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Having sufficient and accurate understanding about kinetics of
phenomena could be an important reason for further technological
progresses. Finding a white-box mathematical model for weight vs.
time curves of Electrophoretic Deposition (EPD) using large and
small signal analysis has been thoroughly studied in the present
investigation. Weight-Time curves of nano-Mullite suspension have
been trained using the Simulink modeling tool. Results of the
investigation illustrate that, the frequency of particles, i.e, the
probability of particles collision with each other decreases dueto the
reduction of the particles concentration in the suspension. When the
solid load becomes higher closeto the electrode surface, the mobility
of an individua particle will be restricted and a collective pressure
onto the particles closer to the electrode surface is supposed to
develop. The accumulated particles will be forced to flocculate and
form a solid packing structure. According to the results of modeling,
the times before flocculation are suitable for deposition of a highly
dense coating.

1. Introduction

suspension toward the opposing e ectrode and to

1.1. EPD and kinetics of deposition

Electrophoretic Deposition (EPD) is used as a
practical method which is nowadays used for the
coating of ceramic films in various fields of
application such as biomaterias [1], electronic
applications [2], thermal barrier coatings [3],
and solar cells [4]. Simplicity of the coating
procedure, low cost of equipment, ability to
produce a uniform 3D coating and aso smple
control of thickness are the main characteristics
of EPD technique which are the reasons for
intensive attention of scientists and industries to
thisfield of study [5]. EPD uses an eectric field
to accelerate the ionized particles in the stable

* Corresponding author:

depose a coating on it [6]. Under this condition,
the particles move toward the electrode to form
a dense film. Generally, EPD process is
composed of two different steps; transition of
charged particles in the solvent
(Electrophoresis) and movement of them to
form a solid layer on the el ectrode (Deposition)
[7-10].

Mathematicd modeling of EPD has been
reported in some literatures. Gonzal es-Cuencaet
al. [13] reported the influence of deposit
formation on deposit growth which is a
refinement of the model described earlier by
Biesheuvel and Verweij [14]. These models
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were extracted according to some ided
assumptions. Zhang et d. reported that the
kinetic equation for deposited weight is an
exponential  equation [15].  Furthermore,
Cordédlair and Greil [16] used discrete element
method (DEM) to gain insight into the kinetic of
EPD [11-16].

1.2. Largeand small signal analysis
Large-signa analysis is DC Analysis because
the operating point and bias conditions of the
circuit are found, which do not normally vary. It
is done using the current and voltage equations
that describe the active device. Once the large
signal values are found, the “small-signal”
parameters can be established [17-19]. Small-
signal anaysis is AC Analysis because the
signals vary around the DC bias condition, i.e. a
small AC source dightly increases and
decreases the bias point to produce a signal. In
small-signa analysis, the device will be
linearized by replacing the non-linear device
with linear ones such as voltage dependent
resistors and sources. It works because the
instantaneous slopes of the I-V curve at values
very close to a particular DC point look quite
linear. In general, small-signal model uses
valuesfor the parametersthat arefoundin large-
signal Analysis[20-25].

In the present investigation, an attempt has been
made to thoroughly investigate the kinetics of
deposition processin EPD using small and large
signa analyses. Although there are numerous
investigations related to the kinetics of the EPD
process, the present one will discusstheissuein
more details. Inthisregard, large signa analysis
is done using Equivalent Circuit Modeling
(ECM) and accordingly small signal analysis
will utilize the Simulink modeling toolbox. The
motivation of this investigation is to use the
resulting model in industrial applications for
prediction of the EPD process.

2. Materials and methods

2.1. Nano-Mullite synthesis using the sol-gel
method

For synthess of nano-Mullite with
stoichiometric composition of 3Al,05.2Si0;,
the following procedure was done. Initialy,
AI(NOs3)3.9H,0 was dissolved in distilled water.
The solution was heated up to 60 °C for 1 hon a

magnetic dtirrer. Dissolved (C:Hs0)4Si in
ethanol was added to the nitrate solution
dropwise. For making the gel, the resulted
solution was heated up to 60 °C for 4 h on the
magnetic stirrer. The resulted gel was dried in
air for 3 days and cal cination heat treatment was
done at 1400 °C for 2 h. Unisantis XMD 300 X-
ray diffractometer was used for determination of
the phases and the crystalline size of the powder.
Furthermore, in order to calcul ate Zeta potential
and particle size distribution, Dynamic Light
Scattering (DLS, Nanotrac Wave, USA) was
utilized.

2.2.  Suspension
deposition process
The suspension was prepared by adding 4 gr of
nano Mullite powder to 50 ml of Ethanal.
Furthermore, 20 ml/l triethylamine (TEA) was
added as the dispersant. The suspension was put
on a magnetic stirrer (Alfa D-500, Iran) for 45
min and in an ultrasonic bath (Hielscher model
UP 100 H, Ultrasound Technology, Germany)
for 45 min in order to be suitably dispersed. To
prevent the particles from settling, the
suspensions were placed on a magnetic stirrer
for 5 min before each deposition process.
Conductivity and pH of the suspensions were
foundto be 9.1 u ¢ ~! and 6.9, respectively
(measurements were done by Metrohm, 827 pH
lab, and Metrohm, 712 conduct meter).

Surface preparation of C-C composite samples
was performed by grinding up to 800 grit using
SiC papersfollowed by cleaning successively in
acetone and ethanol using an ultrasonic bath for
45 min. Then the samples were washed with
distilled water and dried in air.

An eectrophoretic cell contained a 150 ml
beaker, a C-C composite €l ectrode as anode with
surfaceareaof 10 x 10 mm, and the same sample
with as cathode and afixer to fix the location of
electrodes. The electrodes were set within 1 cm
distance from each other. During el ectrophoretic
deposition, constant voltages of 40, 60, and 80
V were applied by apower supply (Mastech, DC
power supply HY30001lE, 9225) and the
changes of eectric current during deposition
were measured by means of Escort, 3146A Dud
Display Multi meter. The samplesweredried in
desiccators for 24 h after the deposition process
to be ready for weight measurements.

preparation and the
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2.3. Modeling procedure

Modeling of electrophoretic deposition process
was done using the Simulink modeling tool box
of MATLAB software. Large signal modeling
was done using equivalent circuit modeling due
to the correspondence of particle deposition
curves with the charging of a reservoir in a
simple RC circuit. Simultaneous AC and DC
currents were set for the circuit. Physical
assumptions  were utilized.  Accordingly,
response of the circuit was presented and studied
for each assumption. Last but not least, a
complete model with all assumptions was
represented.

3. Results and Discussion

3.1. Characterization of nano-Mullite powder
Fig. 1 shows the XRD pattern of the as-
synthesized powder. Asit isillustrated, thereis
a suitable correspondence between the peaks of
the pattern with those for orthorhombic Mullite
phase in the reference card No. 00-006-0259. It
shows that if there are other phases such as
remaining alumina, their amounts are so low that
they could be neglected. No diffracted peaks
other than those from Mullite are obtained in the
pattern, indicating high purity of the as
synthesized products. Strong and sharp peaks

suggest that the as-synthesized product is well
crystallized.

Using Scherer equation and Expert software, the
size of powder crystals was calculated to be 32
nm. It is almost obvious that the size of the
powder is more important than the size of
crystals in the deposition part of the EPD
process. Accordingly, thesize of the powder was
calculated using dynamic light scattering (DLS)
method in stable suspension. DLS calculates the
particle size, Zeta potential and molecular
weight using Brownian movement of the
particles in a liquid medium. Zeta potential of
the suspension was determined to be 51.2 mV.
Fig. 2 shows the DLS results of nano-Mullite
powder which demonstrate the distribution of
particles in the electrolyte. As can be seen, the
average size of particles is about 50 nm. The
particles are distributed in the range of 36.4 to
59.8 nm. There is aso the probability of
existence of smaller and larger particleswhichis
not reported in fig. 2 because those ranges are
fewer than 10% of quantity.

Fig. 3illustrates the DLS results for volume and
surface distribution of the particles. As it is
illustrated, the average surface area and volume
of particles are approximately the same which
could be a characterization of fine spherica
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Fig. 1. XRD pattern of the as-synthesized nano-Mullite
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Fig. 2. DLS curve showing the distribution of particlesin the electrolyte for nano-Mullite powder
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Fig. 3. DLS curve showing volume and surface distribution of particles for nano-Mullite powder
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3.2. Largesignal analysis

Fig. 4 depictsthe coating weight vs. time curves
for samples coated at 40, 60 and 80 V. Asit is
illustrated, gradient of curves decreases

gradually
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Fig. 4. Coated weight vs. time curves

With increasing of the applied voltage, the
coating weight increases intensively. According
to equivalent circuit modeling, there should be
an eectric circuit one of the components (V-t
plot) of whichissimilar to fig. 4. Charging of a
reservoir in an RC circuit has gotten the same
plot. Accordingly, the corresponding equation
for the curvesinfig. 4 isasfollow:
w=wy(1—e¥) (1)
Wherew isthe coated weight at timet, ww isthe
amount of powder in the suspension and k is a
kinetic constant that depends on the voltage of
the electrophoretic  deposition  process,
composition of suspension and so on. Kinetic
constant will be discussed more in the following
section. It is also noticeable that fitness of Eq.
(2) could lead to asimilar equation.
Asmentioned, fig. 1 and Eq. (1) arethe same as
those for charging of a reservoir in RC circuit.
Charging of a reservoir vs. time has been
determined as

v=v,(1-e 7" @)
There is a one to one correspondence between
the parametersin Eqg. (1) and (2). Consequently,
k correspondsto 1/RC. R and C are defined by
R="/, ©)
and

=%/ 4
Where p is the specific resistivity, L is the
distance between electrodes, A is the cross
section of the anode, and € is the dielectric
constant of the suspension.

If behavior of electrophoretic deposition is
considered as a RC circuit, the electrophoretic
cell could have twofold characterization of
resistor and reservoir together. As a result, the
constant value of k corresponding to 1/RC could
be calculated as
k=1/R =1/p ©)
Both p and € are the inherent parameters of
suspension [26]. Furthermore, p and € will be
varied in different temperatures and voltages.
Hence, k constant depends on the composition
and temperature of suspension as same as the
voltage of electrophoretic deposition process.
Thekinetic model whichisintroduced in Eq. (1)
isthe same asthe model reported by Zhang et dl.
previoudy. There are two differences between
these two models. Firstly, equivaent circuit
modeling was a more routine method-- for
extraction of model which isused in thisarticle.
Secondly, the introduced equation for kinetic
constant (k) is very simple and easy to calculate
in comparison with Zhang's kinetic constant.
Fig. 5 shows the large signa of model for each
3 deposited samples depicted by DC current in
Simulink.
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Fig. 5. The response of large signal modeling

There is a good correspondence between the
curves of fig. 4 and fig. 5, with the R-square
being more than 95%. Thisisanimportant factor
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because this model is used for the following
small signal modeling procedure.

3.3. Small signal analysis

3.3.1. Boundary conditions

For the calculation of small signal modeling,
some information is needed that would be
discussed below. Fig. 6 depicts V vs. w for the
RC circuit.

Asitisillustrated, by reduction of frequency, the
voltage of reservoir will increase till it reaches
toVoatw =0.

By increasing the deposited weight, the
concentration of powder in the suspension
decreases, resulting in the reduction of
activation energy. Assume that electrophoretic
deposition starts at a specified frequency.
Because of the high frequency, some of the
suspended particles deposit on the eectrode.
The activation energy will decrease due to the
reduction of powder concentration in the
suspension. Therefore, the frequency of
particles in the suspension will decrease. The
frequency can be interpreted as the probability
of suspended particles for collison to other
particles. This process could continue to near
zero frequencies.

The coated weight could change aternatively
and so it can be represented by

W= wysinw (6)

Hence, it ispredictablethat large signal response
of circuit (fig. 5) will be alternative around the
fitted exponentialy line. So, the input for the
model could be defined discretely and step by

step by

Wq = Wy Sinw;t @)
W, = Wy Sinaw,t (8)
and

Wn = Wy sinwg,t (9)
Moreover, the boundary conditions for

electrophoretic deposition modeling are as
follows:

and
t=0 - w= wy
{t=t;. - w=0 1D

3.3.2. AC modeling with constant W and @
In each frequency, asinusoida equation like Eq.
(6) has been set as an input for AC modeling of
electrophoretic deposition process (Fig. 7-A).
Fig. 7-B showsthe schematic of the output of the
model.
Asitisillustrated in Fig. 7-B, when frequency is
constant, accumulation of the coated weight
decreases exponentialy. The coated weight in a
constant w and W could be expressed by
s w+ (e_r-’f'k—c W )

1+ w?k? (12)

W= Wy

Magnitude [dB)

10" 10

Frequency (radizec)

Fig. 6. Variation of the magnitude of reservoir voltage in different frequencies [24]
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Input

V{voltage)
T
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W(voltage)
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Time(s)

Fig. 7. Input and output of the model (Eg. 2) running with an AC current

3.3.3. AC modding with constant W and
variable @

According to Fig. 6, it can be mentioned that
with a little approximation, frequency of
particles decreases exponentially as

w= wee ¥ (13)
Fig. 8 illustrates input and output of the model
when the frequency of particles changes.

In this case, the input of the model is defined by
Eqg. (6) and, as a result, the output of the model
will be expressed by

—t+T
W= wy fot sin(wge ™ 1)e *x d (14)

3.34. AC modeling with variable W and

constant
According to Eq. 1, the coated weight increases

exponentialy. Therefore, the weight of powder

in the suspension changes as

W= We* (15)
If the concentration of particles in the
suspension decreases while the atoms frequency
remains constant, Fig. 9 shows the input and
output of the model.

In this case, the output of the model can be
expressed by

w = e L-"R(:— ¢ @) (16)

3.3.5. AC moddling with variable W and w

In the EPD process, both frequency and powder
concentration in suspension change
simultaneously. Fig. 10 depicts the input and
output of the model whilefrequency and powder
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V(voltage)

Time(s)

V{voltage)

Time(s)

Fig. 8. Input and output of the model when the frequency of particles changes

concentration change simultaneoudly.

When the input of the model is defined by
variable w Eq. (6) and W Eg. (15), then the
output will be defined by

—E+T
W= w, fUI sin(wye ™ 1)e x d (17)
Accordingtofig. 10-B, thereisan intensive drop
of voltage in the range of 2-3 minutes of the
deposition process. This could be interpreted as

the time for flocculation of particles. When the
solid load becomes higher close to the electrode

surface, the mobility of individual particle will
be restricted and a collective pressure onto the
particles closer to the electrode surface is
supposed to develop. The accumulated particles
will be forced to flocculate and form a solid
packing structure. Flocculation causes adrop in
the frequency of particles the same as the
deposition of mass. Accordingly, the times
before flocculation are suitable for having a
uniform dense coating
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3.4. Simultaneous small and large signal
modeling

Large- and small-signa analysis was separately
modeled for electrophoretic deposition process.
The sum of these two model s givesthe complete
model of deposition in the eectrophoretic
process that is defined by

W=w,(1-e* +qu sin(wye™ r)e%d ) (18)
Fig. 11 depicts the output of the model for each
three deposited samples gained from Eq. (18).
As it isillustrated, there is a periodic variation
(small signal) on al curves (large signa). It
meansthat thereisanoise on general changes of
deposition. This noise was modeled using small
signa analysis. The equations which are

expanded for EPD kinetics could give some
useful information about the EPD process. A
distinct feature of EPD or any other colloidal
processing of ceramics is the large area of
contact between the particles and the dispersing
medium. Hence, surface forces strongly
influence the suspension behavior and power
packing density during deposition. Having
knowledge about frequency of the collision of
particles in suspension could be used as a
priority for making a suitable dense coating. Eq.
(14), (17), and (18) show thefrequency changes.
When the frequency isminimal, the high packed
coating will be deposited.

Input
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Time(s)

T T T T T

/ / /\\. ' \/N/"“‘“—f‘

V(voltage)

Y%
r / \/—\'\_/\_/*m,__f_

Time(s)

Fig. 9. Input and output of the model while the concentration of particles in the suspension decreases and
the frequency of atoms remains constant
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Fig. 10. The input and output of the model while frequency and powder concentration change
simultaneously
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Fig. 11. Output of model for each three deposited samples gained from Eq. (18)
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4. Conclusions

- According to equivdent circuit modeling
(ECM), the coating process in electrophoretic
deposition is completely comparable with
charging of reservoir in an RC circuit.

- During the electrophoretic deposition process,
the frequency of particles, i.e., the probability of
particles collision with each other decreases due
to the reduction of the concentration of particles
in suspension.

- When the solid load becomes higher close to
the electrode surface, the mobility of individual
particle will be restricted and a collective
pressure onto the particles closer to the el ectrode
surface is supposed to develop. The
accumulated particles will be forced to
flocculate and form a solid packing structure
which is areason for a drop in coating quality.
Theresulted modd correctly shows and predicts
this drop.
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