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Abstract Under certain conditions of conductivity
and at constant current, electrophoretic deposition
(EPD) of alumina powder from an acidic suspension is
accompanied by an anomalous voltage rise across the
deposited particulate layer. This voltage rise, which is
much greater than can be accounted for by the
blocking of the electrode by non-conducting particles,
is the signal of the formation of a very uniform, dense
alumina deposition layer. To determine the conditions
necessary to induce this effect and discover its origins,
a series of systematic EPD trials with increasing
quantities of HCL is comprehensively examined. It is
shown that both of these effects can be accounted for
by the formation of an ion depleted conduction layer in
the solvent at the deposition electrode, which is
marked by extremely high voltage gradients. The
resulting electrophoretic force on particles in this layer
is several orders of magnitude higher than the force on
particles in the rest of the system and consolidates the
particles to form the observed densely compacted
layer. This high voltage gradient layer also results in a
significant self-leveling effect for deposition thickness.
A complete description of the various types of depo-
sition observed in this series of trials is then given in
which EPD is treated as a series of three steps:
accumulation, deposition, and consolidation. This
description identifies the origin of several effects seen
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during EPD and is intended to help the reader identify
the conditions necessary to induce ion depletion
enhanced, automatic leveling electrophoretic deposi-
tion.

Abbreviations

DEBL Diffuse electrostatic boundary layer, (double
layer)

EPD Electrophoretic Deposition

EHD  Electrohydrodynamic

Introduction

In the course of many various deposition experiments
the authors have noted that when a deposition
conducted at constant current is accompanied by a
large linear voltage rise, the resulting deposition layer
is especially uniform with a volume density 55-65%.
This voltage rise occurs entirely within the deposited
particle layer and is much higher than can be explained
by simple blocking of the electrode by non-conductive
particles. This voltage rise was first noted by Sarkar
and Nicholson [1, 2]. To understand when and why this
voltage rise occurs, and why it signals the formation of
a dense, uniform, adherent deposition layer, this paper
analyses in depth a series of deposition trials per-
formed on a suspension of alumina particles in ethanol
with increasing quantities of added HCI. Within these
trials, three different types of behavior were noted and
a trial from within each of these groups was taken for
detailed analysis.
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However, before any detailed discussion of EPD can
occur, a great deal of relevant background material
must be established. This is done in sections from
“Experimental” to ‘“Deposition and consolidation
mechanisms,” with a specific discussion of the EPD
results occurring only in section ““Analysis of electro-
phoretic deposition results.” Section ‘“‘Experimental”
is a simple presentation of experimental procedure and
results. Section ‘‘Suspension description” is an analytic
description of the starting suspension, and presents
data, which is used in the following sections. Much of
this data comes from [3], and this reference will be very
helpful to the reader interested in understanding the
surface adsorption and surface charge formation on the
alumina particles used in this experiment. Section
“Conductivity, conduction, ionic concentration gradi-
ents and fluxes” is the largest and most critical section
of the paper. It is a detailed analysis of ionic concen-
trations, gradients and fluxes, and the consequent
changes in conductivity and voltage gradients when a
constant current is driven through the system.

Conduction in a liquid only occurs by electropho-
retic migration of ions through the solvent with
oxidation/reduction reactions occurring at the elec-
trodes. In the bulk solution, migration of positive and
negative ions in opposite directions cancels, and ionic
concentration remains unchanged. At the electrodes,
however, the ionic concentration, and consequently
conductivity, will either go up or down depending on
whether ions are either generated or consumed in the
electrochemical reactions at that electrode. In the case
considered here positive ions are consumed at the
deposition electrode (cathode), and negative ions
migrate away from the cathode both due to the electric
field and to maintain an electrostatic balance with the
number or positive ions in solution. Thus the ionic
concentration and conductivity will go down in a layer
next to the electrode surface [4-6].

Without particles, this ionic depletion would pro-
ceed very rapidly to a point where the layer becomes
unstable and convection begins. However, the pres-
ence of particles migrating to the cathode has a
dramatic impact on the formation of these ionic
concentration gradients. Electrophoretic migration of
the particles has very little impact on net charge
migration, i.e., conduction, but the large number of
ions reversibly adsorbed to the surface of the particles
acts as an ionic concentration buffer, reducing the
speed of these changes by 2-3 orders of magnitude.
This allows the particles, which accumulate at the
electrode to stabilize an ion depleted conduction
layer. This is a layer where charge is carried only by
positive ions pulled through the layer by the
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extremely high voltage gradient necessary to maintain
a constant current through the system. It is this layer,
which is the source of the large voltage rises seen in
this type of deposition.

In sections from ‘Effects of particles on conduc-
tion” to ““Comparison of trials #16 and #20”’ the system
is analyzed by a simple accounting of the ionic fluxes in
and out of a control volume at the cathode surface. It is
shown that in one case the ionic buffering effect of the
particles prevents the depletion of ions at the surface
and no high voltage layer forms. In the second case, the
flux of ions out of the control volume can be accounted
for by the formation of a concentration gradient layer
and an ion depletion layer within the layer of particles
accumulated at the electrode. The thickness of the ion
depleted layer calculated in this manner is within 20%
of the thickness of the observed dense deposition layer
in this case. In the final case we show that ionic
transport by particle migration is less than ionic
transport by migration of ions in solution, therefore
convection must begin in the bulk solution to provide
adequate ionic transport across the system to maintain
the constant current. Nevertheless, the large voltage
gradients seen in this deposition trial indicate that an
ion depleted conduction layer must still be stabilized
within the particle layer at the electrode.

Section ‘““Voltage rise versus deposition thickness”
then assumes the existence of an ion depleted
conduction layer and calculates the thickness of this
layer for nine deposition trials based on ionic flux,
positive ion mobility, and the observed voltage rise
during deposition. Over the seven trials within the
conductivity range where the ion depleted layer is
expected to be contained within the accumulated
particle layer, the resulting calculated ion depletion
layer thicknesses correspond to the observed dense
deposition layer thicknesses with a standard deviation
of only 4%.

The force that is generated on the particles by the
high electric field of the ion depleted conduction layer
is then discussed in section ‘“Force on the particles in
the ion depleted layer”. Section ‘“Deposition and
consolidation mechanisms” describes very briefly the
mechanisms of EPD relevant for this experiment.

Finally, having covered the background topics of:
stability, conduction, ionic gradients, and fluxes, volt-
age gradients, and electrostatic forces on the particles,
Section ‘““‘Analysis of electrophoretic deposition
results” discusses the EPD and consolidation of the
alumina particles from suspension. This section is much
less densely quantitative and is intended to describe
how the deposition process changes as the ionic
concentration in solution is raised. It is shown how,
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for the simple system of alumina in ethanol, four
different behavior regimes exist for EPD depending on
the amount of added HCI.

Of the many effects and concepts discussed in this
paper, the concept of primary importance is that of
“Ion Depletion Enhanced” electrostatic deposition.
This is one of the most important practical mechanisms
for EPD both because it is one of the few mechanisms
that can produce a dense deposition prior to drying and
because it has an effective, inherent automatic leveling
effect. This allows the reliable and repeatable produc-
tion of uniformly packed, uniform thickness deposi-
tions even without perfect uniformity of electric field
or suspension density in the deposition cell.

Experimental
Materials

The Al,O5; powder is AKP-50 from Sumitomo Chem-
ical Co., Osaka, Japan. The number average particle
diameter is 270 nm with a surface area of 10.0 m%/g.
The powder was washed and hydrated as described in
[3]- Further details on materials, characterization, and
preparation can also be found in Ref. [3].

Suspension preparation

Prior to mixing, the Al,O; powder was placed in a
135 °C drying oven for at least 1 h to remove excess
condensed moisture. About 7.99 g of this powder was
added to 155.4 g of 99.5/0.5 wt.% ethanol/water in a
HDPE bottle. This yields a 1.01 vol.% suspension of
alumina particles based on an «-alumina density of
3.97 g/cc. 1 mm diameter alumina milling media was
added, and the bottle was placed on a vibratory mill for
20 h to de-agglomerate the alumina particles. The
suspension was then poured into another HDPE bottle
through a sieve to remove the milling media prior to
deposition trials. There was no evidence of remaining
alumina sediment. Conductivity was measured at
0.1 uS/cm, the same as the as-received ethanol, indi-
cating that no ionic contamination was added in this
process.

Deposition device

The deposition trials were performed using a deposi-
tion device designed to be immersed in suspension in a
250 ml, 6.2 cm inside diameter Pyrex beaker, Fig. 1.
The deposition electrode is a 25.4 x 25.4 x 0.5 mm
alumina circuit substrate with a sintered platinum

Fig. 1 Deposition Cell; (a) Device with holder block (upper)
lifted from stand and masking disk (lower). Reflective square on
the bottom of the holding block is the deposition electrode. (b)
Assembled deposition device. One counter electrode is removed
for clarity, second counter electrode is visible behind device
stand

coating on one side which was polished to a mirror
finish. The deposition substrate is clipped to a PTFE
holder block by two spring loaded stainless steel hooks
which also serve to provide electrical connection to the
platinum surface. The holder block is placed onto a
5 mm thick PTFE masking disk with a square cut-out
which exposes a 5.2 cm? area of the deposition elec-
trode. The mask disk is mounted horizontally on three
posts above a cylindrical volume 1.5 cm high and 6 cm
in diameter. The counter electrodes are two platinum
foils which each cover one quadrant of the sides of this
cylindrical volume. Deposition occurs in an upward
direction.

During a deposition trial particles will move away
from the counter electrodes. This creates an area of
lower density fluid at the surface of the electrodes. The
cell is designed so that this lower density, particle
depleted fluid can rise to the surface of the suspension
well above the electrophoresis zone. Undepleted fluid
from below the surface of the suspension can then flow
back down into the electrophoresis zone in the two
quadrants not covered by the counter electrodes,
replacing the depleted fluid. This flow pattern prevents
gravitational convection or particle depleted solvent
from the anode from affecting the deposition behavior
at the cathode. In the center of the cylindrical volume
the electrophoretic motion of the particles will become
vertical, moving into the square mask cut-out toward
the deposition electrode. Constant voltage/current is
provided by a Keithly 2410 power supply, which also
provided voltage/current measurements.
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Conductivity measurement

Conductivity was measured using a voltage divider
circuit with a 0.5 rms voltage at the conductivity probe.
Oscillation frequency ranged from 100 Hz at the
lowest conductivity to 2 kHz at the highest. The
conductivity probe was a shiny platinum parallel plate
design with a cell constant of 0.107 cm™ (Orion
Research, Inc., Beverly, MA). Accuracy is estimated
to be the larger of +0.2 uS/cm or +5%.

Deposition procedure

The following is the step-by-step procedure for each
deposition trial:

e 1 wt.% HCI solution in ethanol, if any, is added by
weight. The suspension is stirred for at least 30 s,
regardless of whether acid solution is added.

e Suspension conductivity is measured in the deposi-
tion cell.

e Deposition substrate is mounted on holding block
and holding block placed on deposition device in
the suspension.

e The power supply is turned on for approximately
1 s at 20 V and the current is recorded. The power
supply is then switched to constant current mode
and this current is entered so that each trial begins
at ~20 V.

e The power supply is then turned on for 120 s at
constant current and the voltage recorded manually
every 15 s.

e The mounting block and deposition substrate are
then removed from the suspension and observed for
deposition. The deposition substrate is removed
from the mounting block with tweezers for rinsing.
The deposition is exposed to air for approximately
10-15 s during this step. Although some evapora-
tion occurs, no area of the deposition or substrate
becomes dry prior to rinsing.

e The deposition substrate is rinsed in clear,
as-received ethanol until no additional alumina is
seen to rinse off the surface.

e The deposition is then allowed to dry and the
weight is measured.

e The deposition substrate is then cleaned and the
procedure repeated.

Data
This paper analyses a systematic series of 21 deposition

trials performed on a single alumina suspension with
increasing additions of HCI. As shown in Fig. 2 these
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Fig. 2 Relationship between conductivity and deposition weight.
Deposition trials can be separated into four groups. Arrows point
to deposition trials 11, 16, and 20 chosen for detailed analysis

depositions can be separated into four groups: depo-
sitions that occurred with no added acid, trials with
small amounts of added acid where no depositions
occurred, and two types of deposition at higher
conductivities marked by significant voltage rises and
dense deposition layers.

Deposition Trials 1-4—The first four deposition
trials were performed on the as-prepared suspension
containing only ethanol solution and alumina powder.
Measured conductivity was 0.2 pS/cm. The current
setting for deposition was 32.7 mA/m?% Although
depositions resulted from these trials, the results were
very non-uniform. The voltage rises during deposition
were 0.5, 2.0, 0.8, and 0.7 V. The first trial resulted in a
thick, fluffy deposition covering most of the center of
the electrode. The deposited area had irregular edges.
Near the boundaries of the masked area there was no
deposition. The unrinsed average deposition weight
was 24 g/m?. The second deposition covered the entire
deposition area, however the entire deposition was
removed by rinsing. During rinsing a distinct pattern in
the deposition was observable, attributable to large
scale convective motion of the suspension. The third
deposition was very thick and appeared uniform prior
to rinsing, however rinsing again revealed a distinct sus-
pension flow pattern. Weight after rinsing was 53 g/m’.
The final deposition in this set again yielded a fairly
uniform, low density deposition. The deposition weight
without rinsing was 34 g/m® When the deposition was
removed from the holder block and held at an angle
the surface of the deposition was observed to flow as a
high density slurry.

Deposition Trials 5-11—Deposition trials in this set
conducted with progressively higher additions of HCl
yielded no significant deposition. The first five trials in
this set covered a conductivity range from 0.6 uS/cm to
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Table 1 Deposition data

Trial Trial Trial

11 16 20
Conductivity (uS/cm) 231 958 354
Current density (1) (A/m?) 032 125 50
Total current (C/m?) 383 150 600
Voltage rise (V) 1.0 33 18.9
Deposition weight (g/m?) 0.6 8.1 26.1
Deposit specific current (C/g) 66 18 23
Deposition thickness at 60 vol.% 024 34 11.0

density (pm)

1.2 uS/cm, showed voltage rises from 0.2 V to 0.7 V,
and resulted in no deposition. The final two deposition
trials were conducted at a conductivity of 2.3 pS/cm
and showed voltage rises of 1.0 V and 1.1 V. A very
small deposition of particles was observed in these
cases as a slight fogging of the reflective platinum
surface. The deposition weight of 0.6 g/m* corresponds
to a uniform monolayer of particles. The final depo-
sition trial of this set, #11, was chosen for detailed
analysis in the following sections. The data for this trial
is given in Table 1 and the voltage rise is shown in
Fig. 3.

Depositions 12—19—This set of trials was marked by
significant voltage rises during deposition, an overlayer
of particles, which rinses off the substrate, and a
uniform, dense deposition layer which does not rinse
off. In these cases there is a clear distinction between
the overlayer, which rinses off with little or no
agitation, and the remaining dense deposited layer,
which can only be partially removed by a solvent jet or
ultrasonic agitation and can only be completely
removed by mechanical scrubbing. No evidence of

20 T
Lo — 1
16 1 ——#16
S14+ #20
g1
310--
g 8+
S 6t
4-- 4
0 H=——" ; : |
0 30 60 90 120

Deposition Time (sec.)

Fig. 3 Voltage rise during deposition trials 11, 16, and 20

convection patterns was seen in the remaining depos-
ited layer.

Conductivities in this set range from 4.4 puS/cm to
23.0 uS/cm. Voltage rises were linear and increased
with conductivity from 2.0 V to 14.0 V. Deposition
weights also increased with conductivity from 5.8 g/m?
to 26.1 g/m*. A deposition from the middle of this set,
#16, was chosen for detailed analysis.

Depositions 20-2]1—This pair of trials conducted at
35.4 pS/cm showed a non-linear voltage rise, which was
nearly identical for both trials, Fig. 3. The distinction
between rinsable overlayer and strongly deposited
layer is less distinct, as progressively less alumina is
rinsed off as the rinsing end point is reached. Again,
the rinsed deposition was dense and uniform with no
visible convection patterns. Of this pair, deposition #20
was chosen for detailed analysis.

Conductivity versus DC Conduction—The proce-
dure above, section ‘“Deposition procedure,” resulted
in a linear relationship in all trials between measured
conductivity and the current necessary to achieve a
20 V initial voltage.

Additional experimental data

Although this paper focuses on a particular set of
depositions, these depositions represent only a very
small set off all depositions of this type conducted. Two
findings from these additional depositions are used
here. Deposits, marked by a rise of several volts during
deposition and which cannot be removed even by
vigorous agitation during rinsing, were examined in
cross-section by SEM of and found to have a density
between 55% and 65%. Based on this, a density
estimate of 60 vol.% is used here. A slightly higher or
lower actual density will not significantly affect the
conclusions reached here.

The second fact used here is the location of the
excess voltage that arises during deposition. Experi-
ments using a platinum wire as a voltage probe have
shown that the voltage rise during deposition is almost
completely accounted for by a potential difference
across the deposited layer. For example, a constant
current deposition with an initial potential of 20 V
shows a rise in voltage to 40 V over the course of the
deposition. The final voltage breakdown will be
approximately: 20 V due to resistance of the solution,
1 V additional concentration potential across the bulk
solution, and 19 V across the deposited layer. The wire
probe can be pressed against the deposited layer, and,
as long as the deposited particles are not scraped away,
a 19 V potential difference will be measured between
the deposition electrode and the solvent side of the
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deposition. This behavior is consistent with the obser-
vations previously reported by Sarkar and Nicholson
(1, 2].

Suspension description

The properties of the suspending solvent and electro-
lyte are given in Table 2. The properties of the
particles in suspension are given in Table 3. These
values are calculated from the data presented in Ref.
[3]. The net electrostatic charge is calculated using the
estimation formula of Loeb et al. [7]. The particles are
electrostatically stabilized by a repulsive osmotic
pressure when they approach each other to the point
that their diffuse electrostatic boundary layers
(DEBL’s) overlap.

From the data above it is possible to estimate the
interaction potential of two average diameter spherical
particles. These are shown as a function of separation
distance for 270 nm dia. particles in Fig. 4. The
attractive London-van der Waals force is calculated
as outlined in Ref. [8]. This is adjusted for retardation
of the interaction as separation distance increases using
the estimation method of Russel et al. [9]. The repul-
sive force that results from the overlap of the DEBL’s
is calculated using the Derjaguin approximation for
constant potential

d = ZESrSQ\P%)a In(1 + e”‘h)

from Ref. [9]. a, Particle radius (m); 4, Particle—
particle separation distance (m); &, Relative dielectic
constant; ¢, Permittivity constant (C/V m); ™!, Debye
length (m); @, Particle—particle interaction energy due
to overlap of DEBL’s (J); y,, Potential at inside
surface of DEBL (V). The total interaction energy is
then the sum of these two forces.

To obtain an order-of-magnitude estimate of the
electric field that would be necessary to bring two
particles together, the maximum interparticle repulsion
force was divided by the charge on a single average
particle to obtain the voltage gradient that would

Table 2 Ionic properties of solution

Trial 11 Trial 16 Trial 20
Conductivity (uS/cm) 2.31 9.58 35.4
Molar conductivity 51.3 49.9 47.1
(A) (cm?/Q mol)
Bulk HCI concentration  0.045 0.192 0.751
(mol/m?)
Hydrogen ion mobility ~ 3.13 x 10®  3.04 x 10° 2.87 x 1078

(vir) (m*/V 5)
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Table 3 Surface and colloid properties

Trial 11 Trial 16 Trial 20

Debye length 26 12.5 6.3
(") (nm)

Diffuse layer 5.24 10.8 21.4
thickness index
(rca)

Electrophoretic 0.97 0.85 0.47
mobility
(um cm/V s)

Surface potential 79 51 26
(mV)

Ave. particle 252x 107" 2,64 x 10716 2.40 x 107'°
electrostatic
charge (C)

Surface adsorbed 21.4 27.5 31.6

HCI (umol/g)
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—Total Energy

200 +

g
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g 8
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=
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Fig. 4 Calculated electrostatic stabilization energies for suspen-
sion in; (a) trial 11, (b) trial 16, (c) trial 20



J Mater Sci (2006) 41:8031-8046

8037

Table 4 Particle interaction properties

Trial 11  Trial 16  Trial 20
Max. energy barrier 230 70 3.5
to flocking (kT)
Max. interparticle repulsion 282 15.5 1.42
force (pN)
Electric field to produce 1,120 590 60

an equivalent force (V/cm)
Initial voltage gradient at 13.9 13.0 14.1
depsition electrode (V/cm)

produce an equivalent force on an isolated particle,
independent of electrohydrodynamic (EHD) effects.
These values are shown in Table 4. Note that the
electric field necessary to deposit the particles by direct
electrostatic force alone is considerably higher than the
actual bulk electric field in every case.

Conductivity, conduction, ionic concentration
gradients, and fluxes

Electrode electrochemical boundary layer

Electrochemical conduction at the cathode occurs by
the reduction of protonated ions, hydronium, and
ethoxonium, to hydrogen and water or ethanol. As
positive ions are consumed at the electrode negative
ions will migrate away from the cathode in the applied
electric field. This will result in an electrochemical
boundary layer characterized by a reduction in the
ionic concentration at the electrode [4-6, 10]. In the
absence of particles the ionic concentration at the
surface will reach a theoretical zero concentration 0.6 s
after the current is turned on. (A version of the
equation for quasi-neutral, constant current ion deple-
tion at an electrode can be found in [11].) At this point
a significant unbalanced electrostatic charge would
develop causing the solution to immediately transition
to convective motion in the electrochemical boundary
layer. If this electroconvective motion begins, uniform
EPD will not be possible.

Equilibrium limit current thickness

In 1959 Levich [4] clearly described the properties of
the maximum limit current that can be conducted
through a quasi-neutral electrolyte solution in the
absence of convective motion. In this classic work, it
was shown that at this limit current the ionic concen-
tration gradient would decline linearly from the elec-
trode where ions are generated to zero concentration
at the electrode where ions are consumed.

The analysis here will use the inverse concept of the
“equilibrium limit current thickness.” This is the
maximum thickness, dj,, of an electrolyte layer that
can conduct a given current flux.

2D c
iy = ——— -
J
Here ¢, is the maximum concentration, Dy+ is the

diffusion coefficient for the consumed ion in a 1-1
electrolyte and J is the molar current flux.

Effect of particles on conduction

The most important effect of the addition of particles
to this system is the change of ionic transport and the
buffering of ionic concentration changes during D.C.
conduction. This result is counterintuitive because of
the negligible effect the particles have on conductivity
and conduction. As noted in [3], the difference in
conductivity of a solution with 1 vol.% of particles
either suspended or sedimented out was less than the
margin of error in the conductivity measurement.
Taking the net positive surface charge on the particles
and the migration velocity of the particles in a D.C.
electric field, the contribution to current flux in the
bulk solution for the three cases here is 1.9, 0.4, and
0.06%.

However, when the total reversibly adsorbed HCI on
the particle surfaces is considered, the picture is entirely
different, Fig. Sa. The dissolved HCl in solution in these
three cases is 0.045, 0.192, and 0.751 mol/m>. The
available HCI on the surfaces of the suspended alumina
at the particle density of the bulk suspension is 0.865,
1.11, and 1.28 mol/m®. This means that, per unit
volume, the amount of HCIl, which can desorb from
the particle surfaces is 20, 6, and 2 times larger than the
concentration of HCI in solution. This applies to the
molar flux of HCI as well. Taking the migration speed
and concentration of the alumina particles in the bulk
solution, the total flux of HCI carried by the particles is
11.7,12.3, and 8.47 pmol/s m? toward the cathode. This
compares to the flux of dissolved chloride ions away
from the cathode of 1.36, 5.32, and 21.3 pmol/s m?.

Comparison of trials #11 and #16

To begin, the focus will be on deposition trials numbers
11 and 16. The objective will be to show why there is
deposition accompanied by a stable linear voltage rise
in trial #16 and no voltage rise or deposition in #11.
Ionic migration in the bulk suspension—In the
solution without particles, an ionic concentration
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(a) Bulk
Suspension

Accumulated
Particle Layer

?@gc?

(b) Limit Current
Distance

0

Fig. 5 In the bulk solution CI” migration is counteracted by
electrophoretic motion of adsorbed HCl. At the cathode
electrophoretic motion of the particles is stopped, but migration
of CI” in solution continues

gradient forms at the cathode as H" ions are consumed
and CI” ions migrate away faster than they are
replenished by diffusion from the bulk. With particles
present, the migration of CI” ions away from the
electrode will be countered by the electrophoretic
migration toward the electrode of adsorbed Cl ions on
the particles. In both cases #11 and #16, the flux of
adsorbed CI™ carried by the particles is greater than the
migration of dissolved CI". Wherever the particles are
free to move by electrophoresis no large ionic concen-
tration gradients would be expected to develop. Up to
the surface of the accumulated particle layer at the
electrode the ionic concentration in solution will be the
same as the bulk.

Accumulated layer—When the particles come up
against the electrode, electrophoretic motion stops.
Where the electrophoretic migration is stopped, the
flux of adsorbed CI™ becomes zero while the migration
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of CI” in solution continues, Fig. 5b. It is in this area
that concentration gradients can develop.

Owing to the fact that there are no direct measure-
ments of this layer, it is necessary to make some
assumptions about the accumulation of particles at the
electrode. In the bulk electric field of 13.9 V/cm in trial
#11 the alumina particles will migrate at a speed of
13.5 um/s. At the electrode the particles will accumu-
late at an estimated density of 20-25 vol.% based on
an average interparticle separation of 80-90 nm, Fig. 3.
This estimated density is very approximate, and there
will most likely be a density gradient through this
accumulated layer, however, the conclusions reached
here will be valid for a wide variation in this density. At
an average density of 25% the accumulated particle
layer will grow at a rate of 0.375 um/s, giving a total
thickness of 45 um over the 120 s of the deposition
experiment.

In deposition trial #16 an accumulated layer density
of 35% will be assumed. The reason for this higher
assumed density is given in section ‘‘Analysis of
electrophoretic deposition results.” In the bulk electric
field of 13.0 V/cm the particles will migrate at a speed
of 11.0 um/s, accumulating a 38 um layer over the 120 s
deposition time.

Assumed gradient—Accurately modeling the devel-
opment of these concentration gradients will likely
require numerical simulation at some future date.
However, by making some simplifying assumptions it is
possible to establish a rough numerical criterion for
what type of gradients will develop and when deposi-
tion of the particles will or will not occur. It is then also
possible to qualitatively describe the development and
shape of the concentration and potential gradients in
this accumulated layer without the simplifying assump-
tions.

The greatest simplification can be made by replacing
the actual non-linear adsorption isotherm with a simple
linear adsorption for each of the cases. This is shown as
the grey lines in Fig. 6.

The second assumption is that ionic concentration in
solution is small relative to the adsorbed HCI in the
accumulated layer. The implication of this second
assumption is that desorption of HCI largely compen-
sates for the consumption of H" at the cathode and the
migration of CI” away. This means that the overall
motion of the gradient layer will be slow relative to the
movement of ions within the gradient layer. This then
leads to the concept of the quasi-static, quasi-neutral
gradient layer. In the Levich limit current case the
migration of ions is blocked by the electrode at one end
of the electrochemical cell, resulting in a constant ionic
concentration at that point. In this case the desorption
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Fig. 6 Adsorption isotherm for HCI on alumina. Circles show
the total adsorption for cases 11 & 16. Gray lines show the linear
adsorption assumption. Black line is modified linear assumption
for case 16

of HCI does not result in a fixed concentration but one
that changes relatively slowly. Owing to this slow
change in concentration and therefore slow movement
of the gradient layer, we approximate the behavior of a
stationary gradient layer (quasi-static) with the equa-
tion from Levich [4] for a stationary limit current
gradient. This means that a linear concentration
gradient layer is assumed with a slope equal to the
slope in the limit current case, declining from a point
where the concentration is equal to the bulk solution to
a lower concentration at the electrode.

The ionic concentration gradient in the accumulated
layer will then develop as shown in Fig. 7. A gradient
with a constant slope will form at the cathode and will
move slowly away as the adsorbed HCI in the layer
next to the electrode is desorbed and consumed. Only
when the edge of the gradient layer has moved to the
limit current distance from the electrode will the
concentration at the electrode drop effectively to zero
allowing a charge depleted conduction layer to form,
and it is only the formation of a charge depleted
conduction layer that can account for the large voltage
rises seen in the deposition trials.

This analysis is then turned around to define a
criterion for the formation of a charge depleted layer.
A control volume is defined which is bounded on one
side by the electrode and on the other by an imaginary
plane at the limit current distance from the electrode.
If the net flux of CI” out of this volume is more than 1/2
of the CI” within this volume then a charge depleted
layer can be expected to form.

Applying this criterion to deposition trials #11 and
#16 clearly shows the difference between the two. In
#11 the limit current distance is 22 um. Since electro-

Limit Current
Distance djin,

0

djim

Fig. 7 (a) In deposition trial #11 the total CI” flux out of the
control volume is less than 1/2 of the total content. (b) Trial #16
gradient layer moves away from electrode creating ion depleted
layer

phoresis of the particles over the course of this trial
results in an accumulated layer of approximately
45 um, the control volume can be assumed to be
completely filled by particles at a volume density of
25%. This then gives a total content of HCI, both
adsorbed on the particles and in solution of 476 pmol/
m?. The flux of dissolved CI~ out of this volume would
be 1.36 pmol/s m?, or only 163 pmol/m? over the 120 s
of this trial. This is only 35% of the Cl in the control
volume, therefore in this case the presence of revers-
ibly adsorbed HCI on the surface of the particles will
suppress the formation of a charge depletion layer.
Little or no voltage rise would be expected. This is
shown is Fig. 6a.

In the case of trial #16 the limit current thickness is
23 pm. Again this volume will be more than filled by
particles due to electrophoresis during the deposition
trial. This then gives a total content of HCI in the
23 um control volume of 895 pmol/m?. The molar flux
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of CI” out of this volume is 5.32 pmol/s m?, or
628 umol/m? over the course of the trial. This clearly
exceeds the criterion set out above of 1/2 the molar
contents of the control volume. In this case an ion
depleted layer would be expected to develop. This is
also consistent with the 3.3 V rise actually seen during
this deposition trial.

Assuming a constant gradient moves from the
cathode, the total outward flux of CI” ions could be
accounted for by desorption from a 23 um gradient
layer and a 4.6 pm thick charge depleted layer, Fig. 6b.
This 4.6 um is calculated based on the 35 vol.%
particle density assumption for the accumulated layer.
If this 4.6 um layer is consolidated to 60 vol.% by the
high electric field in the depleted layer, the resulting
layer would be 2.7 pm. This is only 20% less than the
actual deposition thickness of 3.3 um.

Comparison of trials #16 and #20

While the picture given above for deposition in trial
#16 is complex, the evolution of the deposition process
during trial #20 becomes even more so. In deposition
trial #11 the accumulation of particles at the electrode
suppressed the formation of a high voltage gradient
and no deposition occurred. In deposition trial #16 the
flux of CI” on the particles toward the electrode was
higher than the migration of CI” ions in solution away
from the electrode. This means that high voltage
gradients could only form within the accumulated
particle layer. Adsorption equilibrium within this layer
suppresses convective motion, and analysis based on
ionic migration alone can account for the observed
behavior.

In deposition trial #20, on the other hand, the molar
flux of CI” ions in solution away from the cathode is
21.3 pumol/s m* while the flux of CI” on the particles
toward the electrode is only 8.5 pmol/s m?. Without
convection there would be a total flux of ClI” ions away
from the electrode of 2,500 pmol/m?. The total CI”
quantity available in the region next to the electrode
from desorption and solution depletion is only
1,000 pmol/m?. The remaining 1,500 pmol/m? can only
be accounted for by convective flows, which wash CI”
ions from the bulk back toward the cathode. This
means that the particles will neither suppress the
formation of an ion depletion region, nor will they
contain this region within the layer of accumulated
particles at the electrode surface and thereby suppress
convection.

However, to account for the 189 V rise in cell
voltage over the course of this deposition trial the
particles must stabilize an ion depleted layer. There-
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fore, a stabilized ion depletion layer within the accu-
mulated particle layer must co-exist with
electroconvection in the bulk solution.

Based on the particle mobility in the bulk electric
field of 14.1 V/cm, without convective motion an
accumulation of 31.7 g/m? of particles at the electrode
would be expected. The weight of deposited particles
after rinsing was 26.1 g/m* or 80% of the particles that
would be expected to accumulate at the electrode.
During rinsing however a substantial overlayer of very
loosely deposited material was removed. The densely
deposited layer, which could not be removed by rinsing
will have a volume density of 50-60%, giving a
thickness of 11-13 pm. Thus in this case there is the
same structure of a loosely deposited and rinsable
overlayer and a dense deposited layer.

This structure will make sense if the system is made
up of two layers, an ion depleted conduction layer next
to the cathode, covered by an ionic gradient/buffer
layer which is stabilized by the immobile deposited
particles. On the solution side of this layer the ionic
concentration will fluctuate somewhat due to electro-
convective motion of the bulk suspension, but will
remain high enough that voltage gradients in solution
do not rise significantly. Through this buffer layer ionic
concentration will decline and voltage gradients rise up
to the edge of the ion depleted layer. Sitting between a
semi-constant concentration on the solution side and
an effectively zero concentration on the ion depleted
side, the ionic concentration gradient in this layer will
approach the Levich limit current case and the thick-
ness of this layer will be a stable function of ion flux.

Thus in the case of Trial 16 there will be an ion
depleted conduction layer growing through the accu-
mulated particle layer, with that growth regulated by
ionic flux out of the accumulated layer. In the case of
Trial 20, the growth of the ion depleted conduction
layer is limited by the rate, which the gradient/buffer
layer moves away from the cathode, which is the speed
of growth of the accumulated particle layer.

Voltage rise versus deposition thickness

Throughout the previous discussion it was assumed
that the anomalous voltage rise seen in the cases where
a deposition formed was due to the formation of an ion
depleted conduction layer. If this is correct then some
correlation would be expected between the estimated
ion depletion layer thickness and the deposition
thickness.

The first step is defining the anomalous voltage.
Deposition trials #5 through 9 had an average voltage
rise of 0.4 V. Deposition trials #10 & 11 showed the



J Mater Sci (2006) 41:8031-8046

8041

deposition of a monolayer of particles accompanied by
voltage rises of 1.0 V and 1.1 V. Based on these
observations it will be assumed that 1 V of the voltage
rise during deposition can be attributed to voltage
necessary to drive a direct current through the solvent
(concentration polarization) and to voltage rise due to
blocking of the electrode surface by deposited parti-
cles. The anomalous voltage is then taken as the
voltage rise above one volt over the course of a
deposition trial.

An ion depleted layer thickness can then be gener-
ated based on this anomalous voltage and the ionic flux
density by using the equation for the potential drop
across an unbalanced charge conduction layer, from
Ref. [5].

1
2
3

4):_%[ 2/

v éré
H+ T¢0

F, Faraday Constant; J, Ionic flux (mol/s mz); X,
Thickness of ion depleted conduction layer (m); &,
Relative dielectic constant; &, Permittivity constant;
vy, Hydrogen ion mobility (m?/V s); ¢, Voltage drop
across ion depleted conduction layer (V).

The calculated ion depleted conduction layer thick-
ness for each deposition trial from 12 to 21 is shown in
Table 5 followed by actual deposition thickness based
on a 60 vol.% density. The correlation is almost perfect
for depositions 12-19 with a standard deviation of only
4%. For depositions 20 & 21 where convective motion
in the solution is not suppressed, the calculated ion
depletion layer is ~30% less than the actual estimated
thickness.

Force on the particles in the ion depleted layer
To appreciate the scale of the forces generated here, it

is helpful to return to the force calculations for a
particle under the conditions of deposition trial #16. As

mentioned above the force on the particle in equilib-
rium electrophoresis in the bulk electric field is
3.4 x 107" N, which is equivalent to 840 times the
force of gravity on the same size particle. The viscous
force due to EHD flow in the opposite direction is then
approximately 770 G in the opposite direction, giving a
net force moving the particle through the solution of
70 G.

This would seem like a fairly substantial force until a
comparison is made to the force that can be generated
in the ion depleted conduction layer. As a particle
moves through the quasi-neutral gradient region into
the transition region the HCl on the particle will
desorb, reducing the particle charge. However, as was
shown in Ref. [3], in pure solvent the particle still has a
significant positive charge of ~4 x 10™'7 coulomb. Fig-
ure 8a shows the potential gradient next to the elec-
trode after an approximately 3 pm charge depleted
layer has developed. This shows the extent to which the
potential gradient changes from the 13 V/cm of the
bulk suspension. Figure 8b then shows the force that
this electric field exerts on an average sized particle in
this layer. One item to note is that in the charge
depleted layer there will be no counter ions, therefore
there will be no electrostatic boundary layer or
electrohydrodynamic pumping of fluid away from the
electrode to counter the direct electrostatic force.
Hundred percent of this electrostatic force goes into
compacting the particles in this layer. The second item
to note is the sharp rise in the force on the particles.
Although the actual shape of the voltage gradient in
the transition region has not been solved here, it is
clearly much less than a micron and is, in this case, on
the same scale as the particles themselves. Despite the
uncertainty about the exact shape of the transition
region, it is possible to state that over a distance of two
to three times the average particle diameter, the force
on the particles will go up by an order of magnitude.
This means that there can be a very sharply defined
edge between a highly compacted deposition layer and
an undeposited accumulated particle layer or a loose,

Table 5 Calculated ion

. Trial #* Cond. Current Voltage Ton dep. cond. Deposited Deviation
depleted conduction layer (uS/cm) (A/m?) rise (V) layer (pm) layer thk. (pum) (%)
thickness versus deposition - yer Y - °
thickness 12 44 6.25 2.0 23 24 4

14 7.2 11.2 3.6 3.6 3.6 0
15 10 13.9 4.7 4.2 4.5 -6
16 10 12.5 33 32 34 -5
17 10 13.5 4.4 4.0 4.0 0
18 23 30.8 14.0 7.5 7.0 6
19 23 30.8 12.2 6.8 6.9 -1
a . . . 20 35 50.0 18.9 7.9 10.9 -28
Deposition weight for trial 21 35 50.0 18.0 79 10.7 26

#13 was not recorded
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Fig. 8 (a) Potential gradient with 3 pm depleted layer for
conditions of deposition trial #16, 0 position indicates electrode
surface; (b) Electrostatic force on an average size particle
in multiples of standard gravitational force on the same
particle. Gray bars indicate approximate location of transition
layer

low density deposited layer. Add to this the automatic
leveling effect mentioned above and this mechanism
can account for the thin, densely packed depositions
with exceptionally uniform thickness that are fre-
quently observed to be the product of a deposition
accompanied by a linear voltage rise.

Deposition and consolidation mechanisms

This section briefly defines some of the mechanisms
EPD and consolidation used in the following section to
explain the observed depositions [12].

Electrostatic deposition—In this case the force of the
external electric field acting on an undeposited particle
is sufficient to overcome the interparticle repulsion
causing that particle to come into contact with an
already deposited particle, thereby becoming part of
the growing deposition.

Electrosedimentary deposition—The electric field
will pull on a particle which itself will not deposit,
however, the repulsive force will push on a particle
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closer to the electrode. Eventually the force on a large
enough stack of particles will cause the particle closest
to the electrode to deposit. This mechanism of depo-
sition was first proposed by Hamaker and Verwey in
1940 [13].

Convective deposition—This is the case where the
hydrodynamic force of moving solvent can force
particles into contact.

Electrosedimentary consolidation—Once deposition
has occurred and the accumulated particle layer is no
longer fluid, this problem is transformed into a prob-
lem of conduction through a particle bed. Example
analyses of this problem in the case of equilibrium
conduction can be found in [14-16]. The case here is
somewhat different given that fluid motion is blocked
at one side of the particle bed, but otherwise the same
factors apply. The result is that there is a hydrostatic
force on the entire layer as well as an electrostatic
force on the particles in the layer. This combination of
forces can consolidate what may begin as a low density
deposition. Since the sum of these forces will increase
with depth into the deposition this also can lead to a
gradient of increasing density from the deposition
surface to the electrode.

Ion depletion enhanced electrostatic consolida-
tion—This is the result of the very strong electrostatic
compaction force detailed in section ‘“Force on the
particles in the ion depleted layer” above.

Analysis of electrophoretic deposition results

With the background material established in the
previous sections, it is finally possible to return to the
description of the results that were obtained in this
series of deposition trials with the object of offering a
description of why these results were obtained.
Deposition trials 1-4—This set of trials was per-
formed on a suspension with no added acid. As
discussed in Ref. [3], the particles develop a positive
60 mV surface potential due to the dissociative
adsorption of ethanol molecules and desorption of
ethoxide ions. Due to the uncertainty of the actual
ionic strength in the solution, the particle interaction
force calculations are not shown here. However,
knowing that the DEBL is thick and that the surface
potential is relatively high allows two conclusions; a
high surface potential means the energy barrier to
flocking due to random motion is high and the thick
boundary layer means that this interaction energy will
be spread over a long distance leading to a low
repulsive force. This means that the particles are well
stabilized against flocking due to random motion in
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the quiescent solution but there is very little repulsive
force resisting flocking by hydrodynamic or electro-
static forces.

When the current is turned on in these suspensions
the solvent will rapidly transition to convection at the
cathode. With no surface adsorbed ions the particles
will have little effect on the development of ionic
concentration and voltage gradients in the system. This
convection was visible as the ripple patterns in all of
the depositions, but is most obvious in the first
deposition. Here inflowing suspension in the center of
the deposition electrode allows a deposition to form
while the balancing outflow of solvent at the edges of
the electrode wash particles away leaving those areas
bare.

The depositions that occurred in these four trials
likely occurred by a combination of all three deposition
mechanisms mentioned above. Convective deposition
is a likely cause of the ridge patterns seen in the
depositions when they are rinsed, but convective
deposition cannot occur without some deposition
occurring first by some other mechanism. The only
other mechanisms available are electrostatic and
electrosedimentary.

While convection may account for some deposition
it is more likely to result in particles being washed
away from the surface. Based on the bulk electric field
and mobility of the particles, if the solvent were
motionless and 100% of the particles accumulating at
the electrode deposited, the expected deposition
weight would be 54 g/m® This is very close to the
actual deposition weight achieved in trial #3 of 53 g/m°.
However, that weight is after rinsing off a weakly
deposited overlayer which would have raised the total
weight well above expected. In contrast, deposition
trial #4 yielded a deposition weight of only 34 g/m?
even without rinsing. The wide scatter in deposition
results in these four trials indicate the importance of
the manner in which convection develops on the final
deposition results.

After the particles have deposited on the surface of
these depositions they appear to be subject to elect-
rosedimentary consolidation. This would need to be
confirmed by more careful future measurements of
density gradients, but visual observation suggests that
the deposition density increases continuously from the
deposition surface to the electrode.

While depositions can be formed from this type of
suspension, unless electroconvection can be precisely
controlled, the deposits formed are unlikely to be
uniform in thickness, density and total deposited
weight, with low and fluctuating densities leading to
severe cracking during drying.

Deposition trials 5-11—This set of deposition trials
was performed on a series of suspensions where
progressively more HCI was added to the solution. In
this concentration range the majority of that added
acid was adsorbed by the particle surfaces resulting in a
large rise in the particle surface potentials. Enough of
the HCI remains unadsorbed, however, that the free
ionic content goes up and the DEBL thickness goes
down. The higher potential creates a higher energy
barrier to flocking by random motion, and the thinner
diffuse layer means that this energy rise occurs over a
shorter distance, meaning a much higher maximum
repulsive force exists as well.

Even this dramatically increased stabilizing force
could potentially be overcome if it were possible to
develop the extreme voltage gradients associated with
the ion depleted conduction layer. However, under the
conditions of these deposition trials, the adsorbed HCI
on the particles is too high and the current flux too low
to allow these gradients to develop. The result is that
no anomalous voltage rise occurred in this set of trials
and no deposition occurred beyond a monolayer of
particles.

Deposition trials 12—-19—Although total surface
charge on the particles does not change significantly
over this set of trials, because of the increasing ionic
concentration of the solution, the surface potential
declines steadily as the DEBL gets thinner. These two
effects lead to a decrease in both the total energy
barrier to flocking and the maximum interparticle
repulsive force. Nevertheless, in all of these suspen-
sions the energy barriers and repulsive forces remain
high and the suspensions exhibit long-term stability.

The most important change here from the previous
set of deposition trials is the change in the ratio of
conductivity to adsorbed HCI. In deposition trials 5-11
the quantity of HCI adsorbed to the particles rose
much faster than the conductivity, so desorption from
the particles was able to suppress the formation of an
ion depleted layer. In this set of trials the adsorption is
reaching saturation and the bulk of the HCI added at
this point goes to increasing the conductivity of the
solvent. With this increase in conductivity comes an
increase in the current flux to maintain the same
starting voltage. The flux of CI” ions out of the
accumulated particle layer is now sufficient to deplete
the adsorbed CI” on the particles next to the electrode,
allowing an unbalanced charge conduction layer to
form. Particles within this layer are compacted to
almost maximum random packed density by the
electrostatic force. This creates a dense, uniform
deposition layer that is not removed by rinsing. That
this layer is created by an ion depleted conduction
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layer is shown by the extraordinary match between
estimated ion depletion layer thicknesses based on
voltage rise and actual deposition thicknesses over this
conductivity range, as shown in Table 5.

The ratio of conductivity to adsorption has not risen
to the point that the flux of CI” ions in the bulk away
from the cathode is greater than the flux of CI”
adsorbed to the particles toward the cathode. This
means that the electrophoresis of particles is able to
suppress the formation of concentration gradient layers
in the bulk solution that would drive EHD convection.
Once the particles stop moving in the accumulated
layer at the electrode they no longer prevent the
formation of a ion depleted layer, but the large
quantity of HCI that the particles can adsorb and
release provides a vital role in stabilizing the ion
depleted layer against convection within the accumu-
lated particle layer. The high voltage gradient creates a
strong automatic leveling effect for the ion depleted
layer. This means that the dense deposited layer can be
extremely uniform over a large area regardless of non-
uniformities of the electric field in the bulk suspension.

The fact that the net flux of CI” ions in the bulk
solution is toward the cathode means that particles will
accumulate at the electrode faster than they are
compacted into a dense deposition layer by the growth
of the ion depleted layer. In the case of deposition trial
#16, based on the particle mobility and bulk electric
field the total particle accumulation at the cathode
would be expected to be 53 g/m?. Given the likelihood
that convective motion of the suspension is suppressed,
this estimate is likely fairly accurate. Of this only 8.1 g/
m? is converted into a high density deposition. The
balance is either not deposited at all or forms a weak,
low density deposit which is easily rinsed off. The
estimate of 35% density in this layer is based on both
the interparticle interaction, Fig. 3, and the observed
rinsing behavior of this layer.

The ratio of particle accumulation to deposition is a
topic for future study, but the fact that a significant
overlayer of particles (tens of microns) remains on the
surface of the deposition electrode as it is removed
from the deposition device and transferred to the rinse
solution indicates that a significant portion of the
accumulated particle layer does form a rigid deposi-
tion. The fact that it then easily rinses off indicates that
this deposited layer has a very low density. Since the
only two mechanisms for deposition in this layer are
either electrostatic or electrosedimentary, it is possible
to state that under these conditions, electrostatic
stabilization with a DEBL thickness approximately
10% of the average particle radius, these mechanisms
will not yield a densely packed deposition in the
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absence of the ion depletion enhanced electrostatic
consolidation.

A very important feature of this type of deposition is
a strong automatic leveling effect. The thickness of the
ion depleted conduction layer is regulated by ionic flux.
Since voltage drop is a function of thickness, in any
areas where the ion depleted layer is relatively thinner
there will also be a lower voltage drop across the layer.
This means that at that point there will be a higher
voltage gradient in the ionic gradient layer leading to
faster outward migration of Cl™ ions. This causes faster
growth of the ion depleted layer until the thickness is
evened out. Likewise thicker areas will be evened out
by slower growth. There is no mechanism to regulate
the thickness of the accumulated particle layer, and the
total thickness of the accumulated layer will be
determined by convection and deposition cell geome-
try. However, if all of the particles outside of the ion
depleted layer can be rinsed off, the result can be a
very uniform deposition thickness even for compli-
cated parts or non-uniform cell geometries.

Deposition trials 20-2]1—Although the estimated
stabilizing energy barrier in these suspensions is low,
the suspensions appear very stable with no visible
sedimentation occurring over 8 h standing after the
deposition trials were completed.

The primary difference between these two deposi-
tion trials and the previous set is the net CI™ ion flux in
the bulk solution. In the previous set of depositions the
sum of the CI” ion migration in solution and CI” ion
migration on the surface of the particles gave a net CI”
ion flux toward the cathode. In these two trials
conductivity has outstripped adsorption and the net
CI™ flux is now away from the cathode. This means that
the particles will no longer contain the formation of
steep gradient layers within the layer of accumulated
particles at the electrode. The suspension outside of
the accumulated particle layer will transition to
convection.

The large voltage rises here show that this convec-
tion outside the accumulated layer does not prevent
the formation and growth of an ion depleted layer.
Since an ion depleted layer is extremely unstable in the
absence of particles, there must be a layer of particles,
which acts as a strong buffer between the unstable
convection of the fluid suspension and the depleted
layer.

The total deposition weight was 26.1 g/m® In the
absence of convection, based on the particle mobility
in the bulk electric field, an accumulation of 31.6 g/m?
of particles would be expected. The weight of particles
rinsed off of the deposition was not measured, but the
quantity rinsed off appeared to be more than the 20%
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discrepancy between these two numbers. This would
suggest that electroconvective deposition was taking
place, with convective flow accounting for the addi-
tional particle transport to create a thicker overlayer.

The most significant discrepancy is shown in
Table 5. Based on the observed voltage rise, the ion
depleted conduction layer would be expected to be
~8 n, while the depositions are approximately 11 pm
thick. If the dense deposition and the depleted layer
are the same thickness this would imply a higher than
expected conductivity of this layer. Alternatively, part
of the overlayer could be compacted to a sufficient
density to resist rinsing. This could occur by electrose-
dimentary compaction, hydrodynamic compaction due
to convective flows, or a high voltage gradient transi-
tion region in the buffer layer leading to electrostatic
compaction. Determining which of these explanations
is correct will require further experimentation and
analysis.

This type of deposition will also exhibit a significant
automatic leveling effect, although its method of
regulation different from above. Where in trials 12—
19 thickness is regulated by ionic migration, in 20-21
thickness is regulated by particle deposition. Because
the motion of the gradient/buffer layer is limited by
growth of the accumulated layer, in areas where the
total layer is thinner, the ion depleted layer will be
thinner as well. This means that there will be a higher
voltage gradient in the suspension attracting more
particles to the thinner area and thickness is regulated
by particle deposition. This means that there will be an
automatic leveling effect for the entire accumulated/
deposited layer.

Conclusions

The objective of this paper has been to present a
detailed analysis of a particular EPD system. A system
was chosen which is known to produce good deposition
results while being simple, stable, robust and repro-
ducible. Alumina in ethanol with HCI has proven to be
such a system. As shown in Ref. [3] the surface charge
is uniformly positive and determined by a robust
equilibrium between the solvent and CI” in solution.
The suspension is stable over an easily measurable
range of conductivities and has a window of conduc-
tivities where uniform, dense depositions can be
reliably reproduced.

Here it is shown that the most significant effect of
particles in this system is to change ionic transport in
the solution and buffer ionic content changes at the
electrode. As HCI is first added to the alumina

suspension, most will be adsorbed to the particle
surfaces with little remaining in solution to increase
conductivity. As the particle surfaces become satu-
rated, more and more of the added HCI will remain in
solution and conductivity will begin to rise faster than
total adsorption. This leads to three conduction
regimes in this alumina/ethanol/HCI suspension:

1. Convection-suppressed,; depletion layer-sup-
pressed—In the low conductivity case, ionic flux
in solution is small compared to the flux of
adsorbed ions carried on the surfaces of the
particles. This prevents significant ionic concentra-
tion gradients from forming and suppresses elec-
trically forced convection. The large reservoir of
adsorbed CI” in the accumulated particle layer at
the electrode prevents the formation of a depleted
layer over the time of this deposition.

2. Convection-suppressed;  depletion  layer-stabi-
lized—In this higher conductivity case, the net flux
of CI” ions in the bulk is still in the direction of the
cathode, which suppresses EHD convection, but
the higher ionic flux is sufficient to deplete the
adsorbed ions in the accumulated layer at the
electrode. An ion depleted conduction layer will
form, a significant linear voltage rise is observed,
and a dense, uniform deposited layer is formed.

3. Convection-active; depletion layer-stabilized—In
this high conductivity case, the flux of dissolved
Cl” ions in the bulk away from the cathode is
greater that the flux of adsorbed CI™ on the
particles moving toward the cathode. This means
that ionic concentration gradient layers can form in
the bulk solution, which initiate convection. Con-
vection then provides the additional ionic transport
necessary to maintain constant current in the cell.
However, the buffering effect of particles in the
accumulated layer at the electrode still allows an
ion depleted layer to grow. The high response of
adsorption to small changes in solution concentra-
tion at low concentrations means that the particles
can stabilize an ion depleted conduction layer—
even in the presence of fluctuating ionic concen-
trations at the surface of the accumulated particle
layer due to unsteady convection in the bulk
solution.

Finally, with a picture of ionic concentrations,
voltage gradients, and convection states, it is possible
to address the forming of a particulate deposition.
Three mechanisms were presented as ways that parti-
cles in suspension could be forced into contact in the
accumulated particle layer at the electrode: electro-
static, electrosedimentary, and convective deposition.
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While these mechanisms alone were able to create a
deposition which was rigid enough to be removed from
the deposition solution and handled, these depositions
were low enough density, and therefore of low
strength, such that they could easily be rinsed off.
The prerequisite for the formation of a densely packed
deposition layer is the presence of an ion depleted
conduction layer. It is only the extreme voltage
gradients in this layer that exert sufficient force
necessary to compact the particles to maximum den-
sity.

An additional benefit of this stabilized ion depleted
layer is a strong automatic leveling effect. Owing to the
voltage gradients in this layer are several orders of
magnitude larger than in the bulk suspension, even a
small irregularity in the thickness of this layer can lead
to a large deflection of the bulk electric field, ionic flux
and particle electrophoresis. All of these effects act to
strongly damp any thickness variation in the dense
deposited layer.

Since the ultimate objective of EPD is frequently to
produce just these uniform thickness, densely packed
layers of the particulate material, all of the various
effects that occur in this type of deposition are
collected under the name, ion depletion
enhanced—automatic leveling deposition. Although
the depositions made here were from an electrostati-
cally stabilized suspension, this is not exclusive. Any
set of deposition mechanisms [12] where the primary
role of forming the dense deposited layer and defining
its thickness is played by a stabilized ion depleted
conduction layer would be included in this category.

@ Springer
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