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bstract

Electrophretic deposition (EPD) is a ceramic process. Although the kinetics for EPD have been established. However, there are still some

mbiguities. In present study, a modified kinetic model was applied to describe the completely different behavior of EPD at −10 and −40 V
espectively. The variation of the concentration profile during electrophoretical deposition at −10 and −40 V was simulated to explain what
ffected the EPD process. Based on the simulation, the depletion of colloidal particles near the electrode may be responsible for the EPD kinetic
ehaviors.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Electrophoretic deposition (EPD) is a two-step process: First,
he charged colloidal particles in the suspension migrate to the
lectrodes under an external electric field. This migration step
nvolves the bulk properties of the colloidal suspension, such
s conductivity, viscosity, particle concentration and dispersion,
nd the surface-charge density and the local field strength in
he bath [1,2]. Secondly, the deposition step involves a complex
ombination of electrochemical and aggregation phenomena.
roducing a dense and coherent deposition layer requires that

he particles release their surface charge at the electrode [3].
lthough several efforts have been devoted to study this pro-

ess, there are still many parameters that must be considered
o control the formation of EPD, leading to a highly nonlin-
ar relationship between those parameters [4]. In the present
tudy, a correction which describes the potential variation during
lectrophoretic deposition [5] was introduced into the proposed

inetic expression of EPD [6]. The kinetic behavior of EPD was
xplored using this modified kinetic model. Furthermore, differ-
nt applied voltages were used to investigate their influence on
PD kinetics.

∗ Corresponding author. Tel.: +886 6 2757575x63829.
E-mail address: kwchiang@mail.ncku.edu.tw (K.-W. Chiang).
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. Theoretical background

.1. The factors affecting EPD

The mechanisms of EPD include charged colloidal particles
n solution moving under an applied external voltage, and a
eposition of particles onto an electrode where charge transfer
akes place. Two groups of parameters determine the charac-
eristics of this process: (a) the specifics of suspensions and
b) the physico-chemical parameters of the electrochemical
ells.

For the EPD of particles, part of the current carries either the
harged particles or free ions in the solution, so the number of
eposited particles is not only relative to current. It is believed
hat the accumulated ions at the electrodes restrict subsequent
eposition [7]. However, the number of free ions is generally
mall in organic suspensions, such as in ethanol. In this sense,
he influence of the accumulation of ions is negligible in the
nitial period.

The first attempt to correlate the number of particle with
he affecting parameters of EPD was made by Hamaker and

vgustnik et al. [8]. The Hamaker law can be expressed as

=
∫ t1

t2

fμEAC dt (1)
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t relates to the deposited weight (w) to the electrical field
trength (E), the electrophoretic mobility (μ), and the particle
oncentration in suspension (C) and f is a factor between 0 and
that takes into account the fact that not all powders brought to

he electrode are incorporated in the deposit.
Ishihara et al. [9] and Chen and Liu [6] used an expression

ased on the assumption that if all particles in a suspension
re spherical, the mobility of particles could be approxi-
ated by Henry’s equation [10], and Eq. (1) can be re-written

s

= f
2

3
Cε0εrζ

(
1

η

) (
E

L

)
t (2)

here ε0 is the permittivity of a vacuum, εr the relative permit-
ivity of the solvent, ζ the zeta potential of suspension particle,
the viscosity of solvent, and L is the distance from the cathode

o the anode.
However, the applied voltage must be modified because it is

nfluenced by the increase of deposited layer thickness. Anné et
l. [5] proposed a model, which was developed to explain the
rigin of the potential drop over the deposit during EPD. The
agnitude of the potential drop over the deposit is explained in

erms of the ion transport through the deposit. More details can
e found in [5]. The following expression was used to describe
he voltage variation:

Vreal = Vtotal

(
1 − ddeposit

ddeposit + (d − ddeposit)Y

)
,

Y = rsuspension

rdeposit
(3)

here rdeposit is the deposit resistance, rsuspension the suspension
esistance, ddeposit the thickness of the deposit, d the thickness
etween the cathode and the anode, and Vtotal is the applied
oltage. Eq. (3) was introduced to modify Eq. (2). Therefore,
he modified equation takes the form:

= f
2

3
Cε0εrζ

(
1

η

) (
Vreal

d − ddeposit

)
t (4)

his equation has to be numerically solved to calculate the yield.
rom all of the parameters in this equation, the f factor is still
nknown and has to be fitted in EPD experiment.

. Experimental procedure

.1. Preparation of the LaSrMnO3 substrate

The precursors of LaSrMnO3 (LSM) powders were prepared
sing La2O3 (Alfa), MnO2 (Aldrich), and Sr(NO3)2 (Aldrich).
he stoichiometerical amount of these precursors was mixed
ith ethanol (99.8% Kanto Chemicals, Tokyo, Japan). After-

ard, the powders were milled, sieved, and calcined at 1200 ◦C.
he calcined powders were then pressed into the shape of a disk,
nd sintered at 1400 ◦C. The diameter of an LSM-disk after heat
reatment was about 1 cm.

a
Y
t
w
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.2. Suspension for EPD

Yttria-stabilized zirconia suspension (YSZ) (TZ-8Y, Tosho)
as prepared in solvents of ethanol (99.8% Kanto Chemicals,
okyo, Japan). The powder was dispersed in the suspension
sing an ultrasonic horn (DC400H, Delta) for 30 min, with
he pH (TDK-5721S) value adjusted to 4.03 using acetic acid
Fluka).

.3. The apparatus and geometry of EPD

A two-probe electrochemical cell and the associated appara-
us were applied in the EPD process. A carbon electrode was
sed as the anode, and the prepared LSM disk was used as
he cathode, which was connected to a balance (Mettler 6900).
he electrodes were set parallel to each other with a separa-

ion distance of 1 cm, and immersed into the YSZ suspension,
hich was kept at a constant temperature of 25 ◦C. A pH meter

TDK-5721S) was used to measure the pH variation during the
hole process. A dc power supply (Aglient 3617A) was used

s the source of electrical energy. The variation of current data
as logged by a multi-meter (HP-4392A). A personal computer

ontrolled the whole integrated system and recorded the data.

.4. The EPD process

In this experiment, YSZ coatings were deposited at con-
tant voltages of −10, −12.5, −15, −30, −40, and −50 V
espectively. The deposition time was 5–15 min. During the elec-
rophoretic deposition, the deposited weight on the cathode, the
H value, the working temperature, the current density through
he EPD cell, the deposition time, and the applied potential were
ogged on the PC.

. Results and discussions

The black lines in Fig. 1(a) and (b) illustrate the deposited
SZ weight using EPD at −10 and −40 V, respectively. In addi-

ion, the theoretical predictions calculated using Eq. (4) for each
ondition is shown as dotted lines. There was a linear relation-
hip between deposited weight and deposition time at −10 V,
mplying that the hypothesis in this model was suitable for
his condition. However, the kinetic behavior of YSZ deposited
eight at the higher applied voltage of −40 V changed from

inear to an exponential decay. This interesting transformation
an be attributed to the depletion of YSZ concentration near the
lectrode, which is explained in the following section. In brief,
he modified model failed to describe the kinetics of EPD.

The weight of YSZ electrophoretically deposited on the LSM
ubstrate from −10 to −50 V for 200 s is shown in Fig. 2. The
eposited weight is linearly dependent on the external applied
oltage in the region below −15 V. The linear dependence of
he weight of the deposited YSZ on the deposition period and

pplied voltage implies that the shield effect of the deposited
SZ layer on the concentration of the suspension and the resis-

ance of the electrochemical cell was negligibly small. However,
hen the applied voltage was higher than −15 V, the kinetic
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Fig. 1. The actually deposited weight of YSZ and the theoretical predictions for
EPD at (a) −10 V and (b) −40 V. The solid line shows experimental data, and
the dotted line shows the predictions.
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ig. 2. The deposited weight of YSZ for 200 s at different potentials. The squares
nd solid line show experimental data, and the dashed line represents the linear
egion in this curve.

ehavior no longer followed a linear relationship. To investigate
he cause of this distinct kinetic behavior, the simulation was
pplied here.

. Simulation for the colloidal particle concentration
rofile

In this calculation, the finite element method [11–15] in
he MATLAB 7.0 pdetool box was applied. The geometry,

hich includes the domain and boundaries, is shown in Fig. 3a
cm × 1 cm square. The governing equations and the boundary
ondition were introduced below.

w
g

∇

ig. 3. Schematic drawing of the deposited layer geometry for the model. �sus

epresents the domain of the suspension, ∂�p is the boundary for deposited
articles, ∂�cat is the boundary for the cathode, ∂�an is the boundary for the
node, and ∂�con denotes the wall of the container.

.1. Governing equations

Because the current was attributed to the flux of ionic
pecies in the suspension, CH3COO− (called Ac− in the present
esearch), the free protons not adsorbed on the YSZ surface,
he charged colloidal particles consisting of YSZ, and adsorbed
onic species were taken into account. The thickness of the
eposit was too small to be significant. Mass balance and energy
onservation were applied to simply describe the profile of the
SZ concentration in the cell during EPD.

.2. Mass balance

The Nernst–Plank equation that describes the conservation
f ion species in suspension is written in the form:

∂Ci

∂t
+ ∇ · (−Di∇Ci − ziμiFCi∇Φ) = 0 (5)

here Ci represents the concentration of species i, the proton H,
c−, YSZ, etc.; and Di is the diffusivity of species i in ethanol.
or YSZ colloidal particles, Ci is obtained from the calculation
f the Hűckel equation; DYSZ = ζp/1.5η where zi is the valance
f each species. For YSZ colloidal particles, the valance values
epresent the number of charges the colloidal particle carry. In
ddition, the values of zYSZ can be calculated from the zeta
otential of YSZ colloidal particles; μi is the mobility of species
; F the Faraday’s constant; and Φ is the applied potential.

.3. Energy balance

The current density is given by Faraday’s law:

= −F
∑

z2
i μiFCi∇Φ (6)

q. (4) can be simply Ohm’s law for ionic current transport and
an be simplified to the current below:

= −κ∇Φ (7)
here κ is the conductivity of the electrolyte. A current balance
ives the current and potential density in the cell:

· i = ∇ · (−κ∇Φ) = 0 (8)
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Table 1
A summary of the initial condition of each parameter

Description Notation Unit Value

Diffusion coefficient of a proton DH m2 s−1 9.31 × 10−9

Diffusion coefficient of Ac− DAc− m2 s−1 1.23 × 10−9

Diffusion coefficient of YSZ DYSZ m2 s−1 5.31 × 10−9

Mobility of a proton in ethanol μH m2 J−1 s−1 3.78 × 10−12

Mobility of Ac− in ethanol μAc− m2 J−1 s−1 4.84 × 10−13

Mobility of YSZ in ethanol μYSZ m2 J−1 s−1 2.14 × 10−12

Valance charge of a proton ZH NaN 1
Valance charge of Ac− ZAc− NaN −1
Valance charge of YSZ ZYSZ NaN 50
Initial conductivity of suspension κ0 S m−1 3.3 × 10−4

Initial concentration of protons C∗ M 9.33 × 10−5
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centration in suspension near the cathode, affecting the kinetic
behavior of the weight deposition curve.
H
nitial concentration of YSZ C∗

Ac− M 9.33 × 10−5

nitial concentration of YSZ C∗
YSZ M 3.96 × 10−9

here the κ is the function of proton concentration:

= F
∑

i

|zi|μiCi (9)

.4. Boundary conditions and initial condition

The �sus shown in Fig. 3 represents the domain of the
eposited layer where governing equations worked. ∂�an is the
oundary for the anode, which takes the form:

mass balance : jH = f (CH, Vreal); CYSZ = CYSZ(t);

CAc− = CAc− (t);

energy balance : Φ = Vreal (10)

∂�cat represents the boundary for the cathode, which takes
he form:

mass balance : jH = −f (CH, Vreal);

jYSZ = −f (CYSZ, Vreal);

CAc− = CAc− (t);

energy balance : Φ = 0 (11)

∂�wal is the boundary for the two sides of the container, which
akes the form:

mass balance : n · ji = 0; i = H,YSZ,Ac−;

energy balance : n · ∇Φ = 0 (12)

The initial conditions are listed in Table 1.

. Results and discussion

Figs. 4 and 5 show the calculations of YSZ concentration dis-
ribution profiles during EPD at −10 and −40 V, respectively.
ig. 4 illustrates the conditions after electrophoretic deposition

or 1, 3, and 100 s at −10 V. The increase of YSZ concentration
n the suspension near the cathode can be attributed to the fact
hat the migration velocity of YSZ particles was faster than the
eposition rate; thus, the accumulation of YSZ became more

F
E
3

ig. 4. The concentration distribution profile between the electrodes during
PD at −10 V for 0, 1, 3, and 100 s. The initial value of YSZ concentration

s 3.96 × 10−6 mol m−3.

bvious as time passed. When the deposition time was 100 s,
he values of YSZ suspension concentration increased to about
× 10−6 mol m−3. The EPD process at−10 V can be considered
deposition-rate-controlled reaction. On the contrary, the YSZ

oncentration in the suspension near cathode decreased when
PD was carried out at −40 V. This was because the deposition
f YSZ particles was faster than EPD at −10 V, which resulted in
deposition rate that is faster than the migration velocity even

hough both increased with increasing applied voltage. Thus,
he rate-determining step changed from being deposition-rate-
ontrolled to being diffusion-controlled. In conclusion, different
pplied voltages led to the increase or decrease of YSZ con-
ig. 5. The concentration distribution profile between the electrodes during
PD at −40 V for 0, 1, and 3 s. The initial value of YSZ concentration is
.96 × 10−6 mol m−3.
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. Conclusion

In this study, the modified kinetic expression for elec-
rophoretic deposition at constant voltages works when the
pplied voltage is below −15 V. However, it fails if the applied
oltage is high enough, such as beyond −40 V. This diver-
ence is caused by the variation of the YSZ concentration
ear the cathodes. When the applied voltage was small, the
ate-determining step was the deposition rate, resulting in the
ncrease of YSZ concentration in the suspension near the cath-
de. The rate-determining step became diffusion-controlled at
40 V, resulting in the decrease of YSZ concentration near in

he suspension near the cathode.
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