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Abstract

The systematic interaction of sedimentation and electrical field in electrophoretic deposition allows the tailoring of specific properties of deposited
green bodies. This technique permits a selective deposition of the nanosized fraction of conventional powders with broad or non-monomodal particle
size distribution, thus making preceding classification obsolete. Potential applications are coatings with a very smooth surface or the replication of
microstructures or moulds which are filled with nanosized particles and subsequently with coarser particles as support in one process step. Also,
graded structures can be fabricated with regard to particle size distribution, porosity and composition (e.g. zirconia toughened alumina). In this
paper, the interaction of sedimentation and electrical field in electrophoretic deposition is described. In addition the effectiveness of the combined

process will be shown.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

In microsystem technology and microchemical engineering,
the application of submicron and nanosized ceramic particles
is gaining importance because of the required smooth surfaces
and dimensional accuracy. In conventional shaping techniques
like axial pressing, slip casting or microinjection moulding
nanosized powders are difficult to apply. For these powders,
electrophoretic deposition (EPD) is a more suitable method, -
because the deposition rate is independent of particle size as
long as EPD is carried out perpendicular to sedimentation.

Electrophoretic deposition is a colloidal processing tech-
nique first observed in 1808 by the Russian scientist Reuss,
the first description of the deposited yield was made in 1940 by
Hamaker.*

Electrophoretic deposition is achieved via motion of charged
particles in a fluid medium under the influence of an electric field
towards an oppositely charged electrode and the formation of a
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stable deposit on the electrode'>® or on a membrane.®” Homo-

geneous deposits with a high mechanical strength and a low
surface roughness can only be obtained by using well dispersed
suspensions.'? EPD is used for many applications, such as for the
manufacturing of coatings, microstructures, laminated or graded
materials or for infiltration of porous materials.>7%!1 A wide
range of materials and combinations can be employed.-1%-12

For various applications, like biomaterials, joining of ceram-
ics to metals, thermal shielding and optical/electronical func-
tions, functionally graded materials (FGM) are advantageous.13
They permit joining of materials with different thermome-
chanical or physical properties. For example, by a systematic
choice of the materials employed thermal protective coatings
or a continuous changeover between electrical insulating and
conductive materials can be made. Different techniques to pro-
duce such FGMs have been tested successfully, like thermal
and plasma spraying, powder processing, chemical and physi-
cal vapour deposition, electrochemical processing and filtration,
microwave processing and field activated synthesis. However,
not all these techniques render a continuously graded morphol-
ogy. Furthermore, many of these techniques are time consuming
and expensive.>%14

The double-step electrophoretic deposition is a promising
technique to make layered composites. It is a simple and cost-
effective method with high deposition rates. Layered composites
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can be obtained by alternating electrophoretic deposition of
suspensions containing different materials.'*"'® A continuous
concentration gradient, however, requires a different process-
ing route where a suspension containing a second constituent
is continuously added to a circulating suspension with the first
constituent.”-®17 The colloidal properties of the different materi-
als may result in different deposition behaviours due to different
zeta potentials. Also coagulation or segregation in the suspen-
sion can occur. Without solving these problems, a perfectly
continuous gradient cannot be obtained. Complex calculations
and an exact control of process parameters are necessary to
predict and tailor the gradient in the deposit.

Another production method for functionally graded materials
is the electrophoretic impregnation (EPI). Via EPI a green body
with open porosity is impregnated with nanosized particles with
the steepness of the gradient depending on the porosity of the
matrix, the particle size/pore size ratio, the viscosity and the zeta
potential of the nanosized particle suspension and the applied
electrical field strength.’ The amount of the secondary phase
within the composite, however, is limited by the porosity of the
matrix shaped in a first process step. Furthermore, the thickness
of the graded layers is limited to a range of approximately 20 pm
to several mm.

For realising continuously functional graded materials, the
systematic interaction of sedimentation and electrical field in
electrophoretic deposition (S-EPD) is a suitable method. Simul-
taneously with electrophoretic deposition, sedimentation occurs
depending on diameter and density of the particles and on the
solids content of the suspension.'® By using S-EPD, the particle
size distribution of the deposited green body can be changed
gradually. If, for example, the gravitational force acting on par-
ticles of a critical diameter is compensated by the force due to
the applied electrical field, these particles remain motionless,
whereas smaller particles will be deposited.

S-EPD can be used for producing coatings or microstructures
with a very smooth surface by depositing only the nanosized
fraction of a conventional powder with broad or non-monomodal
particle size distribution; thus, no preceding classification is nec-
essary and no expensive nanosized powders have to be used.
After the microstructured moulds have been filled with the
nanofraction of a powder a strong support of bigger particles
is deposited subsequently by increasing the applied electrical
field strength. The process can be used for shaping components
with continuous gradients in density or particle size across the
layer thickness, as well as for compositional gradients.

For a better process control and the manufacturing of com-
ponents with predictable gradients, kinetics of S-EPD have to
be known, which is the main goal of this work. First of all a
mathematical description of the kinetics of EPD is necessary.

In 1940 Hamaker proposed an equation to calculate the yield
in electrophoretic deposition* which can be written as follows:
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this equation describes the quantity of particles reaching the
electrode (in most cases a is assumed to be close to 1), c is the
particle concentration, gg°¢, is the permittivity, ¢ is the zeta-

potential, fis the related correction factor, 7 is the viscosity of
the suspension medium, E is the applied electric field strength, A
is the surface area of the electrodes and t is the deposition time.

In 1962 Avgustinik developed a similar equation to calcu-
late deposition yield for a cylindrical geometry?? and upgraded
it in 1967 by factoring the decreasing particle concentration
within the suspension due to electrophoretic deposition into this
equation.?!

Based on Hamaker’s equation, Biesheuvel developed a cor-
rection term incorporating the green body growth and therewith
the shifting of the frontier between green body and suspension. '

It turned out that Hamaker’s description of the deposited yield
in case of EPD was only valid for short deposition times.?>
The decrease in particle concentration of the suspension due
to electrophoretic deposition was neglected. Another approach
to include the decrease was set up by Zhang in 19943

m=mg-(1—e*h )
where the parameter k is represented by
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The deposited mass m is a function of the initial mass mg in the
electrophoretic cell, the parameter k and the deposition time ¢.
For a correct description of the interaction of sedimentation
and electrical field in electrophoretic deposition the knowledge
of the sedimentation behaviour of the dispersed particles is
essential. The settling speed of an isolated particle in a diluted
dispersion is described by the equation of Stokes [24]

2-g-(pp— pp) - r?
Vg = 9.’7

The settling velocity depends on the acceleration of gravity g,
the density of powder pp, and medium pr, the viscosity of the
medium 7 and the particle radius r.

In 1951 Kynch published a review of the theory of sedimenta-
tion, in which he specified an equation obtained by Einstein and
Smoluchowski, where the density of the particles is small and
their mutual distance is much bigger than their size.>* Another
review of sedimentation was given by Biirger in 2001. He pre-
sented beside others the equation of Richardson and Zaki, where
the batch-settling velocity of particles in real suspensions of
small particles is described.?

When sedimentation and electrical field interact during EPD,
the critical radius of particles remaining motionless can be cal-
culated in a simple form by using the equations of Hamaker and
Stokes. The critical radius r; can be varied by adjusting the
electrical field strength and can be calculated as follows:

9.80.8r.§.f
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“

The goal of this work is to investigate experimentally the kinetics
of the so called S-EPD as a systematic interaction of sedimen-
tation and electrophoretic deposition to allow the production
of graded coatings with regard to particle size distribution and
composition (Al,O03—Zr0O3).
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2. Experimental
2.1. Experimental challenges

Several sources for discrepancies between simulation and
experimental data in the results of this work have to be con-
sidered and will be mentioned in this subsection.

2.1.1. Powder characteristics

In all theoretical considerations and modelling assumptions
powder particles are assumed as spherical. In reality they are
irregular. This is also valid for the experiments performed here.
So differences between measured and calculated sedimentation
behaviour have to be accepted. According to their directional
alignment irregular particles can settle down faster or slower
than predicted by calculation.

2.1.2. Powder particle distribution

Theoretical considerations always consider monodisperse or
multidisperse powder distributions. This is not the case in real-
ity. Here always particle size distributions exist. To come close
to theory generally powers with particle size distributions as
narrow as possible were chosen for the experiments, but still
discrepancies exist, i.e., when it is stated that a certain pow-
der size is smaller than or larger than a certain limit, this is not
exactly true. There always exists a certain quantity of particles
smaller or larger than this value influencing the experimental
results.

Furthermore real powders tend to agglomerate. To get the
powders disagglomerated was one of the major challenges
during experimental work. But even if the powders may be dis-
agglomerated during characterizational measurements they may
again re-agglomerate or still more disagglomerate during the
deposition.

2.1.3. Sedimentation and EPD of powders from different
materials and with different particle sizes

Another source of uncertainty exists when the combined
effects of sedimentation and electrophoretic deposition of
materials with different material densities are considered. So,
regarding a coarse ZrO,-powder with a theoretical density of
about 6 g/cm> and a fine Al,O3-powder with a theoretical den-
sity of about 4 g/cm? at a given electric field strength, at first only
AlyOgz-particles up to a certain size should be deposited. But it
cannot be excluded that also small ZrO;-particles are deposited,
which exist as small residue in the coarse powder. The same is
valid for high field strengths, when all Al,Os-particles should
have been deposited so that now the deposit should only show
ZrO;. But there may be some coarse Al,O3z-particles originating
from the coarse residue or from newly built agglomerates.

2.1.4. Characterization methods

Barreiros2® showed that the measured values of particle size
distribution depend on the measurement method. When particles
are irregular; optical analysis methods result in larger particle
sizes than given by the sedimentation method. This was also
shown by Lehmann.?’ So results of particle size distribution

have always to be considered regarding the measuring method
and generally as estimation more or less narrow to reality.

Regarding energy dispersive X-ray analysis (EDX) as a
characterization method for the Al- and Zr-distribution in the
deposited layers, it must be considered that the electron beam
has a real cross-sectional area of a few wm. So the distribution
of the elements is not measured at a defined point but as an
average across this area. Furthermore the placement of the elec-
tron beam at a predestined point of a very small cross-sectional
area with high accuracy is very difficult if not impossible. These
uncertainties also must be taken into consideration.

All these above mentioned sources of uncertainties must be
kept in mind when the experimental results are compared to
the theoretical considerations. So no 100% agreement between
experiment and simulation can be expected. Nevertheless in
principle the experimental results shall support the theoretical
considerations.

2.2. Materials and suspensions

The following powders were used: (1) ZrO, Unitec — 10 pm
with 5wt.% Y,03 (Unitec Ceramics, UK), with a dsq of
1.73 pm, (2) ZrOy Unitec — 1 pm with Swt.% Y,03 (Unitec
Ceramics, UK), with a dsg of 0.29 pum and (3) a-Al,O3 RC-LS
(Baikowski-Malakoff Incorporated, USA), with a dsg of 1.3 um.

Aqueous slurries of the powders were prepared with a solids
content of 10vol.%. As dispersant a commercial polyelec-
trolyte based on carbonic acid (Dolapix CE 64, Zschimmer &
Schwarz, Germany) was used. Tetramethylammonium hydrox-
ide (TMAH, Sigma—Aldrich, Germany) and hydrochloric acid
(HCI, Merck, Germany) were used to adjust the pH and to sta-
bilize the suspensions.

The slurries were prepared using a magnetic stirrer to suspend
the powders in the solvent containing the dispersant. Dispersion
of the particles and homogenisation of the suspension were car-
ried out for 5 min in an ultrasonic bath and for 1h at 200 min~!
in a planetary ball mill using zirconia balls and a grinding beaker
(PM 400/2, Retsch, Germany). Afterwards, in case of the aque-
ous slurries, the pH value was adjusted with TMAH or HCI.

2.3. Characterisation of the suspensions

One key requirement for the investigation of the kinetics of
EPD and S-EPD is the knowledge of the particles’ zeta potential.
It was measured by means of a ZetaSizer 3000 HAS (Malvern
Instruments, UK), with diluted TMAH and HCI added for auto-
matic titration.

The particle size distribution was measured using laser light
diffraction particle size analyzer (LS 230, Coulter-Beckman,
Germany). This allows measuring particle sizes from 0.04 pm
to 2000 wm by combination of laser light scattering for mea-
suring the coarse particles and polarization intensity differential
scattering (PIDS) for measuring the finer particles. To determine
sedimentation kinetics, sedimentation of particles was investi-
gated in cylinders and by in situ measurements of the particle size
distribution with the LS 230. This was executed by permitting
particles to settle down in the sample chamber and continu-
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ously measuring the particle size distribution remaining in the
suspension each 15 min with a measurement duration of 60 s.

2.4. Electrophoretic deposition

For the S-EPD a glass beaker was used as EPD-cell. The
working electrode was made of brass, the counter electrode of
stainless steel in case of the aqueous suspensions. In case of non-
aqueous suspensions, both electrodes were made of platinum
coated silicon dies. The distance between the electrodes was
15 mm, when the electrodes were positioned horizontally.

The electrodes were weighed before and after electrophoretic
deposition to determine the deposited mass.

3. Results and discussion
3.1. Zeta potential

Aqueous slurries of the coarse powders were prepared with
different dispersant quantities using a powder concentration of
10 vol.%. For measurement of the zeta potential, the suspensions
were diluted to a powder concentration of 2.5 ppm. Measure-
ments were carried out in two steps: from neutral to acidic and
from neutral to basic.

InFig. 1 the zeta potential is shown as function of pH for ZrO,
Unitec — 10 wm and Al,O3 RC-LS for a dispersant concentration
(Dolapix CE 64) of 0.2 wt.%.

For the ZrO; Unitec — 10 wm, at pH 2.5 the zeta potential is
42 mV. AtpHS5, the isoelectric point (IEP) is reached and the zeta
potential decreases to —64 mV at pH 11.5. The Al,O3 RC-LS
shows higher zeta potentials than the zirconia for pH < 6.5 (IEP).
The zeta potential decreases from 65 mV at pH 2.5 to —63 mV
at pH 11.5. From pH 9 to 11.5, the zeta potential of zirconia
and alumina are nearly identical, which means that the resulting
gradient in S-EPD of zirconia toughened alumina (ZTA) should
only be controlled by the difference in density of ZrO, and Al, O3
and can thus be adjusted by changing the applied electrical field
strength. This means that by S-EPD the fraction of the heav-
ier zirconia particles can be varied across the thickness of the
deposit without changing the slurry composition.
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Fig. 1. Zeta potential as function of pH.
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Fig. 2. In situ measurement of the particle size distribution.
3.2. Sedimentation kinetics

To determine sedimentation kinetics, 10 ml of the aqueous
slurries were filled in cylinders. The movement of the sedimen-
tation front was observed as a function of time. As reported
previously?®2? for the suspensions with optimised dispersant
and at pH 10 a linear correlation of moving distance x of the
particles and sedimentation time t was observed. This is an
indication of a stable suspension.’” As reported in literature, sta-
ble suspensions exhibit free sedimentation behaviour.3! Thus,
the assumption of isolated particle sedimentation is proved to
be correct. Therefore, the description of sedimentation kinet-
ics according to Stokes (Eq. (4)) is valid for the mathematical
description of S-EPD for stabilised suspensions.

To allow determination of the sedimentation kinetics of the
powders taking into account their real particle size distribution
(PSD), in situ measurements were carried out. In Fig. 2 the sedi-
mentation kinetics of an aqueous zirconia suspension stabilised
with 0.2 wt.% dispersant at a pH value of 10 is shown.

At the beginning of the measurement, the particle size distri-
bution shows a bimodal size distribution with a dsg of 1.42 pm
and a size variation from 0.04 um to 9.82 pm. With increasing
sedimentation time, the fraction of the coarser particles disap-
peared from the measurement field and the volume fraction of
finer particles increases. After 53 h of sedimentation, the size
distribution is still bimodal with a ds5y decreased to 0.06 pm and
a size variation from 0.04 pm to 0.31 wm. For each sedimenta-
tion time shown in Fig. 2, the maximum particle diameter can
be determined and a settling velocity according to Stokes equa-
tion can be calculated. The sedimentation distance for particles
measured by laser light diffraction is 51 =25 cm, the distance for
particles measured by PIDS is s, = 10 cm. The velocity v of the
particles can be calculated as follows:

N
t

(6)

V=

The maximum particle diameters and the velocities calculated by
using the Stokes equation and measured by laser light scattering
and PIDS are shown in Fig. 3.

Depending on which measurement method is applied, sink-
ing velocities for laser light scattering and PIDS are different.
For particles with a diameter of 3.20 wm, the sinking velocity
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Fig. 3. Comparison of the velocities calculated and measured.

measured in the chamber for laser light scattering is close to
that calculated by using the Stokes equation. With decreasing
particle size, the calculated velocities show different values. For
particles with a diameter of 1.50 pm, the velocity measured in
the sample chamber for PIDS approximates the velocity cal-
culated by using the Stokes equation and are nearly equal for
particles with a diameter of 0.95 pwm. For the smallest particles
with a diameter of 0.31 wm, the measured velocity is higher than
the calculated velocity by using the Stokes equation. The differ-
ence for the intermediate particles with a diameter of 1.50 wm
has to be explained by the measurement method. The particles
are in the size area, where the two methods laser light scattering
and PIDS overlap.

Thus the in situ measurement shows that the Stokes equa-
tion can be used very well for the mathematical description of
the particle sinking velocities. Differences in measured and cal-
culated velocities are referred to the real particle shape and to
uncertainties of the measuring method.

3.3. Systematic interaction of sedimentation and electrical
field in electrophoretic deposition

3.3.1. Fabrication of particle size gradients

For the mathematical description of S-EPD, Kkinetics
of the electrophoretic deposition was analysed as reported
previously.?’

The results reported previously?® indicate that Eq. (5) can
be used for the calculation of the critical radius in S-EPD at
least for stabilised aqueous suspensions with a solid content of
10 vol.%, because the kinetics of sedimentation and EPD can
be described by the equations of Hamaker (Eq. (1)) and Stokes
(Eq. (4)). Fig. 4 shows the required electrical field strength for
different critical radii for the zirconia and alumina powders used
in aqueous suspensions. The zeta potential £ was —55 mV, the
distance between the electrodes d was 15 mm. The r59 and the
related critical electric field strength for the ZrO, and Al,O3
powders are highlighted for a better overview.

An aqueous slurry containing the Al,O3 powder RC-LS was
made with a powder concentration of 10vol.% and a disper-
sant concentration of 0.2 wt.%. The pH was adjusted to a value
of 10. From this suspension a coating was electrophoretically
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Fig. 4. Calculated critical electrical field strength.

deposited. The electric field was kept at 18 V/m for 10 min and
then increased to a value of 36 V/m. After 5 min the field was
further increased to 55 V/m and held constant for 5 min.

Fig. 5 shows the microstructure of the cross-sectional view
of the deposit. The SEM picture above maps a scan across the
deposit. First, a SEM picture of the electrode and the first elec-
trophoretically deposited layer was taken, shown left on the
image. On the right, the last deposited layer is shown.

For a better overview the first (left picture) and the last (right
picture) deposited layers are shown at a higher magnification. It
can be seen that close to the electrode rather fine particles are
deposited. If the applied electrical field is increased, the size of
the deposited particles increases.

Thus it can be demonstrated that by variation of the applied
electrical field a fractionating respectively a systematic selection
of the maximum deposited particle diameter can be achieved.
The concentration of coarse particles deposited at 55 V/m is
limited due to the particle size distribution of the RC-LS powder
suspensions.

Thus for a pronounced effect of S-EPD an ideal powder
should have a broad particle size distribution, possessing both
nanoscaled particles and particles with a diameter of several
10 wm in comparable quantity. To obtain such a powder with
identical properties, the Al,O3 powder RC-LS was calcined
thereby creating coarse particles. This will be described in the
following: the powder was heated with 10 K/min to a tempera-
ture of 1500 °C or 1550 °C, respectively in a chamber kiln (RHF
17/3E, Carbolite GmbH, Germany). The temperature was main-
tained for 10 h and then the furnace was cooled down to 30 °C
with 10 K/min. The air flow rate was 51/min during the entire
process. From the calcined powders aqueous suspensions with
a solid content of 10vol.% and a dispersant concentration of
0.2 wt.% were made and stabilised at pH 10 with TMAH. Parti-
cle size distributions of the two calcined powders and an identical
suspension from the original powder are shown in Fig. 6.

Calcination of the powder at 1500 °C leads to a significant
increase of the particle size in the suspension up to diameters
of 33 um compared to a maximum diameter of 4 um of the
original powder. While a further increase to 1550 °C only leads
to a slight increase of the maximum particle diameter to 36 wm,
the fraction of the coarse particles increases significantly.
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\

Fig. 5. SEM pictures of a layer consisting of Al;O3 powder RC-LS deposited by means of S-EPD..

From the 1550 °C calcined powder a suspension with ethyl
alcohol as solvent was made and dispersed for 4 h at 200 min~!
in a planetary ball mill. The solid content was 30 vol.%, the
dispersant (TODS) concentration was 2 wt.%. The solvent was
evaporated and the powder was again calcined at 1550 °C. With
this powder a similar suspension with a powder concentration
of 20 vol.% was made and dispersed for 22 h in the ball mill. A
larger quantity of the powder remained in the grinding beaker.
These particles have not been dispersed and are thus not available
for electrophoretic deposition. This is consistent with literature,
whereby particles coarser than 30 wm cannot be used for elec-
trophoretic deposition.!*> By weighing the powder surplus the
powder concentration was calculated as 6 vol.%. Using ethyl
alcohol allows the application of higher electrical fields because
electrolysis compared to water starts only at higher applied volt-
ages.

From this ethanolic suspension layers were electrophoreti-
cally deposited by means of S-EPD at different applied electrical
fields for deposition times of 20 min. SEM pictures of the
microstructure of the cross-section of the deposits respectively
the particle size distribution were made and characterised. In
Fig. 7 the deposits made at applied electrical fields of 333 V/m

11
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- 7
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>
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Fig. 6. Particle size distributions of the two calcined and the original powder.

(left image), 1000 V/m (image in the center) and 2000 V/m
(right image) are shown. It can be seen that the size of the
deposited particles increases with the applied electrical field
strength.

3.3.2. Fabrication of a compositional gradient
(Al,03-Zr0>)

An aqueous suspension with a powder concentration of
10vol.% and a dispersant concentration of 0.3 wt.% was pre-
pared and stabilised at a pH value of 10. The powder consisted
of 60 wt.% of the “coarse” Al O3 powder RC-LS and of 40 wt.%
of the “fine” ZrO, powder Unitec — 1 wm. Due to electrolytical
processes the maximum applied electrical field strength is lim-
ited to 200 V/m. Fig. 4 shows the calculated critical electric field
strengths for the r50-values of two ZrO; and one Al,O3 powder.
It can be seen that the coarse ZrO;-powder (Unitec — 10 pm)
cannot be used because of its critical electrical field strength of
630 V/m.

Thus, with the suspension mentioned above a ZrO; gradient
was deposited by S-EPD. An electrical field strength of 67 V/m
was applied for 10 min and then it was gradually increased every
30 s by 6.7 V/muntil after 10 min 200 V/m were reached. Before
sintering the deposit was analysed concerning Al and Zr by using
energy dispersive X-ray analysis. The Al and Zr content were
analyzed at two positions: position 1 being close to the metal
substrate, position 2 being close to the surface. From the mea-
sured Al and Zr fractions the Al;O3 and ZrO; composition can
be calculated. At point “1” the ratio Al to Zr was measured as
0.70 £ 0.02, at point “2” as 0.83 & 0.02. Translating Zr into ZrO,
point “1” corresponds to a ZrO; fraction of 50.4 wt.%, point “2”
corresponds to 46.3 wt.% ZrO».

In Figs. 8 and 9 the particle size distributions for the coarse
Al,O3 powder RC-LS and the fine ZrO, powder Unitec — 1 pm
are shown. Using equation (5) the critical radii for the two pow-
ders were calculated for electrical field strengths of 67 V/m and
200 V/m. The resultant critical diameters d.; are highlighted
for a better overview. For each applied electrical field strength
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Fig. 7. SEM pictures of the deposits from the calcined powder.
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Fig. 8. Particle size distribution of the Al,O3 powder.

only the particle fraction left of the corresponding d.j-line is
taking part in electrophoretic deposition.

Thus for the Al,O3 powder for an electrical field strength of
67 V/m only 30% of the volume is taking part in EPD, while
for 200 V/m 85% can be deposited. For the ZrO, powder for
67 V/m 92% of the volume is taking part in EPD, while for
200 V/m 99% can be deposited. Therefore for the given sus-
pension at 67 V/m the calculated composition is 33 wt.% Al,O3
and 67 wt.% ZrO,, for 200 V/m it is 56 wt.% Al,O3 and 44 wt.%
ZrO;. For increasing electrical field strengths the critical parti-
cle diameters and the compositions of Al,O3—ZrO, layers are
calculated and shown in Fig. 10. Differences are due to the mea-
surement method or the irregular form of the particles explained
in Section 2.1. Also the discrepancy can be caused by the higher
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Fig. 9. Particle size distribution of the ZrO, powder.

amount of small alumina particles available in the suspension as
seen in particle size distribution due to the measurement method
or disagglomeration during electrophoretic deposition. So more
alumina particles will be deposited leading to a smaller zirconia
amount than predicted.

It can be seen that from a suspension containing 60 wt.%
AlyO3 and 40 wt.% ZrO; zirconia-rich layers can be electrode-
posited at low electrical field strengths while with increasing
electrical voltage the ZrO;-content of the deposit decreases and
approaches that of the suspension. Using Eq. (5) the critical
radii for the two powders were calculated for different electri-
cal field strengths. So for each applied electrical field strength
from Figs. 8 and 9 the volume fraction taking part in EPD for
Al>O3 and ZrO» can be read of. Using Eq. (2) and an assuming
a constant green density of 50% from the deposited mass the
resulting layer thickness is calculated for each applied electri-
cal field strength. These discrete layer thicknesses are summed
up to a cumulated layer thickness. Fig. 11 shows the calculated
cumulated layer thickness of the discrete Al,O3—ZrO; layers
deposited in 30 s at several electrical field strengths and the cor-
responding calculated ZrO, fraction. The two horizontal lines
in Fig. 11 represent the measured ZrO,-concentrations.

As the electrical field was increased by 6.7 V/m every 30s
the thickness of the deposited layer at each electrical voltage is
increasing. This is due to two facts. Firstly if the green density
of the deposit does not depend on the electric field according to
Hamaker’s law (Eq. (1)) the thickness of the layer deposited in
a given time is proportional to the electrical field. Secondly as
shown above in S-EPD the powder concentration taking part in
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Fig. 10. Calcined and measured values of the ZrO, fraction.
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Fig. 11. Deposited layer thickness and the corresponding calculated ZrO, frac-
tion.

electro-deposition is not constant but is increasing with increas-
ing electric field. This is due to the fact, that only particles
smaller than d.j; will be deposited. So with increasing elec-
trical field di; the deposited volume fractions of both powders
are increasing.

Both calculation and measurement show that the fraction of
Zr0; is decreasing with increasing layer thickness, demonstrat-
ing that a compositional gradient can be achieved. The reasons
for the obvious discrepancy between calculated and measured
concentrations need to be further investigated. Especially the
simplified assumption that the green density of the deposit is
constant, independent of the electrical field strength and of the
particle size distribution, requires further experiments. In addi-
tion it has to be considered that point “1” seems to be in the range
of the layer deposited with increasing electrical field strength,
thus r¢; is higher than used for calculation and so less ZrO;
is deposited than predicted. At point “2” the deposition was
not yet carried out with 200 V/m, so for the same reason more
ZrO, is deposited and the measured ZrO, fraction is higher
than predicted. Furthermore the calculated values represent the
equilibrium state while the measured values represent transients
because of the limited deposition times.

Eq. (1) shows the proportionality of the deposited mass and
the electrical field strength. So with low applied electrical field
strengths few mass and hence few particles are deposited result-
ing in a small deposited layer consisting of the smallest ZrO; and
Al O3 particles. Increasing the electrical field strength leads to
the deposition of the coarse Al, O3 particles. Thus the deposited
layers increases in size not only due to the higher applied electri-
cal field strength resulting in higher deposited mass and hence
in a thicker layer, but also due to the coarser Al,O3 particles
in comparison with the layer composed of the fine particles.
So consequentially due to the measurement method with a high
probability not only the first deposited layers are characterised
but also the adjoining layers deposited with higher electrical
field strength resulting in a lower ZrO; fraction than expected.

4. Conclusions

It was shown that the experimentally determined kinetics
of sedimentation can be described by Stokes’ equation. Also,
the kinetics of electrophoretic deposition and S-EPD can both

be very well described by Hamaker’s equation as reported
previously.?? The functionality of S-EPD was demonstrated.
Gradients in particle size distribution in the electrophoretically
deposited layer as a function of the applied electrical field could
be observed.

It could also be demonstrated, that the zeta potential of the
used zirconia and alumina suspensions are nearly identical in
basic pH range. First experiments show that simultaneous depo-
sition of zirconia and alumina is possible and that with zirconia
and alumina powders with suitable particle size distributions a
compositional gradient can be achieved when the electrical field
is changed during S-EPD.
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