect) is highly detected in practical
electroplating solutions such as 0.6 M CuS04+0.5 M H2504 electrolyte, where currents passing through the cathode-anode-electrolyte
increase temperature in the electrolyte and electrodes. Due to the complex nature of such systems and the diversity of physics

describing it, a theoretical approach of appearance for natural convection on vertical and horizontal sides of a cathode in the presence

and absence of Joule effect under unsteady state condition was observed using Comsol Multiphysics. It was found that the onset of
natural convection on a vertical side depends on the Joule effect, and the time (tn) for appearance is longer on the edges than in other

areas. The horizontal side of a cathode assists the appearance of natural convection in the presence and absence of the Joule effect.

The Rayleigh (Ra) number has larger values on the vertical side than the horizontal side due to the effect of surface concentration
distribution Cs. A Sherwood, Sh-Ra mathematical relation such that Sh=0.03Ra%8¢ was proposed where natural convection had no

pronounced effect on the deposition process. It was found that the Joule heating effect negatively affects the electrodeposition process

by reducing the local current values.
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1. Introduction

Electrochemical deposition reduces metal ions of more than
one metal (alloy) on a well-prepared conducting surface substrate
to protect against corrosion or obtain some useful properties
(Lowenheim, 1977). Accordingly, the electrodeposition process is
a type of surface engineering activity.

Many factors affect the electrodeposition process, such as
substrate  morphology type, electrochemical properties,
thermodynamic properties, and kinetic factors. Other factors
affecting the solution-substrate interface include pH and
temperature (Kanani, 2005; Lowenheim, 1977). In general,
temperature can play several roles. The first is its effect on the
solution through solubility, evaporation of the bath solution,
stability of the solution constituents etc. The second effect is
confined to the surface-solution interface, where increasing
temperature increases the rate and efficiency of the
electrodeposition process and reduces energy consumption
(Gongalves et al., 2021). The third relates to the electrodeposit
properties, where previous studies suggest that increasing the
temperature to 60°C increases surface roughness or dendrite
formation (Gongalves et al., 2021; Jeon et al., 2022). Kwon et al.
(2017) found that increasing temperature reduces the hardness
of some deposits and increases the grain size.
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It is known that an electrochemical process is a rate process,
meaning that the oxidation or the anodic process and the
reduction of ions are sensitive to the surface temperature and
mass transfer effect (Al-Duaij et al., 2017; Paunovic, 2006). Many
electrochemical depositions take place at approximately constant
temperatures of about 30°C. In electrodeposition, the works
(pieces, load or cathode to be electrodeposited) is a batch
process. As soon as a quantity of pieces is treated-
electrodeposited, another quantity is served for the process in a
sequence. Depending on the requirements, this could be done
within a work shift or more. Large electrical current values are
used depending on the work area (the current density is
determined by dividing the total current by the total load area,
which is commonly used in the electrodeposition field). Since the
current path from the bus bar to the solution is variable, there will
be a potential drop accompanied by a heating dissipating
mechanism or Joule heating effect. Joule heating or Ohm's law
(Diogo et al., 2013) is a phenomenon that accompanies the
passing of a current in a conductor and is proportional to the
conductor’s resistance value.

Figure 1 shows the resistivity values for some electrodes used
in electrochemistry (Diogo et al., 2013). Zinc, steel, and cadmium
deposition with lower conductivity values than copper and
aluminium are widely used in many electroplating systems.
Therefore, Joule heating is expected to have more effect for the
same current value, eventually increasing solution and deposit
layer or surface temperature.
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Figure 1. Resistivity of some electrodes (Diogo et al., 2013)

The process involves heat transfer between the electrodes or
works and the solution, meaning the surface temperature is
higher than the solution wherever the current is passing.
Increasing the cathode surface’s temperature in the presence of
dissolved species affects concentration distribution. Due to the
density effect, the ions are intensified near the bottom of the
solution, imparting a poverty zone in the upper layers of the
solution. Therefore, the current distribution is affected, especially
when the kinetics are concentration-dependent. Density variation
within the solution induces free convection. This variation is
either due to localized heating or the distribution of dissolved
species. Natural convection depends on the object geometry and
temperature difference between the hot surface and the colder
fluid (Selman et al., 1971; Amir et al., 2019).

Only a few studies consider the Joule heating effect on the
electrodeposition process. Only the Laplace equation with heat
transfer by conduction was solved without referring to the
convection effect (Barvinschi, 2006). According to our knowledge,
this is far from the industrial problem consideration regarding
electrodeposition solutions. Schréter et al. (2002) showed that
temperature gradient has a pronounced effect on convection
near electrodes. Other concepts were used for other purposes
(Hwang et al., 2019; Li et al., 2017). Other studies investigated
conditions totally different from this study's focus and did not
deal with complicated conditions (Selman et al., 1971; Amir et al.,
2019; Kawai et al., 2009).

Natural convection appears due to the non-uniform density of
the solution due to concentration or temperature differences.
Therefore, in this study, a numerical approach was conducted to
detect the Joule heating effect on the onset of natural convection
via the concentration of the active species under an unsteady
state process. The deposits' morphology, adherence, and porosity
were not the subject of this study because these properties
require experimental work and inspection. Unsteady state
process best fits industrial applications, where the surface and
solution temperature are variable as time proceeds, and
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increasing solution temperature is accompanied by some risks.
The cooling process to maintain the temperature within the
desired range using a cooling coil or jacket adds complexities to
the economic considerations.

This study assumed that: 1) the work received a constant
value of current or current density (galvanostat); 2) the energy
dissipation as heat (Joule effect) takes place only in the stagnant
solution in absence of cooling process (i.e., insulated walls of the
cell); 3) the evolution of deposit layer has no significant role in
affecting the electrode’s surface temperature (thin layer); 4) the
anodes have a larger area than the cathode, therefore, their joule
heat effects are negligible; 5) Cu*? is electrodeposited on cathode
as the main reduction reaction; 6) H* also is reduced on cathode;
7) the initial temperature of the solution is 303 K.

2. Numerical Simulation

The electrochemical system in this study is very complex.
There are several ions with different diffusivities, concentrations
and charge numbers. A system might not be adequately studied,
and experimental work for obtaining the relevant variables is
difficult due to interactions between diffusion and electro-
migration flux, where both have the same direction. Moreover,
there are more than two ions with different properties. This
attribution conforms with (Volgin et al., 2009).

In this study, the Joule effect is used with applied current
density on one side, and the other side is grounded. The general
form handles and represents heat transfer (Holm and Jack, 2010).

oT
s 1)

For a constant thermal conductivity (within the range of

V(KVT) +q = pc,

temperatures estimated in this study and for ease of solution
convergence), the following equation is used:
q C, T

We consider the copper plating process (composed mainly of
0.6 M CuS0O4+0.5 M H2S04) (Huang et al., 2019; Hussein, 2018)
with an applied current density of 2 A/m2. The cathode dimension
is 15x40 cm, as shown in Figure 2. Electrolyte conductivity was
approximated to 55 S/m. Unsteady state, laminar, and weakly
incompressible flow were considered. Hence, the following forms
of the Navier—Stokes and continuity equations are applicable:

p%er(U.V)U =-VP+V.(pl +k)+F + pg (3)

pV.(U) =0 (4)

k= (VU +(VUTY) )
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The mass balance for the involved species can be represented
by

aEci+VJi +UVC, =R (6)

J,=-DVC, +Z4,;FCVE, (7)

Since the solution was composed of 0.6 M CuSO4+0.5 M
H,SO,4 with a dissociation degree of 0.31 for HSO4 (Sakr et al.,
2013), the initial concentrations, ci,, for C*2, H*, SO42, and HSO4
are 0.6, 0.65, 0.75 and 0.35, respectively. The flux at the electrode
surface is (Kawai et al., 2009):

oc,  j
_Dlaixlzﬁ(l_tl_tz) (8)

The transference number is given by

_ CiZits 9
h= Zciozi:ui ( )

i=1

Electroeutrality is also applicable inside the solution:

>.Cz,=0

With zero velocity and no concentration effect, Equation 7 is

(10)
reduced to

Equation 11 with appropriate boundary conditions can give
the primary and secondary current distribution. The effect of
mass transfer on current distribution is represented by tertiary
current distribution:

= §,C/C,.exp(-n/h,)

(12)
The flux of the deposition process for Cu*2ion at the cathode
is given by
8CCu+2

D ot Couia ! Co-exp(=17/0) I ZF (15

where é: is the normal direction to the surface.
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Equation 12 is a modified Tafel equation used to estimate the
mass transfer effect on current distribution. Using appropriate
boundary conditions with the given values (Kawai et al., 2009), in
addition to the Joule effect, Equations 3-12 also give velocity,
temperature, and concentration distribution. It is assumed that
the current value used in this study is less than the limiting current
value.
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Figure 2. Configuration of the cell: A is the anode, and Cis the
cathode

Due to temperature variation within the solution, the relation
of solution density to concentration can be represented by the
linear expression in terms of solute concentration.

LB _ zai G -Cy) (14)
b i

yo,

where @; is the densification coefficient (Kawai et al., 2009;
Sakr et al., 2013) in m3/mol=0.14*1073, 2.68*105,0 for Cu*?2 and
H*, respectively and =0 for SO42 and HSO4.

The numerical simulation is approached using COMSOL 6
using time-dependent non-linear solver, element number of
9215. The parameters such as exchange current density and initial
concentration can be found in (Hussein, 2018).

3. Results and Discussions

Many variables were used in this study, such as temperature
distribution in the cell, solution velocity due to electrochemical
process and temperature variation, concentration distribution for
each active ion, diffusion layer, and temperature dependency.
Considering all of them was tedious and needed much work that
could be covered in more than one article. Therefore, a few
limitations were introduced as necessary.

First, natural convection's appearance must be detected for
both cases, with and without the Joule effect, as shown in Figure
3.
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Figure 3. The onset of natural convection and diffusion flux: (a) without Joule effect at the midway of ad
(b) with Joule effect at the midway of ad (c) without Joule effect at the midway of cd (d). with Joule effect at the midway of cd (e)
diffusive flux at the midpoint of ad (f) diffusive flux at the midpoint of cd

Figure 3a and Table 1 show that natural convection is absent
without Joule effect on the vertical surface along ad. The onset of
natural convection on ad needs a longer time to appear near the
edges of the electrode compared to Figure 3b and Table 1. In the
early stages, the diffusion and migration mass transfer prevailed
(Figures 3d-3e), and the Cu*Z ions reduction is proportional to t3,
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according to the Sand equation (Xuegeng et al., 2008). As time
proceeds to a certain value, a deviation from linear to a quasi-
steady state or equilibrium state of surface concentration is seen.
At this stage, the buoyant force or natural convection becomes
dominant. At the edges of the electrodes, the local current
density intensified to a larger value than other points, and the
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main component is the migration current. Accordingly, the edges
needed a longer time for buoyancy to appear. In the case of the
Joule effect, a higher temperature on the cathode surfaces
created a graduated zone of temperature formation at the
thermal boundary layer, assisting the appearance of buoyant
forces, especially at the vertical electrode where the hot fluid
motion was upwards against gravity. This behaviour coincided
with the finding of (Xuegeng et al., 2008). The value differences
are due to different cell configurations, process time, solution
composition and temperature.

The onset of buoyant forces with and without the Joule effect
on the horizontal cd surface was detected (Figures 3c and 3d) and
could be attributed to
Archimedes force exceeded the viscous force at time t,, leading

increasing Archimedes force. The

to instability of the solution motion, where the force intensified
in the vicinity of the surface ad. As the local current value
increased, the time for the onset of buoyant force t, also
increased due to the reasons explained above. Table 1 gives the
t, values at a few positions of ad and cd.

Table 1. Time of natural convection onset at selected

positions
Surface Position on Value of t, (sec)®®
electrode (cm) (6n, 10°m)
With Joule without
effect
5 37 (22) e
ad 7.5 31.5(19) = -
10 33(16.5)  —eeeeee-
20 37 (13) 35 (12)
cd 10 36 (15) 34 (13)
5 39 (21) 33(19)

The critical Rayleigh number defined as the onset of natural
convection, Rac is given by

Ra, =99, (p, — p,)/ 1D (15)

Here, ps and py, are the density values on the cathode surface
and at the bulk, respectively, 6, is diffusion layer thickness at time
th.
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Figure 4. Relation of critical Rayleigh vs. critical diffusion layer at
different time intervals:

(a) ad with Joule effect (b) cd with Joule effect (c) cd without
Joule effect

Figure 4 shows that the Ra. values are generally higher in the
absence of the Joule effect on the horizontal surface cd (Figure 4
c), which can be attributed to the larger values of surface
concentration. The Ra. values are approximately stabilized along
the diffusion layer on the ad surface (Figure 4a). At the same time,
and was

Rac increased with increasing diffusion layer

proportional to increasing time on the cd surface. Rac
enhancement is generally clearly pronounced in the absence of
the Joule effect, attributed to the lower surface concentration
(higher local current, Figure 5). According to Table 1, the diffusion
layer formed adjacent to cd is lower in the absence of the Joule
effect than in its presence (see also Figure 6). Figure 5 shows
approximately the same shape as the results obtained by Kawai

et al. (2009) and Xue Geng et al. (2008).
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Joule effect

Figure 6 shows the boundary layer evolution on ad and cd in

the presence and absence of the Joule effect.
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Figure 6. Evolution of diffusion layer 6: (a) with the Joule effect

along ad starting from the bottom (b) without the Joule effect

starting from the bottom along the same surface (c) with Joule

effect along cd surface (d) without Joule effect along the same
surface
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Figure 6a shows that the diffusion layer values are uniformly
distributed along the surface ad with increasing thickness as time
proceeds due to the Cu*? depletion. Figure 6b shows the same
shape in the absence of the Joule effect, except that it is slightly
lower than in Figure 6a. Figures 6¢c and 6d show the same trend
for surface cd except for the thickness of the diffusion layer,
where the Joule effect is slightly higher. This can be attributed to
the larger amount of diffusive flux in the presence of the Joule
effect or the temperature effect on the surface concentration
distribution of Cu*? ions and the resultant effect of viscous
extension.

Rayleigh can be correlated to Sherwood number through
analogy concepts (Sang-Hyuk and Deok-Woon, 2006), where the
attained relation from Figure 7 is Sh=0.03Ra%%¢ for ad and cd,
where

Sh::-lf:—'E (16)

(1-1)]

= =< (17)
nF(Cb _Cs)

Other relations can be found in (Duchanoy et al., 2000; Xue
Geng et al., 2008).

Generally, Rayleigh has a higher value on the vertical side ad
than cd with enhanced mass transfer value. This observation
confirms the findings mentioned above.

The convective force increased along ad and cd surfaces as an
exponential function while the diffusive flux decreased (Figures
3e-3f). Figure 8 shows the velocity field after 1000 sec,
representing approximately the onset of buoyant forces (Table 1),
where the vortices are gathered near the vertical surface from the
bottom. The vortices increase as the time passes 1200 sec and so
on.

Finally, Figure 9 shows the surface temperature plot, where
the surface temperature facing the anode increases as time
proceeds due to the Joule effect and has larger values than other
areas.
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Figure 7. Sherwood-Rayleigh relationship: (a) ad surface (b) cd

Figure 8.
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5. Conclusion

In this study, based on the given working conditions:
The appearance of natural convection was detected on the
vertical side in the presence of the Joule effect, while there
is no such appearance in its absence.
On the lower side of the horizontal electrode, natural
convection appeared both with and without the Joule effect.
Ra has larger values on the ad surface than horizontal cd.
The Sherwood relation with Ra is of an exponential form on
both surfaces, ad and cd.
Natural convection took longer to appear on the parts
receiving higher currents.
The solution temperature raised due to the Joule effect; it
was smaller than on the cathode surface, in particular, the
one facing the anode.
The onset of natural convection had a small effect on the
electrodeposition process.
The Joule effect reduced the speed of the electrodeposition
process due to lower current at the specified surface.
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