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bstract

he colloidal approach has been studied as an essential step in the tailoring of ceramic nanostructures, but most colloidal processes are limited
y the complexity of preparation of highly concentrated and stable suspensions of nanoparticles and their fast ageing. Electrophoretic deposition
EPD) stands out as the most appropriate colloidal process to produce ceramic structures using low solid content sols and suspensions (<1 g/l).
his characteristic drastically increases its range of technological applicability to nanoparticle assembly, becoming an alternative to the evaporative

oating processes. Modelling of this direct electrically driven assembly process is key for its application to the performance of new materials on
ength scales of approximately 1–100 nm. In this paper, the key contributions in this field to process control and development of the electrophoretic
inetics equation are summarised.

2009 Elsevier Ltd. All rights reserved.
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. EPD as a nanotechnology approach

Research on nanoscience and nanotechnology is motivated
y the fact that control of the nanostructure of materials results
n enhanced properties at the macroscale. Major efforts have
een made to establish nanoparticle synthesis and to develop
pecific techniques to characterise such materials.1 Joining both
reas of knowledge, assembly strategies (shaping, compaction
nd sintering processes) have also received special attention,

2

nanopowders requires special equipment to avoid agglomera-
tion, flowing and float problems as well as a high health risk.
Most of these problems are solved if powders are immersed
in a liquid medium. The colloidal approach has been studied
as an essential step to the tailoring ceramic nanostructures.
Special attention has been addressed to binder-free processes
(binder < 1 wt.%) and those suitable for near net shape manu-
facturing of complex-shaped ceramics. Colloidal processes are
limited by the hardening performance of highly concentrated and
stable suspensions of nanopowders.3 Concentrated suspensions
ecoming a relevant research objective of this decade.

The production of nanostructured ceramic materials is com-
lex since the conventional processing methods (pressing
nd hot-pressing) are completely inadequate. The use of dry
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re needed to improve density and speed up the formation of
anostructure compacts. Among these routes, EPD stands out as
powerful and versatile colloidal process to address the need for
nexpensive and mass production of films using suspensions with
ow concentration (<1 g/l). This drastically increases its range
f applicability competing with other non-colloidal techniques,
uch as evaporative coating processes (thermal evaporation,
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Fig. 1. Scheme of particles dispersed electrostatically (a), distorted double-
layers due to the shear action of the fluid during the electrophoretic motion
o
c

fi
(

p
c
m
d
t
S
h

3

l

070 B. Ferrari, R. Moreno / Journal of the Eu

lectron beam deposition (EBD), ion-assisted deposition (IAD),
lasma spraying, etc.).

In most of these coating processes, the transport of small par-
icles by which colloidal forces overcome gravitational forces
s mainly governed by Brownian motion, resulting in com-
letely random particle–particle and particle–substrate collision.
n electrically driven processes, a directional force (external
lectric field) is applied, leading to 2D and 3D ordered structures
t the nanoscale.4–7

R&D activities related to EPD of nanoparticles are in con-
inuous expansion both in industry and academia. Over the past
0 years, a great effort has been made in the field of predic-
ive analytical and numerical modelling of the EPD process,
n order to change the empirical trial-and-error approach which
ominates the experimental work in this area.6 New tools such as
air potential modelling, atomic force microscopy (AFM) in liq-
id media,8–11 and electrochemical techniques12–14 are suitable
or determining nanoparticle behaviour and the energy barriers
eveloped at the electrode surface during nanoparticle assem-
ly, and hence the process performance should be controlled
nd predictable.

The aim of this paper is to review the research efforts of
he scientific community in this field, describing the parameters
hich affect electrophoretic deposition morphology and yield.
o this end, the evolution and contributions of different authors

o the kinetics expression for the process are described.

. Key suspension parameters

The EPD process is based on the migration and later depo-
ition of charged particles in a stable suspension, induced by
he application of an electric field between two electrodes. Par-
icle packing by solvent evaporation is the common compaction

echanism in several shaping processes such as dipping, spin
oating and tape casting. Solvent evaporation in EPD is pre-
eded by the electrically assisted formation of a cohesive layer of
articles which reproduces the shape of the work electrode. Con-
equently, deposit yield and particle packing in electrophoresis
ot only depend on the stability and the solids content of the
uspension, but also on the aggregation and the arrangement
f the particles on the electrode surface. The performance of
PD in producing homogeneous and reliable films strongly
epends on the particle surface chemistry, the behaviour of the
urface–liquid interfaces under an electric field, and the develop-
ent of particle–particle and particle–substrate networks during

article assembly. Fig. 1 schematizes the evolution of particles
nd related ionic clouds in a stable suspension (a), under the
ffect of an electric field (b), and during aggregation close to the
lectrode (c).

Suspension properties, such as conductivity, zeta potential,
olid content, viscosity, etc., are key parameters of the EPD
rocess. The colloidal systems used must be stable, mean-
ng that the particles have to maintain dispersed throughout

he medium so they can move towards the electrode indepen-
ently of each other. Then, particles can deposit separately,
ithout agglomerates, keeping open the possibility of their rear-

angement during packing through the action of an electric

s
i
a
o

f particles in the bulk suspension (b), and change of the ionic and particles
oncentration in the electrode boundary (c).

eld, similarly to the deposit formation by gravitational forces
sedimentation).15,16

Although the necessary requirement for EPD is that sus-
ended particles must have an elevated electrophoretic mobility,
onductivity also determines the viability17 and the develop-
ent of the process.11,18 In fact, suspension conductivity is

etermined by the number of charge carriers (ions and/or par-
icles) and hence, it is directly related to the deposition yield.
o, EPD must be performed considering a compromise between
igh particle mobility and low particle charge per unit weight.17

. Particles arrangement and electric conditions

The principles of electrophoresis have been known since the
ast century, but particle arrangement in cohesive deposits is not

o well-understood.19–21 The second stage of the EPD process
s a matter of controversy and, the debate related to both particle
ggregation and their arrangement at the electrode surface is still
pen to further detailed research in different systems.
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ig. 2. Potential energy evolution vs. particles distance for surfaces dispersed by
n electrostatic mechanism. (a) High energy barrier and (b) low energy barrier.

EPD depends on the charge of the particles in order to pro-
ote particle motion, but in addition electrophoretic mobility

s related to the Debye length, which determines the mini-
um force required to promote the coagulation/deposition of

articles. Several hypotheses, such as particle neutralization or
article coagulation due to the formation of ions or polymers
y means of electrode reactions, have been rejected as the main
auses of deposition.20,22 The most developed theory considers
hat deposition occurs via double-layer distortion and thinning
uring electrophoresis, followed by the coagulation of parti-
les under the application of an electric field (Fig. 1).22 Fig. 2
hows the evolution of the potential energy diagrams vs. the dis-
ance between two charged surfaces due to a high (a) or low (b)
lectrostatic interaction.23

In relation to this, the electric field has to be able to develop
nough force to overcome the repulsion between particles during
eposition (Fig. 2). Proposed causes of changes of the chemical
quilibrium of particles at the electrode boundary as a conse-
uence of the application of the electric field, are24 the increase
n solid concentration, the diffusion movement of particles
nd co-ions,25–27 co-ion depletion28 or counterion migration
owards the counterelectrode.11 All these phenomena affect the
eposition yield when high conductivity suspensions, high par-
icle sizes, high applied voltages or high solid loadings were
onsidered.11 In fact, ceramic suspensions are complex systems

ontaining not only particles and ions, but also deflocculants,
urfactants, binders, gelling agents, etc. Each component has an
mportant role in the suspension formulation and changes the

orphology of the particle arrangement. The determining effect

a
p
t
s

ig. 3. Hydro-dynamic forces developed over the particles close to the surface
lectrode.

f the suspension additives in EPD performance and material
roperties has also been discussed in different studies.12,29–32

On the other hand, techniques such as image analysis have
een adapted to track and predict the movement of a multitude
f particles, verifying that aggregation takes place and the par-
icles form densely packed planar clusters. The aggregation of
articles has been modelled by means of different mechanisms,
.e. electrohydrodinamic33 or electro-osmosis,34 to explain how
he movement of the fluid also pushes particles together near the
lectrode (Fig. 3). Recently, Ji et al.16 have measured experi-
entally a higher densification of deposits under potentiostatic

onditions when the electric field and the suspension conductiv-
ty are increased, in agreement with the electro-osmotic effect of
he liquid over particle aggregation proposed by Solomentsev.33

Finally, the electrode surface also plays an important role in
he whole EPD process, being the key parameter for the final
rrangement of the particles. Polarizable or blocking electrodes
xhibit a substantial interface resistance, giving a significant
otential drop near the electrodes (i.e. activation overvoltage,
oncentration overvoltage),8,20 the voltage gradient in the sus-
ension being smaller than expected. The system becomes
nstable such those particles near the electrode alter the local
lectric field, and fluctuations in the resistance of the interface
r the suspension will cause large variations in the distribution
f the electric field between the electrodes. However, a nonpo-
arizable electrode is characterised by an infinitesimally small
esistance at the interface. The potential drop between the elec-
rodes therefore occurs entirely in the bulk suspension, resulting
n a maximum effective electric field.

Furthermore, when current is passing through the electrode,
lectrochemical reactions can seriously decrease the efficiency
f the process and the uniformity of the deposits. To date, these
roblems have been addressed technologically by designing an

dequate substrate structure, such as graphite or molybdenum
orous substrates (e.g. the pore size is fixed in order to promote
he oxygen bubbling produced due to water electrolysis), or by
tudying the passivation range of selected metal substrates.12,21
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heoretical electrokinetic models of electrophoresis demon-
trate that particle motion occurs near electrodes under a variety
f conditions (DC and AC fields with different frequencies).35,36

n relation to this, recent efforts have been devoted to minimiz-
ng the effects of electrode reactions in the deposited materials,
pecifically in aqueous media, applying DC pulses37 and AC
symmetric fields.38 In those cases, frequency is added to time
nd voltage as electrical parameters to be considered in the
inetics. Studies concerning AC electrophoresis have been per-
ormed which indicate a decrease in the deposition yield with an
ncrease in the frequency,39,40 while demonstrating advantages
uch as the material deposition occurring at both electrodes.
ow, further research work is needed to determine the role of
articles–substrate interaction under an electric field, to pre-
ict particle arrangement and to design micro and nano-pattern
aterials.

. Kinetics approaches: the evolution of the EPD
quation

The first model of EPD kinetics was proposed by Hamaker in
940 (Eq. (1)) for electrophoretic cells with planar geometry.15

t relates the deposited mass per unit area, m (g), with slurry
roperties, such as suspension concentration, Cs (g cm−3), and
lectrophoretic mobility, μ (cm2 s−1 V−1), with physical and
lectrical conditions imposed on the system such as electric field,
(V cm−1), deposition area, S (cm2), and deposition time, t (s):

= CsμSEt (1)

A similar expression was deduced in 1991 by Hirata et al.41

ased on the application of Faraday’s law to the deposition pro-
ess, considering the particles as the unique charge carriers in
he suspension.

The linear variation of deposited mass with deposition time
equires that the parameters of Eq. (1) remain unchanged with
ime. This fact limits the application of the Hamaker expression
o short deposition times.

Sarkar and Nicholson22 analysed the dependence of kinetics
n some of the EPD experimental conditions. They firstly intro-
uce an efficiency factor or “sticking parameter”, f ≤ 1 (i.e. if
ll the particles reaching the electrode take part in the formation
f the deposit f = 1) to quantify the effect of the undetermined
rocess of deposition. Referring the Hamaker equation (Eq. (1)),
hey quantified the effect of the variation of particle concentra-
ion on the EPD kinetics.

In the early stages of the process the variation of bulk solid
oncentration in the suspension is negligible, since only a minor
raction of the powder is being deposited. Hence, for infinites-
mal intervals of time the Hamaker equation always holds, so
hat:

dm = fμSECs (2)

dt

The amount of powder extracted from the bulk suspen-
ion becomes significant for longer times, and consequently Cs

ecreases. In this case, the deposited mass and the solid content

r
d

δ

n Ceramic Society 30 (2010) 1069–1078

re expressed by

= V (Cs,0 − Cs) = m0

Cs,0
(Cs,0 − Cs) (3)

here Cs,0 (g cm−3) is the initial solid content of the suspension,
(cm−3) is the volume of suspension considered constant, and
0 (g) is the initial mass of powder in suspension. All of them

re related by the expression:

s,0 = m0

V
(4)

q. (3) gives

s = Cs,0

(
1 − m

m0

)
(5)

ombining Eqs. (2) and (5):

d

dt

(
m

m0

)
= 1

τ

(
1 − m

m0

)
(6)

here τ defines a characteristic time scale given by

= V

fμSE
(7)

The inverse value of the characteristic time was defined by
arkar and Nicholson as a universal parameter, k, named the
kinetics parameter”.

If no sedimentation occurs, and the only change of concen-
ration is the mass of powder deposited by EPD, for an initial
ime, t = 0, the deposited mass is m(0) = 0, which leads to the
olution of Eq. (6):

(t) = m0(1 − e−t/τ) (8)

This equation for EPD kinetics has been widely applied by
arkar and Nicholson,22 and completes the first description pro-
osed by Zhang et al.42 in 1994, concerning the incorporation
f changes in particle concentration in EPD kinetics.

Eq. (8) can be reduced to the Hamaker model for short times,
nd it is widely accepted in the literature. In recent years several
uthors have proposed different mathematical models based on
his equation to describe the deep electrophoretic penetration and
eposition of ceramics in porous substrates,43–47 to determine
eposit thickness,48 or to control the homogeneity of the porous
istribution in a ceramic membrane.49

Furthermore, the Sarkar and Nicholson model predicts devi-
tions from linearity occurring when EPD is carried out under
onstant-voltage conditions, and the deposit resistivity is higher
han that of the suspension. In this case, the electric field strength
pplied to the suspension can be considered to be:

= �ψ

L+ δ((ρs/ρd) − 1)
(9)

here �ψ (V) is the potential drop between the electrodes, L
cm) the distance between electrodes, ρs and ρd (� cm) are the

esistivities of the suspension and the deposit respectively, the
eposit thickness, δ (cm), being defined as follows:

= Vd

S
= m/Cd

S
(10)
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here Vd (cm3) is the deposit volume and Cd (g cm−3) the
eposit concentration.

Combining Eqs. (9) and (10), yields:

= �ψ

L+ R′m
(11)

here R′ is a constant, the value of which is given by

′ = (ρs/ρd) − 1

CdS
(12)

ombining Eqs. (2), (3) and (9), yields:

d

dt

(
m

m0

)
= k′

(
1 − m

m0

)
�ψ

L+ R′m
(13)

here k′ is a redefined “kinetics parameter”:

′ = fSμ

V
(14)

Solving Eq. (13) with similar boundary conditions to Eq. (6),
ives

′m(t) + (R′m0 + L) ln

(
m0 −m(t)

m0

)
+ k′�ψt = 0 (15)

q. (15) is a general expression to describe the deposition kinet-
cs. It reduces to Eq. (8) when the resistivity of the deposit is
imilar to that of the suspension (ρs = ρd).

Otherwise, the authors point out, based on Eq. (15), that
he shaping of thick deposits involves the preparation of more
oncentrated suspensions than allowed for the Hamaker model,
ut they did not quantify this effect. More recently, Biesheuvel
t al.19 have described a deposit growth model, based on the
ynch theory of sedimentation for planar and cylindrical geome-

ries. This theory describes the bulk effect of particle motion in
ransport phenomena near the deposition electrode, based on
he expression of the mass balance of the suspension-deposit
oundary evolution, resulting in:

dδ

dt
= −v φs

φd−φs
(16)

here ν (cm s−1) is the electrophoretic rate of particles close to
he electrode, φd is the volumetric fraction of the deposit, and
s is the volumetric fraction of the suspension.

This growth theory is limited to explaining the evolution
f the deposit-suspension boundary, and correspondingly the
ystem studied was identified as a non-stirred and electrically
eutral suspension. As a consequence, some phenomena occur-
ing during the EPD process were neglected, including the
ecrease of particle concentration, the movement of particles
y diffusion, and the local changes of the charge on the elec-
rodes, both on the particle surface and its surrounding ionic
louds. Hence, as in the Sarkar and Nicholson model, the parti-
le velocity depends only on the applied electric field, ν = Eμ,

nd the effective electric field for a planar geometry was defined
s E =�ψ/L.

The deposited mass will be determined by

= SCdδ (17)

t
w
(

n Ceramic Society 30 (2010) 1069–1078 1073

Under these conditions, combining Eqs. (16) and (17) gives

= μESCd
φd

φd − φs
t (18)

Comparing the Hamaker expression (Eq. (1)), where

s = ρpφs (19)

and the Biesheuvel and Verweij equation (Eq. (18)), where

d = ρpφd (20)

this theory considers the deposition dependence of the deposit
rowth vs. the starting solid content of the suspension, where
correction factor, X, should be incorporated to the kinetics

xpression for highly concentrated suspensions (φs > 0.2 when
eing φd ∼ 0.6):

= φd

φd − φs
(21)

Subsequently, the same researchers proposed a kinetics
xpression based on their previous model considering the effect
f concentration decrease during the deposit forming.50 Here a
tirred and diluted suspension is the studied system, so in this
ase they correctly considered that there is no diffusion of parti-
les because there is not a sufficient concentration gradient. They
lso fix other system conditions such as considering a constant
olume suspension, V, and the global electroneutrality.

Under these conditions the proposed mass balance of the
articles in suspension was

dφs

dt
= S(φd − φs)

dδ

dt
= S(φd − φs)v

φs

φd−φs
(22)

Solving Eq. (22), by considering the characteristics of the
escribed system, gives

= V

S

φs,0

φd
(1 − e−t/τ) (23)

here φs,0 is the initial volumetric fraction of the suspension
nd τ is the characteristic time defined by Eq. (7). Considering
qs. (4), (17), (19) and (20), Eq. (23) yields:

= m0

SCd
(1 − e−t/τ) (24)

tting the model proposed by Sarkar and Nicholson22 for a
imilar system (Eq. (8)).

In agreement with Sarkar and Nicholson, Biesheuvel and Ver-
eij consider that the effective electric field under potentiostatic

onditions depends on the deposit electrical characteristics. In
his case, the relationship between the dielectric constants of the
eposit, εd, and suspension, εs, were considered and the applied
lectric field was defined by

= �ψ

L+ δ((εs/εd) − 1)
(25)
In addition to the Sarkar and Nicholson analyses (Eq. (15)),
he authors describe how Eq. (25) predicts no deposit growth
hen εs < εd. In fact, when a low concentration is considered
φs �φd), the dielectric constant of the suspension can be
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pproximated by the dielectric constant of the liquid medium
εs = εl), and similarly, the dielectric constant of the deposit
an be approximated by the dielectric constant of the particles
εd = εp). Under these limits Eq. (25) indicates that homoge-
eous layers can be only obtained a priori when the particle
ermittivity, εp, is lower than the liquid permittivity, εl.

To avoid the effect of the deposit resistivity increase on the
ffective electrical force acting on particles, Sarkar and Nichol-
on suggested working under galvanostatic or constant-current
onditions.22 In that way, the voltage drop across the two elec-
rodes increases with time, but the voltage/unit distance in the
uspension remains constant. Working under galvanostatic con-
itions Ma and Cheng in 200251 determined experimentally the
elationship between the “kinetics parameter”, k, and the applied
urrent intensity:

= k0(ei/i0 − 1) (26)

here i (mA cm−2) is the current density, and i0 (mA cm−2)
nd k0 (s−1) are considered the reference conditions from which
he expression predicts the kinetics constant under other applied
urrents, facilitating more effective modelling and controlling
f the process.

However, most of the experimental work in the literature
escribes EPD processes performed under potentiostatic or
onstant-voltage conditions, and hence substantial effort has
een made to model the effective electric field applied for each
ystem.11,12,16,18,20,52–55

Several authors have proposed different secondary phe-
omena occurring during the EPD process that influence the
ffectiveness of the applied electric field. In 1999 Van der Biest
nd Vanderperre,20 introduced an expression for the potential
rop over an electrophoretic cell with flat, equal surface area
lectrodes which consists of four terms:

ψ = �ψa + I

Sρd
δ+ I

Sρs
L+�ψc (27)

here I (A) is the current and�ψa and�ψc (V) are the potential
rop at the anode and cathode respectively.

So, to consider the electric field strength in a suspension as:
=�ψ/L, the resistivity of the deposit has to be of the same order

s the resistivity of the suspension, and changes in the electrode
olarization and in the suspension resistivity must be negligi-
le. However, even when the electrode is selected in order to
liminate its boundary reactions, it is still necessary to consider
hanges in suspension resistivity during the process.

Several authors56,57 have considered the effect of suspension
esistivity in electrophoretic feasibility. They have measured
he suspension conductivity σ (S cm−1) especially in suspen-
ions stabilized by the addition of salts of different metals.58–60

n 1996, Ferrari and Moreno studied the effect on EPD
f different parameters of an aqueous suspension stabilized
lectrosterically.17,61,62 These studies claimed a special role for
he suspension conductivity in the effectiveness of the elec-

rophoretic process in aqueous media. Other authors have also
onsidered the influence of conductivity on the deposition in
queous and non-aqueous systems.30,58,63–76 Some of them have
emonstrated that a high ionic concentration in the suspension

t
i
d
e

n Ceramic Society 30 (2010) 1069–1078

ould be deleterious for particle stability, inhibiting the move-
ent of ceramic particles, and thereby decreasing the deposit

rowth and sometimes its quality. In fact, these studies indicate
hat electrostatic and electrosteric stabilization in non-aqueous
nd aqueous media have to be adjusted in order to assure a
ow ionic concentration in stable suspensions. Then, the effec-
iveness of the electrophoretic process increases because the
articles are the main current carriers.

Both surface-charged particles and ions, contribute to the
ransport of the electric charge when an external electric field is
pplied to the system.76,77 The net current is

= I+ + I− + Ip (28)

here I+, I− and Ip are the electric current (A) transported by
he cations, anions and particles of the suspension respectively.

Assuming that free-ions and particles (with their ionic clouds)
re homogeneously distributed in the bulk suspension, the total
esistivity is

s =
[

1

ρ+
+ 1

ρ−
+ 1

ρp

]−1

(29)

here ρ+, ρ− and ρp represent the contribution of the cations,
nions and particles respectively to the suspension resistivity.

The resistivity of the optimized suspensions mainly depends
n the particle concentration. There are numerical models
nd theoretical expressions describing the relationship between
onductivity (or resistivity) and solid content of concentrated
uspensions with spherical rigid78,79 or soft particles,80,81 whose
pplication is restricted to suspensions with uncharged particles.
n practice, most experimental systems are formed by charged
articles, where the conductivity (or resistivity) is affected by
he thickness and properties of the electric double-layer or the
haracteristics of the polyelectrolyte adsorbed at the particle sur-
ace. The effective conductivity of dilute suspensions of charged
articles was first addressed by Saville in 1983.82 In this paper,
he effect of counterions and non-specific adsorption are taken
nto account, and the expression proposed for the conductivity
s

s = σs,∞(1 + αφs) (30)

here the suspension conductivity, σs (S cm−1), depends on the
onductivity of the suspension liquid medium, σs,∞ (S cm−1),
he volume fraction of particles in suspension, φs, and the zeta
otential or double-layer thickness, α.

The proportional dependence of the suspension conductivity
n solid content has been determined experimentally by differ-
nt authors working on the EPD process for different powders
hen the suspension vehicle and the amount of dispersant were
xed.57,61,73,77

Recently, Anné et al.83 have proposed a mathematical
escription of the kinetics based on the Hamaker model and

he Biesheuvel correction for suspensions with high solid load-
ng considering that the suspension conductivity and the current
ensity vary during EPD under constant-voltage conditions. The
xpression of the electric field considering the conductivity of
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he suspension is

= I

Sσs
(31)

Considering Eqs. (2) and (21):

dm

dt
= fμ

I

σs
Cs

φd

φd − φs
(32)

This model fits EPD results obtained from an alumina sus-
ension prepared with ethanol considering different additives
s dispersants. The proposed expression (Eq. (32)) was verified
sing experimental data collected during the deposition.

In 2005, Ferrari et al.84 proposed a resistivity model for
he deposition kinetics considering the relationship between
olloidal parameters such as suspension concentration and resis-
ivity (Eq. (30)) during the EPD process. This model describes
xperimental results, obtained for longer deposition times and
or suspensions in which resistivities change significantly during
he deposition process, more accurately.

Anné et al. assumed in Eq. (32) that the conduction surface
as equal to the electrode deposition area and the cross-section
f the EPD cell. Consequently, Eq. (32) as a function of the
uspension resistivity is

dm

dt
= fμIρsCs (33)

On the other hand, a linear relation may be used to describe
he dependence of resistivity on solid content, as follows:

s = ρs,∞ − (ρs,∞ − ρs,0)
Cs

Cs,0
(34)

here ρs,0 is the initial resistivity of the suspension and ρs,∞ is
he resistivity at infinite time, when Cs = 0. Substituting Eqs. (5)
nd (34) into Eq. (33), a differential equation is obtained, of the
orm:

d

dt

(
m

m0

)
= 1

τ0

(
1 − m

m0

) (
1 +

(
ρs,∞
ρs,0

− 1

)
m

m0

)
(35)

here the characteristic deposition time, τ0, is similar to that in

q. (6), and is defined by

0 = V

fμIρs,0
(36)

T

o

able 1
ummary of different equations, corrections and experimental expressions proposed

ef Kinetics milestones

5 Basic equation

2 Quantification of the deposition behaviour: the sticking factor
Considering the solid loading variation

9 Considering concentrated suspensions (φs > 0.2)
2 Considering solid loading and electric field variation
1 Experimental expression determining the variation of the kinetics parameter vs
3 Considering the suspension resistivity variation
4 Considering the linear relationship of the suspension resistivity and solid loadin
n Ceramic Society 30 (2010) 1069–1078 1075

The solution of this new equation with the same initial con-
ition as in Eq. (6), m(0) = 0, is

(t) = m0

(
1 − 1

1 + (ρs,0/ρs,∞)(et/τ∞ − 1)

)
(37)

here the characteristic deposition time, τ∞, is defined as in Eq.
36), with ρs,0 = ρs,∞.

According to the solution given in Eq. (37), it is evident that
or long deposition times, t → ∞, the deposited mass m(t) → m0,
ut the qualitative behaviour of the curve m(t) deserves some
iscussion. Eq. (35) shows that

d

dt

(
m

m0

)
> 0 (38)

whatever the amount of deposited mass (0 ≤ m/m0 < 1), so
he curve m(t) in Eq. (37) always increases.

Differentiating Eq. (35) again, using the same equation to
liminate the derivate, leads to:

d2

dt2

(
m

m0

)
= 1

τ2
0

(
1 − m

m0

) (
1 +

(
ρs,∞
ρs,0

− 1

)
m

m0

)

×
(
ρs,∞
ρs,0

− 2 − 2

(
ρs,∞
ρs,0

− 1

)
m

m0

)
(39)

The first three factors are positive because ρs,∞ > ρs,0. If
s,∞/ρs,0 ≤ 2, which includes the Sarkar and Nicholson model

n which ρs,∞/ρs,0 = 1, the last factor will be negative and hence,
(t) will rise with a continuously decreasing slope, as in a typ-

cal saturation curve. By contrast, if ρs,∞/ρs,0 ≥ 2, the second
erivate (Eq. (39)) will be positive as long as:

≤ m

m0
<

ρs,∞ − 2ρs,0
2(ρs,∞ − ρs,0)

(40)

and will become negative above this value, thus meaning that
nitially the curve m(t) rises with an increasing slope, producing
n S-shaped saturation curve.

Converting this to deposition time using Eq. (37), the rising
f the curve takes place within the range 0 ≤ t < T, where( )

= τ∞ ln

ρs,∞
ρs,0

− 1 (41)

The growth of the slope depends exclusively on the variation
f the resistivity, and it increases as ρ∞/ρ0 increases. The shape

by different authors.

Models or experimental expressions Eqs.

m = CsμSEt (1)

dm/dt = fμSECS (2)
m(t) = m0(1 − e−t/�) (8)

m = CsμSEt(φd/(φd −φs)) (18)
R′m(t) + (R′m0 + L)ln((m0 − m(t))/m0) + k′�ψt = 0 (15)

. the current applied k = k0(ei/i0 − 1) (26)
m = fμ(I/σS)Cs(φd/(φd −φs)) (32)

g m(t) = m0(1 − (1/1 + (ρs,0/ρs,∞)(et/τ∞ − 1))) (37)
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f the m(t) curve is not affected by any other parameter. This S-
haped behaviour has already been reported in the literature for
ong time scale EPD tests, especially for aqueous suspensions,
lthough it also appears in non-aqueous media when deposition
ime is long enough.84

Finally, notice that if ρs,∞ = ρs,0 (and hence ρs = ρs,∞ con-
tant) the solution of this last kinetics model (Eq. (37)) reduces
o the Sarkar and Nicholson model (Eq. (8)). Also, if t � τ∞, this
olution becomes that of the linear model proposed by Hamaker
Eq. (1)). So, Eq. (37) subsumes previous models of EPD kinet-
cs. Table 1 summarises different equations, corrections and
xperimental expressions proposed by different authors.

. Conclusions

Models developed to date consider the variation of param-
ters related to both suspension and electrical conditions, i.e.
olid concentration and resistivity of the whole system. Other
actors should now also be studied in depth, such as differences
n deposition and conduction surfaces, and the deleterious effect
f particle mobility during deposition time, etc. However, it is
ven more important to describe the surface networks devel-
ped during particle clustering, which is critical for predicting
article arrangement and designing micro- and nano-patterned
aterials. The electrically driven formation of arrays depends

ot only on the long range interaction forces (DLVO), but
lso on the non-DLVO interactions and liquid electrodynamic
nd electro-osmotic effects. Similarly, reversibility of the elec-
rodes (substrates) plays a significant role in both transport and
eposition steps. In this sense, the application of electrochem-
cal techniques and AFM to the study of colloidal chemistry
nd particles sticking will be key elements of further EPD
esearch.
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