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Abstract—In this study, we present results of a mathematical model in which the governing equations of electroform-
ing process were solved using a robust finite element solver (COMSOL Multiphysics). The effects of different parame-
ters including applied current density, solution electrical conductivity, electrode spacing, and anode height on the
copper electroforming process have been investigated. An electroforming experiment using copper electroforming cell
was conducted to verify the developed model. The obtained results show that by increasing the applied current den-
sity, the electroforming process takes place faster, thereby resulting in a higher thickness of the electroformed layer. In
addition, higher applied current density led to non-uniformity of the coated layer. It was revealed that by increasing
electrolytic conductivity from 5 to 20 S/m, the electroformed layer became thicker. By considering three different anode
heights, it was found that if the cathode and anode are the same height, the process will be more effective. Finally, it
was concluded that there is an optimum value of anode-cathode spacing: above it, energy consumption and plating
time are high; while below it, the resultant layer is non-uniform. The present study demonstrates that the developed
model can accurately capture the physics of electroforming with a reasonable computational time.
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INTRODUCTION

Electroforming, is an electrochemical process in which deposi-
tion of a metallic anode on a different metal cathode by passing a
specified current-through a solution takes place. During the past
decades, electroforming has been extensively used to manufacture
metal parts [1]. It has some advantages over other techniques, includ-
ing short processing cycle, good copy ability, and high processing
precision [2]. Achieving a uniform electroformed layer is a key ele-
ment in each electroforming process, as it is required in several in-
dustries [3-5]. On the other hand, uneven thickness of the electro-
formed layer could lead to a low-quality product [6,7]. Therefore,
it is essential to alleviate the uneven phenomenon to a specified
extent. Different techniques have been developed to enhance the
thickness uniformity of electroformed layer including secondary
cathode [8], rotating electrodes [9], and conformal anode [10]. In
addition, by optimization of the process parameters and finding ap-
propriate agitation rate, the uniformity can be improved [11].

Electrochemical cells with a rotating electrode (RE) configuration
are mainly designed to impose forced convection on an electrode
reaction and simultaneously counteract influences of free convection
caused by density and thermal changes in the electrode/electrolyte
interface adjacency [12]. It is desirable to obtain homogeneous de-
positions along the RE surface in the electroforming [13].

Rosales et al. [14] used COMSOL Multiphysics to solve fluid flow
equations to simulate turbulent flow in a rotating cylinder electrode
reactor (RCE) in a continuous mode of operation. In addition, they
solved the averaged diffusion-convection equation in order to achieve
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residence time distribution. The obtained flow patterns indicate the
presence of recirculation zones, and they found that its extent in-
creases with increasing flow rate.

In Pérez and Nava [15], primary, secondary and tertiary current
distributions in a rotating cylinder electrode (RCE) using four-plate,
six-plate, and concentric cylinder as counter electrodes were com-
puted using finite element method. The influences of electrode rota-
tion speed and applied current density on the distribution of current
on RCE cathode were analyzed. The obtained results revealed that
homogeneous secondary and tertiary current densities were attain-
able in the RCE cell. Finally, It was declared that simulation results
can be useful in the design of this type of electrochemical.

Currently, no published modeling study has involved electro-
forming simulation of a rotating cone electrode cell. In this paper,
the main objective was to assess the effect of key parameters on the
uniformity of the deposited layer. The numerical model equations
were solved using a robust finite element solver (COMSOL Multi-
physics 5.3a). Electrodeposition experiments using copper electro-
forming cell validated the numerical simulation of tertiary current
distributions. Comparison of experimental and numerical results
indicates the accuracy of the developed model. Finally, the effects of
applied current density, solution electrical conductivity, electrode
spacing, and anode height, on the thickness uniformity are addressed
using several sensitivity studies.

MATERIALS AND METHODS

Fig. 1 shows a schematic diagram of an experimental setup built
for laboratory studies. The electroforming cell includes the electro-
lytic solution CuSO,-6H,O (230 g/L) and concentrated H,SO, (140
g/L), which can enhance the solution conductivity and increase the
throwing power of the electrolytic cell. The anodes are 4N pure cop-
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Fig. 1. Schematic diagram of the experimental setup.

per plates placed in a six-plate arrangement, while an aluminum
cone with base and top radii of 0.8 and 5 cm, respectively; is used
as the substrate on which the copper ions will be deposited. To allow
better separation of the electroformed layer from the mandrel, the
substrate was treated both chemically and mechanically. The cath-
ode was wired to the direct current via a single copper wire. To im-
prove mechanical and physical properties of the coated electroform
layer, the cathode was rotated at 100 rpm. A detailed description
of the electrolytic copper cone production can be found elsewhere
[16]. Electroplating was conducted in a 4 liter bath with 1.2 V volt-
age for 48 hr.

GOVERNING EQUATIONS AND BOUNDARY
CONDITIONS

Copper electroforming process consists of two steps: copper ion
transport from the electrolyte to the cathode surface, and reduction
of metal ions by electrochemical reactions on the cathode surface.

It is known that the electrochemical reactions depend on the
mass transport and charge transfer when the concentration gradi-
ent is significant. Under this circumstance, a tertiary current distri-
bution can be obtained using a Nernst diffusion layer model [17].
A tertiary current distribution model was employed in this work.
By considering the concentration boundary layer at the surface of
the cathode and diftusion as the dominant mass transfer mecha-
nism, the concentration distribution on the boundary layer was
obtained. As the electrolyte is stirred completely outside the bound-
ary layer, the concentration is considered as constant. The critical
Reynolds number for a rotating cone electrode is Re=2x10". In
this study, the Reynolds number is about 3.6x10"; thus, the assump-
tion of turbulent flow is reasonable. Consequently, in the bound-
ary layer, where the flow is stagnant, the diffusion mechanism is
dominant.

Due to this assumption, the results of this work are valid in the
case of small rotating speed of electroforming.

Thickness of the boundary layer depends on the electrolyte type,
geometry, and agitation rate. It can be estimated using Eisenberg
empiric correlation [18]:

Table 1. Variables used for simulation

Parameter Value (unit)

12 (S/m) o
0.8 (mol/L) Ceo
0.8 (mol/L) Chiso,

Symbol

Electrolytic conductivity
Cu** concentration
H,SO, concentration

Electrolyte density 1,200 (kg/m’)  p
Electrolyte viscosity 0.0012 (Pa-s)  u
Cu’* diffusion coefficient 5%107" (m%/s) D
Boundary layer thickness 30x107° (m) Sy
Cell volume 4 (L) A%
Cell temperature 25 (°C) T
Cathode rotation speed 100 RPM 1)
Exchange current density 0.2 (A/m’) iy
Cathodic current density 46 (A/dm*) i
Relative equilibrium potential (Cu/Cu™) 0 (V) Epri
Anodic potential 0.6 (V) Pra
Cathodic potential -0.6 (V) Oy
Anodic charge transfer coefficient 15 a,
Cathodic charge transfer coefficient 0.5 a,

5 M

Sz ————

N 0.006Re*?15%3%6

e porl _ pol’sina
7

where pis the density; 1 is the dynamic viscosity; r is the top radius

of the cone, @ is the rotational speed, [ is the slant height, and « is

the apex half-angle of the cone). In addition, Sc is the Schmidt

>

where Re denotes the Reynolds number (R

number (Sc= g, where D is the diffusion coefficient and ¢ the

kinematic viscosity). The calculated thickness of the diffusion layer
is equal to 8y=30 um (See Table 1).

In dilute solutions the current density; i; at any point inside the
cell is determined from the gradient of local potential, ¢ accord-
ing to Ohm’s Law:

i=— oV 2

where i, is the electrolyte current density vector and ¢j is the elec-
trolyte conductivity, which is assumed to be a constant. The poten-
tial distribution in the electrolyte was described by the Laplace
equation:

V=0 ©)

Depending on the characteristics of the boundary conditions on
the cathode, three types of current distribution models can be speci-
fied. When the concentration gradient is significant, the electrochem-
ical reaction is dependent on both the charge transfer and mass
transport. For these conditions, a tertiary current distribution was
obtained using a Nernst diffusion layer model. The cupric ion con-
centration within the boundary layer was determined with the
Nernst diffusion layer model [17]:

N=-DVC, )

V-N=0 5)
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where N; is the flux of species i, C; the concentration of the ion i,
and D, the diffusion coefficient.

The concentration at the right boundary of the diffusion layer is
set to the bulk concentration:

C=G, (6)

To compute the local current density on the cathode surface, the
modified Butler-Volmer equation is implemented. This equation
requires exchange current density and charge transfer coefficients
as input data:

L %FU) CCrf‘w ( aan)
"DC‘IO{“‘P( RT /" C,, PV RT } @

n=V-g, 8)

In the above equations, ¢, is the anodic charge transfer coefficient,
o, the cathodic charge transfer coefficient, i, the exchange current
density, 77 the activation overpotential, C,», the copper ion con-
centration in the bulk, C,-,, the copper ion concentration on the
cathode surface, and iy, is the local current density. In addition, V
is the electrode potential, and ¢, is the equilibrium potential.

But, at the surface of the anode, the Butler-Volmer equation is
used as the boundary condition:

. a.F aFn
1106:10[exp( RT )— exp(— T )} 9)

No-flux boundary conditions were applied for the insulated walls
as follows:

N--n=0 (10)

Based on the computed local current densities on the surface of
the cathode, the locally coated thickness is calculated using Fara-
day’s law:

i tM
)

(11)

loc

where d,, represents the coating thickness, t is the plating time, z is
the number of electrons transferred per ion, M is the atomic weight
of copper, and pis the density of copper.

Note that the uniformity of the coating distribution (¢) is defined
as the ratio of the minimum coating thickness to the average coat-
ing thickness.

The electrochemical reaction for the electroforming of copper
can be divided into a half-reaction at the anode and cathode, respec-
tively. The deposition at the cathode and the dissolution at the anode
are assumed to take place with 100% current yield, which means
that the model does not include possible side reactions. The main
cathodic reaction is the copper deposition reaction according to:

Cu**(aq)+2e —>Cu(s)

And the copper dissolution reaction on the anode surface is repre-
sented as:

Cu(s)—>Cu’*(aq)+2¢
MODELING
To perform the simulations, Electrodeposition and Transport of
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Fig. 2. Schematic view of an axisymmetric geometry. Anode and
Cathode are specified with arrows. The red dash-dot line is
axisymmetric axis.

Diluted Species modules of COMSOL Multiphysics were employed
[19]. COMSOL Multiphysics, a commercial finite element solver,
has been used for electrochemical analysis in several studies during
recent years [20-22]. To reduce the computational time, 2D axisym-
metric domain was used instead of a 3D geometry since 2D axisym-
metric simulations were the only option given computational con-
straints. Fig. 2 shows the geometry of the constructed model. To
measure the coating thickness, the specified blue walls have been
selected for thickness measurement.

Tertiary current distribution is included in the simulation. By
considering the concentration boundary layer at the cathode sur-
face and diffusion as the dominant mass transfer mechanism, the
concentration gradient in the boundary layer was obtained. As the
electrolyte is stirred completely outside the boundary layer, the con-
centration is considered as constant and independent of the tem-

Fig. 3. The discretized domain using mapped and triangular mesh
elements.
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perature. Consequently; the effects of mass transfer on the current
and potential distributions are not included outside the boundary
layer. Therefore, by considering that electrical current is constant,
current and potential distributions within electrolyte were obtained
using secondary current distribution. Since electroforming is a time-
dependent process, all simulations were performed as the unsteady-
state mode.

The discretized two-dimensional computational domain is illus-
trated in Fig. 3. As can be seen, mapped mesh elements with ex-
tremely refined meshes were employed in the boundary layer; how-
ever, triangular mesh elements with fine mesh density were used
in the bulk of the system. It is worth noting that refinement of the
grids did not produce any significant differences in the results. After
the grid independent verification, the numbers of mesh elements
were determined as 5,000 and 15,809 in the boundary layer and
the bulk of the electrolyte, respectively. The electrolyte properties
and the used parameters are given in Table 1.

RESULTS AND DISCUSSION

1. Validation of the Model with Experimental Data
To perform validation of the constructed model, a copper elec-

Fig. 4. Conical shell produced by electroforming method.
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Fig. 5. Comparison of experimental and numerical coating thick-
ness for electroforming in the lab-scale cell in the agitated elec-
trolyte (I=460 A/m’).
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Fig. 6. Electrolyte current density (A/m’) at t=48 h for the simulated
model. In this model, I=460 A/m’, c=12 S/m.

trodeposition experiment was conducted. The produced conical
shell by electroforming method is depicted in Fig, 4. After the pro-
cess was finished, the electroformed layer was separated from its
substrate and then the thickness of the electroformed layer was
measured at specified points by using a caliper. The same experi-
mental condition was used in the numerical study. After the model
was run, the thickness of the electroformed layer was obtained.
Comparison of experimental and numerical coating thickness dis-
tribution is illustrated in Fig. 5. As can be seen, there is a good
agreement between the results, which shows the model accuracy.

Electrolyte current density and velocity fields at t=48 h are shown
in Fig. 6. As shown in Fig. 6(a), the current flows from the anode
to the cathode. Two high current density zones can be seen at the
edges of the cathode surface, which cause non-uniformity of the
deposit. Different parameters such as applied current density, and
anode-cathode spacing should be adjusted in order to avoid such
zones.
2. Sensitivity Analysis

In this section, the eftects of operating parameters including cur-
rent density, solution conductivity, anode height, and anode-cath-
ode spacing on the thickness distribution are investigated using
several sensitivity studies.
2-1. Effect of Current Density

Applied current density plays a significant role in the electroform-
ing performance as it controls the amount of electrodeposited layer
at the cathode surface. It also affects other factors such as current
efficiency and structure of the deposited copper. Additionally, cop-
per plating rate would increase by increasing the current density,
but excessive current density results in roughness, and nodular cath-
ode deposits and consequently a low purity copper [23]. Fig. 7
shows the thickness distribution of electroformed layer for differ-
ent applied current density values of 125, 600, and 850 A/m’. The
electroforming process takes extremely huge process time at the
low current density, which is not economical. By increasing applied
current density; the electroforming process takes place faster; there-
fore, it can result in a higher thickness of the electroformed layer.
However, higher applied current density leads to non-uniformity

Korean J. Chem. Eng.(Vol. 37, No. 4)
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Fig. 7. Thickness of electroformed layer versus distance along the
cathode for different applied current densities.
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Fig. 8. Variation of coating distribution (&) as a function of applied
current density.

of the coating distribution (shown in Fig. 8). According to this fig-
ure, increasing I from 6 to 1,120 A/m’ leads to reduction of & by
35%. At higher applied current densities (I>600 A/m’), increased
thickness profile curvature on the top and bottom side of the sub-
strate is observed. It can be concluded that the higher current den-
sities produce spongy-like shape deposits, which is in agreement
with experimental observations [24].
2-2. Effect of Conductivity

Electrolytic conductivity (o), a measure of the solution ability to
conduct electricity, is a function of the ion concentration and its
type. Conductivity is the reciprocal of the specific resistance. It is
known that several physical and chemical phenomena result in
conductivity variations. To understand the effect of o; three differ-
ent values of 5, 10, 20 S/m were considered (See Fig. 9). The elec-
troformed layer becomes thicker as conductivity increases from 5
to 20 S/m. Higher conductivity; i.e., higher Cu** concentration, will
feed a sufficient and constant amount of Cu** to the cathode sur-
face, which would enhance the deposition rate and consequently
its efficiency. Nevertheless, in a practical application, the increase of
electrolyte conductivity or copper ion concentration leads to coarser
grains, promoting morphology of the deposited layer into dendritic
structure. Our results show that the effect of electrolytic conductiv-
ity on the thickness uniformity of the electroformed layer is not con-
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Fig. 9. Thickness of electroformed layer versus distance along the
cathode for different solution conductivities.
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Fig. 10. Thickness of electroformed layer versus distance along the
cathode for anode lengths.

siderable. One experiment with =10 S/m was conducted to ensure
the accuracy of the developed model. As can be seen, there is a
good agreement with the experimental and numerical results.
2-3. Effect of Anode Height

To understand the impact of anode height (H) on the electro-
forming process and thickness distribution, three different values
of 5,9, and 15 cm were considered as the height of the anode. The
difference between the height of anode and cathode cause accu-
mulation of excess current at the top and bottom of the cathode.
When the cathode is much smaller than the anode, the coated
layer would be quite non-uniform. In contrast, when they have the
same height, a uniform layer would be achieved. Thickness distri-
bution of electroformed layer for different anode heights is pre-
sented in Fig. 10. Note that the cathode height is considered as 9 cm
in this study. By increasing H from 5 to 9 cm, a marginal increase
in the thickness of electroformed layer is observed. It can be ob-
served that further increment of anode height to H=15 cm, results
in a thicker layer. But the non-uniformity of the coating distribu-
tion will increase drastically (6=53%). It can be concluded that if
the cathode and anode are the same height, the process will be more
effective, corresponding to the previous reports [25,26].
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Fig. 11. Thickness of electroformed layer versus distance along the
cathode for different anode-cathode spacing.

2-4. Effect of Anode-cathode Spacing

In this part, the effect of anode-cathode spacing on the thick-
ness distribution is quantified. This parameter can affect the energy
requirement, recovery efficiency, and quality of the deposit. Thus,
the uniformity of the plated surface is strongly dependent on the
distance between the two electrodes. Fig. 11 compares thickness
distribution of electroformed layer for different anode-cathode spac-
ing It is clear that increasing the spacing would lead to a decrease
in the coated layer thickness and non-uniformity. At D=2 cm, the
uniformity is the lowest (£=60%). While, when the spacing is equal
to 10 cm, the resulted layer is more uniform (£=70%). Thickness
of the deposit does not decrease significantly when D reaches to
20 cm. But, that requires higher energy consumption and increase
the plating time, which in not economical. Therefore, it is essen-
tial to find the optimum value of spacing for each plating process.

CONCLUSION

We assessed the influences of applied current density, solution
electrical conductivity; electrode spacing, and anode height on the
copper electroforming process. A numerical model was developed
and governing equations were solved using finite element method.
To validate the model, a conical copper shell was produced by elec-
troforming method, and thickness distribution was compared with
the simulation results. Comparison of experimental and numeri-
cal results showed that the developed model is accurate enough to
capture the qualitative and quantitative nature of the physical pro-
cess. Our results revealed that using the tertiary current distribu-
tion for simulation of the electroforming process is a precise and
efficient model and can be used for parametric studies. Perform-
ing several sensitivity analyses showed that applied current den-
sity and anode height have the highest and lowest impact on the
thickness distribution and uniformity of the deposit, respectively. It
was observed that increasing the spacing would lead to a decrease
in the coated layer thickness and non-uniformity. In addition, higher
conductivity, ie., higher Cu* concentration, will feed a sufficient
and constant amount of Cu’" to the cathode surface which would

enhance the deposition rate and consequently its efficiency. More-
over, the obtained results showed that increasing current density
resulted in spongy-like shape deposits. The present study demon-
strates that computational fluid dynamics can be a reliable approach
to optimize the electroforming process.
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