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Abstract

A numerical model is proposed to investigate the electrodeposition coating process of open-porous polyurethane (PU) foams
with nickel. The modelling approach is based on the mixture theory, which accounts for the multi-phase nature of the sys-
tem comprising the porous foam structure and the electrolyte which consists of the deposition material in form of cations.
The model takes into consideration various physical and electrochemical phenomena, including different ionic transport
mechanisms, i.e. diffusion, convection and migration. By solving the governing equations numerically, the coating process
and the relevant variables are predicted over time. The simulation results are compared with experimental data to assess the
agreement between the model and the experimental results. The findings reveal that the numerical model provides valuable
insights into the electrodeposition process and facilitates a deeper understanding of the underlying mechanisms and it can
be used for optimizing the coating process parameters.

Keywords Hybrid metal foams - Ni/PU foams - Double-sided modelling - Mixture theory - Coupled problem - Parameter

identification

1 Introduction

The study of mass transport and reaction of fluids in natural
and synthetic porous media is an interesting research topic
encountered in a wide range of engineering and industrial
problems, from oil extraction and petroleum industry to the
chemical processes involving catalysts, development of elec-
trodes and batteries [1, 2].

Porous materials are a class of materials typically char-
acterized by their unique structures and properties, such as
pore size distribution, internal surface area, and comprising
material. Due to their potential to deal with various techno-
logical challenges, these materials are suitable for specific
applications, including energy storage and insulation, filters,
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and biomedical implants [3—-5]. However, their application
is often limited by their poor mechanical strength, stabil-
ity, and bio-compatibility. As a result, the field of porous
materials research has been rapidly growing and advancing.
Metal coating via electrodeposition offers a solution to some
of these challenges by creating a conformal coating on the
surface of the open-cell porous foam, commonly known as
hybrid metal foams, which can improve the mechanical and
geometrical properties of the original substrate material [6].

Electrodeposition, also known as electroplating, is a pro-
cess in which a metal ion is reduced and deposited onto
a conductive surface to form a thin layer of metal. Hence,
the first step in the coating of porous polymer foams is to
make them electrically conductive. This is achieved by dip-
coating the foams in a conductive graphite lacquer. In the
next step, this dip-coated foam is connected to the cathode
and exposed to the flow of an electrolyte, which contains
the metal ions to be deposited. By applying an electric cur-
rent, which is passed through the electrolyte and the con-
ductive surface, the positively charged metal ions (cations)
are attracted to the negatively charged conductive surface
(cathode) and are reduced to solid metal, forming a thin layer
of metal coating [7-9]. The thickness and quality of the coat-
ing can be controlled by adjusting the electric current, the
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flow of electrolyte, the concentration of the metal ions in the
electrolyte, and the duration of the process. Comprehensive
studies on the production of hybrid foams via electrodeposi-
tion have been carried out by Jung et al. [6, 9—12] and they
improved the coating process significantly compared to the
former studies by Bouwhuis et al. [13], Boonyongmaneerat
et al. [14] and Sun et al. [15-17]. Jung et al. investigated
the metal coating of metallic and polymeric substrates and
compared their mechanical properties with each other as
well as their own properties before and after coating. How-
ever, the surface modification of open-cell foams using this
coating technique is often challenging due to the complex
geometries and large internal surface areas of these materials
[7, 10]. Furthermore, the mass transport limitations [18-20]
lead to a non-homogeneous coating thickness which affects
the efficiency of such hybrid foams.

To overcome these limitations, modelling and simulation
techniques have been developed to study and optimize this
process. In this context, simulation offers a powerful tool
to investigate the underlying mechanisms and optimize the
coating controlling parameters for an improved performance.
Moreover, understanding of the flow behaviour through
porous materials is of great importance to be able to expand
their applications and develop new efficient an sustainable
materials.

The mass transport through the open-cell foam in an
electrodeposition process is governed by a highly non-linear
coupled system. The flow through the pores is controlled by
multiple mechanisms: the convection of the fluid is realised
by a pump, which produces a pressure gradient; the migra-
tion of the ions is realised by an electrical current, which is
produced by an electrical potential gradient; and the diffu-
sion of ions is realised by different ion concentration at the
inlet and outlet of the foam. Furthermore, by the deposition
of ions on the struts and the foam’s geometrical evolution,
an additional sink term for the ions is introduced which com-
plicates the problem further [8, 21].

In order to get a better perception of the electrodeposition
process and a general understanding of flow behaviour inside
the porous medium, the first necessary step is to develop a
quantitative model at the macro scale. This model should
be built in such a way that takes into account all the main
transport mechanisms as well as the multi-phase nature of
the process. In this regard, mixture theory grants an appro-
priate mathematical framework to deal with such complex
problems.

Mixture theory is a branch of continuum mechanics
used to describe and analyse the behaviour of heterogene-
ous materials which are made up of multiple constituents or
phases, each with their own distinct properties and behav-
iour that affect the overall behaviour and deformation of
the material. The main idea is to consider the entire system
as superimposed continua and to deal with each phase as
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a separate continuum with its own governing equations.
These equations take into account the interactions between
the constituents, such as exchange of mass, momentum, and
energy. Hence, the overall behaviour of the material is the
result of the superposition of individual behaviours of each
constituents [22-24]. Mixture theory has been widely used
in various fields of engineering, including chemical engi-
neering and materials science and particularly in analyz-
ing complex materials such as porous materials that exhibit
non-homogeneous behaviour [23, 25-31] and has proven
particularly useful in modelling such problems.

The focus of this study is modelling the coating process
of polyurethane foams with nanocrystalline nickel via elec-
trodeposition which leads to the production of Ni/PU hybrid
foams. Not only have these hybrid foams lightweight fea-
tures of highly porous solids and an increased strength due to
nickel coating but they also are economical in comparison to
similar metal foams [10]. However, some difficulties emerge
during the production of Ni/PU foams such as heterogeneous
coating thickness due to mass transport limitations which
leads to a heterogeneous distribution of the mechanical
properties. To improve the production procedure, leverag-
ing the results of numerical simulations can be valuable.
The proposed model should be able to describe the flow
behaviour within the electrodeposition process precisely and
yet be as simple as possible. Modelling the coating of porous
materials has been the subject of interest in a few studies in
recent years. The coating process of open-cell foams and
specifically the electrodeposition process of nickel ions on
polyurethane foams have been numerically simulated by
Grill et al. [8, 32, 33] in which they investigated the influ-
ence of electrodeposition parameters on the coating thick-
ness homogeneity and compared the numerical results with
the experimental data. Grill et al. used the Nernst-Planck
equation to describe a one-sided coupled electrodeposition
process with constant geometrical and process parameters.
However, a more precise model should take into account the
influence of coating on these parameters, e.g. the changes
in the permeability due to increasing coating thickness. In a
previous work, the authors [21] developed a two-sided cou-
pled model based on the mixture theory on a macroscopic
scale, which is able to give a qualitative insight on the prop-
erties changes under the influence of coating. In their model,
concentration, pressure and electric field can be calculated
using a system of three coupled equations. With the help of
a back-coupling technique, the changes of properties in each
iteration have been taken into account for the calculation of
properties in the next iterations.

The purpose of this study is to evolve the suggested one-
dimensional model in [21] further for a two-dimensional
domain. Moreover, by calculation of the local electrical cur-
rent using the Butler—Volmer equation [34-36], the thick-
ness of deposition can be estimated from Faraday’s law [34,



Journal of Porous Materials (2024) 31:1601-1616

1603

37]. Subsequently, the numerical results will be compared
with the experimental results to evaluate the performance
and efficiency of the proposed model.

In the next section, the electrodeposition method and the
experiment’s conditions are described in details. In the third
section, the mathematical model and the governing equa-
tions that describe the process, are presented. They will be
numerically solved using a finite difference method. A prob-
lem based on the experiment’s initial and boundary condi-
tions will be defined in Sect. 4 and the numerical and experi-
mental results will be compared with each other to validate
the model. Finally, a summary of the obtained results and
conclusions is given in the last section of this study.

2 Experimental part: hybrid foam
production and characterization

2.1 Materials and methods

The electrodeposition process takes place in a galvanic reac-
tor, where the anodes as well as the cathode are placed in an
aqueous nickel sulfamate electrolyte. To guarantee a maxi-
mum ion concentration during the deposition process, a flow
of electrolyte through the open-porous foam placed in the
reactor is generated by a membrane pump. A cartridge filter
with a pore size of 10 ym removes contamination from the
inflowing electrolyte before it reaches the reactor. During the
complete deposition process, the electrolyte is additionally
stirred and kept on a constant temperature level of 50 °C.
The schematic arrangement of the heating- and stirring-unit,

circulation
+
m=== filtration

galvanostate/
power supply

/

heating
+

stirring

Fig. 1 a The arrangement of the exchange vessel, where the electro-
lyte is continuously stirred and kept on a constant level of tempera-
ture, the pumping and filtration unit to generate a constant electrolyte
flow and the galvanostate, which acts as the power supply to drive
the electrodeposition. The connection to the flow reactor is schemati-
cally shown. b The flow reactor with its schematic arrangement of the

the filtration- and circulation-unit, as well as the power sup-
ply by the galvanostate is schematically shown in Fig. 1a.

The flow reactor consists of five modules as shown in
Fig. 1b. Starting from the bottom, the first module (inlet
module) contains the inlet valve for the electrolyte, which
is pumped in and generates the inflow. The second and the
fourth modules are respectively the lower and upper anodes,
which carry nickel for the dissolving process during deposi-
tion. Both anodes consist of two layers of titanium stretch
metal, filled with spherical, s-polarized nickel pellets, which
dissolve during the galvanic-driven oxidation process to
nickel ions and drive the mass transport. To protect the
electrolyte from coarse contamination by sludge during dis-
solution, the anodes are covered with a layer of non-woven
fabric. The electrical contact between the two anodes and
the power supply is established via an insulated titanium
connection leading through the reactor wall to the outside.
The third module, the cathode, is placed in the middle of the
reactor between both anodes and is marked as foam cath-
ode. This module contains the pre-treated, carbon coated
PU foam, which is also connected via four insulated cables
to the cathodic pole of the power supply. The fifth module
(outlet module) contains the outlet valve and is directly con-
nected to the heating- and stirring unit, so the electrolyte
can be reheated and stirred again in the exchange vessel for
further pumping through the reactor.

PU foams (Schaumstoff Direkt Riidiger Nolte, Enger,
Germany) with a pore size of approximately 10 ppi (pores
per inch) were used as a precursor material for the galvanic
coating process. The specimen was cut into a cylindrical,
disc-like form by an electric hot wire to a resulting diam-
eter of 210 mm and a thickness of 40 mm. To produce a

I
. outlet module

‘ upper anode

* lower anode

c=m—» Z;l

inlet module

two nickel anodes and the open-cell foam cathode, which is placed
between both anodes in the center of the reactor. A schematic, quali-
tative flow velocity distribution of the reactor cross-section together
with a corresponding density distribution on the foam surface, is
overlaid (red: high flow velocity/density, blue: low flow velocity/den-
sity) (Color figure online)
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conductive surface on the polymer foam, a pre-treatment
step is necessary. Therefore, the precursor material is dipped
into a graphite conductive lacquer (Graphit 33, CRC Kontakt
Chemie, Iffezheim, Germany) twice. For a coating homog-
enization of the applied graphite layer after two dip-coatings
and the removal of superfluous varnish, the samples were
dried for 10 min under a constant air pressure.

The carbon-coated, conductive foam substrate was con-
nected to the cathodic pole of the power supply with four
stranded wires. After assembling the reactor and filling it
with electrolyte, a constant volume flow of 4 I/min~! was set.
By applying a current density of 1.65 mA cm™2, the elec-
trodeposition process was started and carried out for 108.5
h. A high distance between both anodes and the cathode
facilitates an early calming of the flow-induced turbulences,
so that the electrolyte flow dominates in the thickness direc-
tion through the foam.

The deposition parameters for the production of the
hybrid metal foam were selected according to Kunz et al.
[7]. They result from the maximum degree of homogeneity,
as well as the highest reduced overcoating tendency, that was
achieved by an optimized flow velocity and anode distance.
The exact optimization process can be found by Kunz et al.
[7]. The introduction of an electric voltage and the corre-
sponding current promotes the deposition process of nickel
ions on the cathode surface.

2.2 Coating thickness distribution analysis

The produced hybrid metal foam shows a layer of nickel
coated on every stochastically distributed strut in the total
volume. The coating thickness seems to vary depending on
the position in the foam volume. To characterize the coating
distribution on the struts in the whole hybrid metal foam, it
is necessary to analyze the coating thickness with different

methods on different scales. First, the global distribution of
the deposited mass of nickel is taken into account. Therefore,
the hybrid metal foam was cut into cuboid specimens with a
size of 20 X 20 x 40 mm by a band saw (Fig. 2). The global
distribution of the mass of coated nickel can be described
by the density factor df, which is known as the percentage
value of the specific density of one cuboid specimen p,men
divided by averaged specific density of all analyzed cuboid
SPECIMENS P00 CUt OUL Of the total hybrid metal foam
plate. The specific density describes the mass of porous
media compared to its volume including free pore space.
In a further study of Kunz et al. [7] it was found, that the
local coating thickness shows an inhomogeneous distribu-
tion over the foam height. Therefore, it is necessary to take
the height-dependent coating thickness distribution in the
cuboid specimens into account. It is characterized by pano-
ramic microscopy using a light microscope. The surface of
the cross-section was metallographically prepared by grind-
ing until a particle size of approx. 15.3 + 1 yum. An optical
light microscope (VHX-7000 Digital Microscope, Keyence,
Neu-Isenburg, Germany) was used in combination with a
standard objective lense (VH-Z20R 20-200, Keyence, Neu-
Isenburg, Germany) and a magnification of 50. The soft-
ware provided by the producer allows a panoramic image
acquisition of the complete cross-section surface of each
specimen prepared out of the foam plate. The local coat-
ing thickness of the stochastic distributed struts was meas-
ured by the Imagel]® based open source program Fiji®. The
measured values have been categorized by their position.
For the estimation of overcoating tendencies at the outer
areas of the cross-section, the local coating values have been
averaged over three areas (bottom, center and top) of the
foam, as shown in Fig. 2 corresponding to Kunz et al. [7], so
the impact of electrolyte flow, anode distance and intrinsic
physical properties can be estimated.

Fig.2 Cuboid specimens cut out of the disc-like foam specimen and the analyzed top, center and bottom domains (Color figure online)
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3 Numerical part: mathematical model

To obtain a numerical representation of the mentioned elec-
trodeposition process in the previous section, it is important
to choose a method that can depict the highly coupled gov-
erning interactions between different phases of the problem.
Mixture theory [22, 23, 31, 38] offers a simplified and yet
comprehensive framework to model the flow through porous
materials. By this means, the electrodeposition process of
nickel ions on polyurethane foams can be represented as a
three-phase model, as shown in Fig. 3. In this model, the
representative volume element (RVE) at the macroscopic
spatial position x is made up of a fluid phase (the electro-
lyte), ¢, consisting of water, ¢", and nickel ions, @™, flow-
ing through a solid phase (PU foam), ¢°.

For convenience, the other constituents of the electro-
lyte are neglected. Based on the concepts of mixture theory,
e.g. Trussdell [24] and Bowen [22], different physical prop-
erties can be specified for each constituent occupying the
same macroscopic position and for the whole mixture at that
position.

After defining the kinematics, the balance equations
and the appropriate production terms should be defined
for each constituents to take into account the interphasial
interactions. However, according to the mass conservation
principal, the deposited mass on the solid phase is equal to
the reduced mass of the fluid phase. Therefore, for the sake
of simplicity, the RVE under observation can be reduced
to a 2-phase continuum of the pore fluid (water + nickel)
while the effect of solid phase on the fluid is considered only
through the interaction forces. This reduction is possible if
the solid foam structure is assumed to be rigid. The last
step is to define the suitable constitutive equations for the
flux term, the mass supply and the fluid’s density to obtain
the final closed equation set. Ghiasi et al. [21] provided a

Fig.3 Schematic representa-
tion of the problem as a 3-phase
mixture consisting of the solid
phase saturated by water and
ions. A material point on the
macroscale can be resolved on
the microscale by an RVE

Macroscale

detailed comprehensive description on the necessary kin-
ematics and the derivation of the governing equations. For
the sake of brevity, it is refrained to go into all the details
again in this study and the explanations here are limited only
to the main equations [21].

The model is obtained from the mass balance equations
of the fluid and the nickel ions alongside the application of
Darcy’s law [39-41]. A simplified Newtonian, laminar flow
through the open-porous foam is assumed. The influence of
any experimentally observed local turbulence in the flow
will be considered through the choice of boundary condi-
tions. The simplified model consists of three coupled partial
differential equations for the distribution of concentration of
ions ¢, pressure p, and electric field E, within the foam [21].

dc 1 .

= = Ac(1 — ¢)+ Ddiv(gradc)

ot Po +A2C+A3(P_P0) I:al —_— S——
Sink Diffusion

+ %(gradc - gradg + ¢ diV(grad¢))]

A

Mig;;lion
1
+ < (7 gradp — (py + Ayc +A3(p = py))g) - grade
Con\?erctinn
(D
Microscale

PU Foam

PU Foam Nickel lons ~ Struts
(Cathode) Water (Cations) ~ (Cathode)
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Equation (3) is the electrical displacement—current equation
describing the temporal change of the electric field [42, 43].
The flux term J is expressed by the Nernst—Planck equation:

J=c¢"v—D gradc¢* — %Dc* grad¢ 4)

where:

oo <P (5)
MWm

Finally, the electric field is related to the electrical potential
as:

E = —grad¢ 6)

which is the required term in Eqgs. (1) and (2).

The symbols being used in Eqgs. (1)—(6) are listed in
Table 1.

The coefficients A}, A, and A5 are unknown parameters
that must be identified through inverse estimation [21].
These coefficients were introduced during the definition of
constitutive equations for the production term and the fluid
density. A, is the proportionality coefficient that relates the
sink to the available ion concentration. A, and A, relate the
fluid density to the concentration and pressure, respectively
[21].

3.1 Coating thickness calculation
Based on Faraday’s law of electrolysis [37, 44], the amount

of deposition on an electrode is directly proportional to the
electrical charge Q (C). This statement can be defined in

@ Springer

Table 1 Symbols’ glossary

Symbol Name Unit

c Mass concentration of nickel ions 1

c* Mass concentration of nickel ions mol/m?
P Pressure Pa

Po Density of pure water kg/m’
Do Reference pressure Pa

D Diffusion coefficient kg/ms
K Drag coefficient kg/m3s
n Porosity 1

g External body force m/s?

t Time s

E Electric field V/m

z Electric charge of the ions 1

F Faraday constant C/mol

R Universal gas constant N m/ K mol
0 Absolute temperature K

¢ Electrical potential \"

I, External current density A/m?

€ Absolute permittivity C?/Nm?
J Flux of ions mol/m? s
v Fluid mean barycentric velocity m/s
MW" Molar weight of nickel kg/mol
Vi Fluid partial density kg/m’

terms of moles of reduced metal, M (mol), via charge, as
follows:

m=2 @

Using the definition of molar weight of nickel (MW™), the
deposition mass, m (kg), can be obtained from the molar
mass of deposition, according to:

m=MW"M 8)

Moreover, to obtain the amount of total charge being used
over the deposition process, the integral of the electrical
current, I(x,t) (A), during the deposition time should be
calculated.

0= / I(x, t)dt 9)

According to the definition of density, the coating thickness
6(x, 1) can be defined in terms of deposition mass m (kg) as:

m

where p" is the density of nickel and A is the area of deposi-
tion, i.e. the internal surface of the foam. Substituting Eqs.
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(8) and (9) in Eq. (7), and then using the result in Eq. (10),
the coating thickness can be computed.

ni
5. = Mwn [ ng, dt an
ZFpliA
Taking a glance at Eq. (11), it can be noticed that the local
coating thickness at any time ¢ is proportional to the inte-
gral of local electric current at that time. The Butler—Volmer
equation [34, 35, 44] gives a comprehensive insight in the
formulation of electrode kinetics and makes it possible to
calculate the local current density, //A (A/m?), as a function
of ion concentration.

I(x,1) _J c(x,1) ox a,zFn ex —aczFn
A - text C p RG p R9

[Se]
(12)
where C_ is the initial reference concentration, @, and a, are

the anodic and cathodic charge transfer coefficients, and 5
denotes the overpotential [35, 36, 45].

3.2 Back-coupling technique

Equations (1)—(3) contain geometrical parameters which
start to change with the start of the coating process. These
structural changes have a direct effect on the other process
parameters such as fluid velocity or pressure distribution.
To obtain a more precise model, it is important to con-
sider the updated values of the structural parameters for
the calculations in the next time steps. Ghiasi et al. [21]
developed a simplified model to perform back-coupling
calculations.

In this model, the struts are considered as simple cylin-
ders and the initial radius of these struts is calculated from
the solidity,

n=1-n, (13)
as
B _a'(x, 1)

where dV¢ is the total volume of each volume element con-
taining one strut and dv* is the volume of the strut inside
each volume element [21].

By calculating the coating thickness in each temporal
interval from Eq. (11), the new radius, the new solidity, and
therefore the new porosity can be calculated. In their model,
they used the updated porosity to obtain the new perme-
ability. Hommel et al. [46] provided a detailed review study
about the numerous practical porosity-permeability relations
suggested in various literature. The following relation has
been chosen from [46] to calculate the new permeability.

p
K nw
K _(= 15
Ky <> =

The exponent f in this equation is an empirical parameter
[46], which depends on the local topology of the foam and
has to be determined from experiments.

3.3 Numerical implementation: finite difference
method

Due to the complexity and high non-linear nature of the
system of coupled Eqgs. (1)—(3), choosing a proper method
among the available numerical methods is greatly limited.
Finite difference method (FDM) [47-50] is a valuable asset
which offers a very simple and straight-forward approach
to deal with such non-linear partial differential equations
(PDE), especially for geometrical simple domains.

Following the solution procedure in [21], the equations
are discretized explicitly, which avoids the time-consuming,
coupled treatment of the non-linear set of equations. Benefit-
ing from different schemes offered by FDM, the time deriva-
tives and second order spatial derivatives are discretized by
a forward and a central scheme, respectively. An upwind
discretization scheme (one-sided differences) is useful to
treat the convection and migration terms, to be able to take
into account the direction of flow and electrical filed, respec-
tively. The detailed arguments are presented in [21].

In this study an additional predictor—corrector method is
also used to modify the computation by using a weighted
average of old and computed values. This approach is a two-
step process that combines a predictor step and a corrector
step. It’'s commonly used in time-dependent problems where
iterative refinement of the solution is desired to achieve
accurate results. In the predictor step, an initial estimate
of the solution at the next time or spatial step is computed
based on the current state of the solution and the govern-
ing equations. This step is often simpler and faster but may
introduce some errors. Then this predicted solution is used
as an intermediate solution, and additional correction terms
are calculated. These correction terms are typically based on
the residual errors introduced in the predictor step. The cor-
rector step aims to refine the solution and improve accuracy.

4 Results and discussion

To have a better perspective on the performance of the
model, the experimental results are presented and compared
with the equivalent numerical results.

To investigate the problem numerically it is important to
reduce the number of parameters by assuming the process
as simple as possible. Moreover, due to the large disparity
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between real time and space domain ranges, divergence and
stability issues can arise. In this case normalizing can help
balance the discretization and improve the accuracy of simula-
tion. Hence, inspired by the previous study [21], by suitable
substitutions of variables and characteristic numbers, tempo-
ral and spatial domains, as well as the process variables are
normalized. Therefore, the problem is modeled on a square
computational domain with a length of 1, in y — z plane in the
middle of the foam, as shown in Fig. 4. The square numerical
domain has been scaled according to the lengths of the sample
rectangular domain.

As mentioned in Sect. 2, the investigated domains for the
experimental results are cuboid specimens with the size of
20 x 20 x 40 mm, being cut from the cylindrical foam with
the diameter of 210 mm (see Fig. 2). Hence, the experimen-
tal results are demonstrated in the respective regions. For the
numerical modelling, the respective dimensions and positions
are specified on the normalized domain accordingly.

4.1 Numerical model conditions

Considering the problem domain in Fig. 4, the corresponding
initial and boundary conditions are defined in such a way to
represent the experimental conditions of Kunz et al. [7] and
yet be as simple as possible.

Initially, under the absence of any applied pressure or elec-
trical current, the foam is plunged into the electrolyte with a
homogeneously distributed infinite ion concentration. Hence,
the initial conditions at any point X = (y, z), are:

c(x,0) =C, (16)
p(x,0) = p, (17)
E(x,0) = E, (18)

Flow direction

X

According to the experiment, the process starts when the
pump reaches to the designated pressure P, at the inlet.
Moreover, taking a glance at Fig. 1b, an inhomogeneous
inlet flow velocity can be noted. Hence, based on Darcy’s
law, the pressure distribution at the inlet of the foam should
be inhomogeneous. On the other hand, the lower anode in
the experimental setup of Fig. 1 provides an infinite ion res-
ervoir at the inlet. The concentration of the ions at this area
is being kept constant via the ion reservoir (anode) and can
be described using a Dirichlet type boundary condition. In
the simplified model, it is assumed that the electrical field at
the inlet of the foam is only affected by the applied external
electric current. All in all, the inlet boundary conditions are:

¢(,0,0) = C,, (19)
P(¥,0,8) = (P — Do)y (20)
E(,0,0) =E, Q1)

On the outlet of the foam, the ion concentration is influenced
both by the flow of electrolyte (the pump), and the upper
anode (see Fig. 1). Hence, a Robin boundary condition can
be a suitable choice to describe the convection and diffusion
effects. Moreover, the pressure reaches the constant outlet
pressure p,. Hence, considering the same argument about
the electrical field at the inlet, the boundary conditions at
the outlet are:

oc(y, 1,t
ac(y,l,t)+(1—a)c()c;—z)=acoo 22)
(., 1,1) = p, (23)
E@y,1,1) = E| (24)

2 Flow direction

No flux

—)

Fig.4 Normalized 2-dimensional problem domain (red) from the y — z foam’s mid-plane (left), with the direction of flow against the gravity

(right) (Color figure online)
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Table 2 Magnitudes of problem’s physical constants

Constant Value Constant Value

Po 1000kg/m? D 6.8% 107 0kg/m s

z 2 F 96485.33 C/mol
8.31 Nm/Kmol 0 323K

€ 70 C3/Nm? Ly 16.5 A/m?

K 1.3x 10°kg/m? s ' 0.9

g, 0 m/s? 8 9.8m/s?

Mw" 5.87 x 102 kg/mol n 02V

oy 0.5 a, 0.5

Table 3 Assumed magnitudes of input parameters

Constant Value Constant Value

A —1x 10> kg/m’ A, 1.5 x 10° kg/m?

A, 2x 107! s /m? a 9x 107!

The coefficient a in Eq. (22) is the parameter determining
the ratio of convection and diffusion influence.

In the simplified model, it is assumed that there will be
no flux from the right and left sides of the foam. Hence, a
Neumann type boundary condition will be defined for all
the variables at both sides:

0c(0,2,1) _ dc(l,z,1) _

0
0z 0z (23)
op(0,z,1) _ op(1,z,1)
= = O
0z 0z (26)
0E0.z.1) _ 0E(l,z.t
©.z.0) _ k(.20 _ 27

0z 0z

According to the experimental conditions described in
Sect. 2, the process temperature is assumed to be kept con-
stant at 50 °C, and an external current density of 16.5 A /m?
is applied on a PU foam with 90 percent porosity [7]. The
magnitudes of different physical constants in Egs. (1)—(6)
and (12) are listed in Table 2.

The diffusion coefficient D is assumed to be equal to
the ionic diffusion coefficient of Ni2* in free water [51].
The values of charge transfer coefficients a, and o, are
based on the common assumption of symmetric electron
transfer in the Butler—Volmer equation [34, 44]. Moreover,
for the sake of simplicity and mathematical convenience,
the overpotential # is assumed to be constant during the
process and its value is chosen heuristically.

The input variables in the problem are chosen according
to Ghiasi et al. [21], as listed in Table 3.

According to the constitutive equations defined in [21]
and the incompressibility assumption, the effect of pressure
change on the electrolyte density is negligible compared to
the concentration change. Hence, the pressure constant A,
must be much smaller than the concentration constant A,.
Also A, is a sink constant and therefore must be negative.

The representative normalized time and space ranges and
steps are defined as:

0<r<1; At=1073 (28)
0<y<l; Ay=107? (29)
0<z<1; Az=1072 (30)

The problem can be simplified further by using a single rep-
resentative coefficient for each transfer mechanism in Eq.
(1), as follows [21]:

Source term: Ay = ﬁ 31
o

Diffusion term: Aj, = % (32)

Migration term: 4, = % (33)

Convection term: A, = % (34)

where p/ is the fluid density and defined as a constitutive
equation in [21].

In the following, the simulation results using the param-
eters in Tables 2 and 3 are presented. Moreover, the experi-
mental results are simulated with the proposed model and
compared with the respective numerical results.

4.2 Numerical simulation: global results

The responses of the defined problem at the last time step on
the considered domain of Fig. 4 are presented in this section.

Figure 5a presents the ion concentration distribution in
the foam domain. The concentration of ions is considerably
higher at the inlet and outlet of the foam and it reaches to an
almost constant value in the central areas. This behaviour
has been also reported in the experimental observations [7].

The z-component of the electrical field distribution in
the domain is calculated based on Eq. (3) and depicted in
Fig. 5b. The experimental analysis of the coating thickness
distribution shows significantly increased amounts of nickel
in the upper (outlet) and lower (inlet) areas of the foam. The
higher coating thicknesses in these areas can be explained by
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Fig.5 Numerical results: The

concentration [%] electric field

Jv/ml

100

2D distribution of a concentra-
tion and b electrical field (E,) in | -1
0.8 80
the y — z plane - - I | )
= =
.%D 06 60 ~%0 ! | | _3
= =
g g _
§ 0.4 0 § . 4
-5
0.2 )
20 e - - | -6
0 0 RS
0 02 04 06 08 1 0 02 04 06 08 1
foam length foam length
(a) (b)
100 — overall behaviour of the system it describes. As can be seen
90 —a=0.3 in Fig. 6, when a = 0 the boundary condition simplifies to
X 20 73:3'3 the Neumann boundary condition. In this case, there is no
——a=0. o
§ 0 a1 diffusive flux at the boundary z = 1, and the boundary con-
ki dition is entirely dominated by convection. It represents a
g 60 situation where there is no mass diffusion across the bound-
Q .
g 50 J ary, and the value of C_, controls the rate of convection at
© 40 the boundary. On the other hand, when a = 1 the boundary
30 condition is Dirichlet type. In this case, there is no con-
0 0.2 0.4 0.6 0.8 1

foam height

Fig.6 Numerical results: The 1D concentration response at y = 0.5
for different values of Robin boundary condition parameter a

a higher ion concentration. The decrease of the concentra-
tion towards the foam center can be explained by the reduced
mass transport. The decreasing electric field to the foam
center is related to the open porous, conductive hybrid foam
structure as well as the Faraday law.

The influence of different magnitudes of parameter a in
the Robin boundary condition of Eq. (22) on the concentra-
tion trend is illustrated in Fig. 6. The values are the con-
sidered at the middle of the foam at y = 0.5 along the flow
direction. The value of parameter a can have a significant
impact on the behaviour of the boundary condition and the

Fig.7 Numerical results: a The

vection at the boundary z = 1, and the boundary condition
is entirely dominated by diffusion. It represents a situation
where the value of concentration at the boundary is fixed at
C, and there is no convective transfer of mass. For any other
value of 0 < a < 1, the boundary condition is a combination
of both diffusion and convection.

The pressure distribution inside the foam domain is pre-
sented in Fig. 7a. The effect of a heterogeneous inlet flow
has been modeled and shown here. The pressure distribution
in Fig. 7a represents the velocity distribution in Fig. 1b. The
flow velocity shown in Fig. 1b has an increasing trend at the
inlet of the foam from the left to the right side of the inlet.
This trend matches with the pressure distribution shown in
Fig 7a, which gives a qualitative agreement between the
experiment and the simulation results.

Furthermore, from a physical point of view, it is expected
that the pressure change from the inlet to the outlet has a

pressure ['

2D pressure distribution in the ! 100 30 initial state
y — z plane at the last time step. 2 ——time increment
b The 1D transient pressure dis- 038 80 I 40 ——last time step
tribution at the middle of inlet b= >
B . : 200.6 60 = 30
(y = 0.5) in the flow direction E «
= X
204 40 20
0.2 20§10
a,
0 0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
foam length foam height
@) (b)
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semi-linear behaviour. The transient pressure response in the
direction of the flow at the middle of the foam at y = 0.5 is
shown in Fig. 7b. In this figure, the green line is the initial
pressure and the red line is the last time step.

4.2.1 Influence of back-coupling calculations

To show the influence of back-coupling calculations, the
defined problem is solved once by considering constant
values for geometrical parameters (i.e. porosity and perme-
ability) and once by calculating the changes due to coating.
The 1D results at the middle of the foam (y = 0.5), are pre-
sented in Fig. 8 for the ion concentration distribution and
radius of struts.

During the deposition process, the coating thickness
changes the permeability and porosity which in turn influ-
ences the flow behaviour inside the foam. This is the reason
for the difference in the magnitudes obtained by the back-
coupling calculations in comparison to the magnitudes with-
out the back-coupling calculations in Fig. 8.

Fig.8 Numerical results: The

4.3 Numerical vs. experimental results: global
coating thickness distribution

Figure 9a shows the specific density distribution of the
Ni/PU hybrid foam. The range of the density factor varies
between 84.2% and 118.1%. The specific density decreases
from the edge of the foam plate to the inner center. The dis-
tribution of the specific density inside the foam plate seems
to be symmetric. The optimized parameter of Kunz et al. [7]
can homogenize the deposited mass analyzed by optimized
electrolyte flow and anode distance. The analysis along the
red, dashed line shows a low density factor in the inner part
of the foam, i.e. in the position between 5 and 10 cm, while
the outer 5 cm on both sides show a high gradient in the
density factor. The inhomogeneities occurring between the
outer area of the foam plate and the center cannot be gener-
ated by differences in the flow velocity, so they must arise
by an inhomogeniously distributed electric field and edge
effects, which often occur during electric driven mass trans-
port processes [52].

To obtain a comparable numerical result corresponding
to Fig. 9b, the specific density can be associated with the
normalized total coating thickness in each specimen. Using
the proposed model, the global coating thickness at the y—z
plane in the middle of the foam (red, dashed line in Fig. 9a)

%1073

. 0 120 - - 2 . p
comparison of the a concentra- 3 ——without back-coupling S —— without back-coupling
tion distribution and b radius Il 100 ——with back-coupling L 2.15 —— with back-coupling
of struts, with and without > %
back-coupling calculations, at ; —
the middle of inlet (y = 0.5) in &= \S/
the flow direction g &

= =
i %
g 3
0 02 04 06 08 1 g 185 — ‘ *
foamn height = 0 02 04 06 08
Oam heigh foam height
@) (b)
Fig.9 Experimental results: a density factor [%]
Gravimetry plot of the specific 20 120 120 -
density distribution of the - 5L = —= density factor
cuboid specimens (Fig. 2) taken l T .
into account for the analysis 5 1o =
in the x—y plane. The crossed " 105 g 10sf
circles (®) show the inlet points 5 100 & 100 . J
of the current during electro- § 95 2 o5t
deposition. The red, dashed line S &
. » 90 v 90F .
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103 ¢

102 ©
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99

normalized global coating (%]

98
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position

Fig. 10 Numerical results: Computed global normalized coating
thickness distribution along the red, dashed line shown in Fig. 9a
(Color figure online)

is calculated and divided by the average total coating thick-
ness of all specimens. The result is presented in Fig. 10
which shows a similar trend as Fig. 9b, with higher magni-
tudes at the edges and lower magnitudes in the central parts.

4.4 Numerical vs. experimental results: local
and semi-local coating thickness distribution

In this section, the local coating thickness is investigated
in three specimens from both sides and from the center of
the foam (Fig. 11). The experimental results are compared

Fig. 11 Schematic description
of the cuboid specimens for the
local and semi-local analysis

top (40 — 32 mm)
WSS

AREIRS

center (24 — 16 mm) =
TR

REAVATIH
bt 0 ) S

with the simulation results at the respective positions of the
numerical domain.

The averaged, semi-local coating thickness (see Fig. 12a)
shows the distribution of the coating thickness in different
areas (top, center and bottom) within the foam plate. A sim-
ple gravimetric analysis of the density distribution within
the foam plane is not sufficient to resolve the gradient of the
coating thickness in flow direction. It is also required to ana-
lyze the coating along the height of the foam. Starting from
the top of the foam, the semi-local coating thickness are the
highest with values between 205.5 and 248.7 ym. In the
center, the coating thickness at the three prominent locations
varies slightly between 58.0 and 64.4 ym. The bottom area
of all specimens shows a coating thickness between 126.1
and 202.5 pum, but the bottom area of the cuboid specimen
taken out of the center area of the foam plate exhibits the
thinnest coating with 126.1 ym. The local coating thickness
of the cuboid specimens from the three positions in Fig. 12b
shows a similar distribution moving from the outer positions
to the inner of the foam. Only the outer regions of the speci-
mens differ. The outer overcoating was discussed in detail
in earlier studies [7] and has its origin in the influence of the
ad-atom formation at different flow velocities. In general, it
can be concluded that the side facing the electrolyte flow
shows lower coating thicknesses than the side facing away
from the flow. One reason for the higher coating thickness
of the top area of the cuboid specimen is also given by grav-
ity. The areas in the middle of the foam plate (10 cm) show

Fig. 12 Experimental results: =
Analysis of three characteristic Saasof 7T T T T top 40 - I I . / —— left
cuboid specimens from the 3 4001 center 35t = ~— center|
hybrid foam plate in Fig. 11. a &350} bottom E 30l // —— right
Semi-local coating thickness ':9 300 F J % st f i
distribution with the averaged o250 | A S 20l i _
thickness values of the top, E 200 - e g ‘W\
center and bottom of the cuboid § 150 "\\\ - _—— 1 g 15 ! i
specimen and b local coating = T g 10 = 1
thickness distribution within 23 100¢ o - s D SR 1
each analyzed cuboid specimens é S0y L of L o . . ]
@ OO 2 4 6 8 10 12 14 16 18 20 0 100 200 300 400 500

position [cm]

(@)

@ Springer

local coating thickness [um)]
(b)



Journal of Porous Materials (2024) 31:1601-1616 1613
Fig. 13 Numerical results: B
S e g 300 1
Numerical simulations of the = —e—top 0.9 left
analysis of three characteristic 2 250 —e—center 0.8 — center||
cuboid specimens shown in g —e—bottom : ——right
Fig. 11. a Semi-local coating = 200 :;o 0.7 1
thickness distribution with the ™ T 0.6
: = 150 ° - = 0.5
averaged thickness values of the = =
top, center and bottom of the g 100 g 0.4
cuboid specimen and b local © «= 03
coating thickness distribution § 50 0.2
within each analyzed cuboid o 0.1
=
[0}
wn

specimens

(a)

lower coating thicknesses due to higher resistance of the
introduced current by the power supply and lower prevailing
electric fields.

Figure 13 depicts the simulation results for the semi-local
and local coating distribution in the considered specimens.
The trends qualitatively show a good agreement between
the model and the experimental results. The coating thick-
ness at the top and bottom is higher than the center of the
specimens. Moreover, the semi-local graphs for the top and
center parts show approximately constant values for all the
specimens in both experimental and simulation results. The
quantitative comparison represents a close agreement of the
results for the bottom and center, and an offset of 20 ym
for the top of the foam. All the three trends in Fig. 13b are
overlaying on each other.

The difference in the semi-local results for the bottom of the
specimens is due to the definition of the boundary condition
at this area. For the sake of simplicity, a constant Dirichlet
boundary condition has been defined (see Eq. (19)) and the
occurring turbulence at both sides of the inlet near the walls
has been neglected. This turbulent flow can affect the distri-
bution of ions at this area and cause a non-homogeneous ion
distribution. Hence, the inlet area can be divided into the parts
near the walls with high ion concentration and an inner central
part with lower concentration levels. Taking into account the

0
0 0.1 0203040506070.809 1
position

O L L L L
0 50 100 150 200 250 300 350 400
local coating thickness[um)|

(b)

approximate values of semi-local coating thickness at the bot-
tom of specimens in Fig. 12a (200 ym at the edges and 140
um in the middle), it can be concluded that the available ion
concentration in the middle part of the boundary is 70 % of
the total concentration. Considering the influence of the flow
turbulence in the local distribution of ions in the electrolyte,
the inlet concentration boundary condition can be modified
and assumed as follows:

C,, 0<y<02
c(»,0,H=407C, 02<y<0.8 (35)
C, 08<y<1

Moreover, taking a look at Fig. 9a, the local influence of
the electrical field at both sides of the foam should also be
considered. Therefore, the electrical boundary condition at
the inlet and outlet of the foam is not of a homogeneous
Dirichlet type; rather, it should be modified as follows:

Fig. 14 Numerical results:
Using modified boundary con-
ditions in numerical simulations
of the microscopic analysis

of three characteristic cuboid

300
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200

specimens shown in Fig. 11. a
Semi-local coating thickness
distribution with the averaged
thickness values of the top,
center and bottom of the cuboid
specimen and b local coating
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—

E, 0<y<02
E(,0,0) = E(y,1,0=4 07 E, 02<y<0.8 36)
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The simulation results for the modified boundary condi-
tion in Egs. (35) and (36) are shown in Fig. 14. They shows
an improved agreement with the experimental results of
Fig. 12. The comparison between Figs. 13 and 14 gives an
emphasis on the importance of the proper choice of bound-
ary conditions to obtain a more precise simulation.

By comparing Figs. 13 and 14, it can be found from the
model that one of the influencing factors on the observed
heterogeneous coating thickness is the flow condition and
the heterogeneous distribution of ions at the foam inlet.
Therefore, to obtain a more homogeneous coating distribu-
tion, the ion concentration should be homogeneous as well
throughout the inlet boundary.

4.5 Numerical vs. experimental results:
investigation of flow

Investigating and understanding the flow behaviour through
the open-cell foam assists in understanding its influence on
the coating characteristics. It can help to identify the coat-
ing-related problems and implement appropriate corrective
measures. Figure 15 depicts the components of flow velocity
along the inlet of the foam. This estimation has been derived
using CFD simulations developed by Autodesk. The input
data are based on the conditions and measured parameters in
the experiment. Moreover, an .stl file describing the geom-
etry of the foam was used as the input data to compute the
internal flow velocity. A detailed description can be found
in [7].

Comparing the coating thicknesses, which were measured
in the cuboid specimens at defined positions to the simulated
flow velocity, it can be concluded, that mainly the upper part
of the foam plate is effected by the flow velocity distribution.
The coating thickness in the top area increases from 205.5 to
248.7 ym due to higher mass transport of fresh nickel ions

L6 vy ]
L4t~ Vz ]
1.2t v
LOt v -
= 08} v :
0.6} o |
04t 7 :
02r :
0.0

02ms™)

velocity
<

AAAAAAAAA““A‘A‘AA‘—

0 5 10 15 20
Position [cm]

Fig. 15 Results obtained from experimental input data: CFD simula-
tion of the electrolyte flow velocity inside the deposition area along
(V) and across v the inlet direction

@ Springer

through the foam. The two times higher flow velocity at the
position 18 cm causes a 21% thicker coating comparing to
position 2 cm. The turbulence in this area was given through
the deviation of the z-component of the velocity from the
dominating absolute velocity.

The proposed model in this study is capable of the calcu-
lation of pressure distribution in the domain. According to
Darcy’s law the velocity is related to the negative pressure
gradient (v o« —gradp). The negative pressure gradient corre-
sponding to the z- and y-velocity component in the direction
of the inlet is shown in Fig. 16. The comparison of the trends
in both figures reveals an increase in the z-magnitudes of
velocity and accordingly the pressure gradient from the left
to the right side of the foam. However, the y-magnitudes of
both parameters show similar constant trends.

5 Conclusion

For this work, optimized deposition parameters were used
in an electrodeposition process to produce a Ni/PU hybrid
foam, which was subsequently characterized in terms of
coating thickness distribution. The flow-controlled deposi-
tion resulted in excellent homogeneity levels between 85 and
118.1 % even for large samples with a diameter of 210 mm
compared to Grill et al. [8]. The distribution of the depos-
ited nickel mass shows a decrease towards the center of the
plate. Both in terms of area and volume, the thickness of
the coating is higher on the outside than on the inside of the
foam. With respect to the thickness of the foam, the coating
thickness decreases reciprocally towards the inside of the
foam specimen. There is a remaining increase of the coating
thickness in the upper as well as in the lower area, which,
however, depends on the position in the foam volume and
is influenced by gravity, flow velocity, local value of the

-pressure gradient

0 0.2 0.4 0.6 0.8 1
Position

Fig. 16 Numerical results: Numerical modelling of the pressure gra-
dient inside the deposition area along (V) and across (V,) the inlet
direction
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electric field and the conductivity of the dip-coated precur-
sor foam.

A numerical model to describe this electrodeposition pro-
cess has been proposed. A comprehensive description of the
physical process and the experiment’s conditions is given.
With the help of continuum mixture theory, the process vari-
ables and the flow behaviour are accordingly modelled. By
taking into account the main transport mechanisms, namely,
diffusion, convection and migration, and considering sim-
plified assumptions and defining suitable constitutive equa-
tions, the governing system of equations has been derived
and solved using Finite Difference Method. The proposed
model is capable of dealing with the gradual geometri-
cal changes with deposition and updating the parameters
through back-coupling. Different fields, such as transient
response of concentration, pressure and electric field distri-
bution, local and global coating thickness and permeability
changes can be obtained. The comparison of numerical and
experimental results exhibits a strong qualitative correla-
tion and a promising capability of the model to improve
the coating process and the homogeneity of coating. The
results show that an appropriate choice of boundary condi-
tions is crucial for a qualitatively correct simulation of the
experiment. In the current model, due to the lack of informa-
tion about real boundary conditions, a no flux condition is
assumed for the lateral faces of the foam, which led to a 2D
simplification. By knowing the exact boundary conditions
on the other faces, it can be extended to a 3D model which
ultimately leads to more precise results.
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